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Abstract 

 
A number of significant challenges confront effective communication in partially 

distributed conceptual design teams (PDCDTs), mainly due to the ill-defined and open 

nature of conceptual design tasks and their associated solution spaces. In contrast to co-

located team members who interact face-to-face, communication difficulties among 

PDCDTs can intensify as a result of the physical separation of team members and their 

heavy reliance on communication technologies to achieve desired outcomes. Despite 

advances in these technologies, the ability to convey contextual and paralinguistic cues is 

still more limited between distant partners in comparison to face-to-face interactions. 

Thus, team members often experience challenges in establishing and maintaining shared 

understanding. In addition, partially distributed teams are more vulnerable to in-group 

dynamics than fully distributed or fully co-located teams.  

 

There have been substantial theoretical advances in the field of computer-mediated 

communication (CMC) that seek to address these challenges. Although CMC theories are 

hypothetically convincing and generally accepted, actual empirical findings are to some 

extent either unconvincing or contradictory. Moreover, questions remain about whether 

CMC theories can hold up in the context of non-equivalent communication technologies. 

The proliferation of various communication devices (e.g., smart phones, tablets, laptops, 

and desktops)—not to mention the growing corporate use of fully immersive telepresence 

technologies—means that a variety of combinations of communication devices can be 

used. To date, however, the majority of CMC studies have focused on the use of 

equivalent communication technologies (e.g., laptop to laptop).  

 

Given these practical challenges and research gaps, the overall objective of this study was 

to investigate how to improve shared understanding in PDCDTs. The study encompassed 
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four distinct research threads. Study 1 conceptualized shared understanding in PDCDTs. 

From Study 1, factors associated with shared understanding were identified, and an input-

process-output (IPO) model of shared understanding was developed. Study 2 examined 

the intra- and inter-sub-group communication patterns among PDCDTs. From Study 2, 

three different analytical approaches for exploring communication patterns were used to 

elucidate valuable insights into how interactions within and across sub-groups change 

with design tasks, as well as how individual roles and interpersonal dynamics affect those 

interactions. Study 3 utilized the outcomes from Study 1 (IPO model of shared 

understanding) to develop and validate an instrument to measure shared understanding. 

Lastly, Study 4 examined how different combinations of non-equivalent communication 

technologies impacted shared understanding in PDCDTs by using the shared 

understanding instrument developed from Study 3. Specifically, four types of 

communication technology conditions were utilized: (1) telepresence to telepresence (two 

different sizes), (2) telepresence to laptops, (3) telepresence to mobile devices, and (4) 

laptops to mobile devices. The findings revealed significant impacts of communication 

technologies on co-located and distant shared understanding, as well as differences 

between co-located and distant shared understanding for each communication technology 

condition. In addition, the impacts of shared understanding on different communication 

technology user groups were identified. Based on these findings, a number of 

communication technology recommendations, as well as managerial intervention 

strategies to operate successful PDCDTs, were developed.  
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CHAPTER 1. INTRODUCTION 
 

1.1 BACKGROUND 

1.1.1 Virtual Teams 

Improving the performance of groups and teams in all application domains is in the 

purview of macroergonomics, within the context of industrial and systems engineering 

(Hendrick and Kleiner, 2002). The establishment of virtual teams is becoming an 

increasingly ubiquitous practice within organizations to increase productivity and 

performance (Carmel & Agarwal, 2001; Martins, Gilson, & Maynard, 2004; Mathieu, 

Maynard, Rapp, & Gilson, 2008; Miles, Snow, & Miles, 2000). “Virtual teams” are 

defined as “functioning teams that rely on technology-mediated communication while 

crossing several different boundaries” (Martins et al., 2004, p. 807). Because virtual 

teams can traverse formerly insurmountable boundaries that limit decentralization and 

globalization—the most obvious being geography and time—organizations are now able 

to increase their presence and competency in the global marketplace (Algesheimer, 

Dholakia, & Gurau, 2011; Cohen & Gibson, 2003; Hertel, Geister, & Konradt, 2005). 

First of all, organizations that implement virtual teams can reduce travel expenditures and 

enhance their employees’ quality of life by eliminating costly and potentially exhausting 

travel commitments (Glazer, Kozusznik, & Shargo, 2012; Gustafson, 2013). Second, 

from a productivity standpoint, when organizations require diverse approaches or 

perspectives to move them forward, studies have reported that virtual teams can perform 

more effectively than their co-located counterparts (Baskerville & Nandhakumar, 2007; 

Martins et al., 2004; Willis, 2010). Moreover, De Dreu and West (2001) claimed that 

heterogeneous team members and divergent thinking may also lead to innovation. 

Likewise, the likelihood of delivering innovative outcomes increases when collaborating 

with distant external partners who can bring fresh and/or different perspectives to a 

problem (Berchicci, de Jong, & Freel, 2012; Tomlinson, 2010). 
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1.1.2 Partially Distributed Teams 

Virtuality can be considered as a continuum, rather than as a strict dichotomy between 

face-to-face and fully distributed virtual teams (Bell & Kozlowski, 2002; Kirkman, 

Rosen, Tesluk, & Gibson, 2004). In a fully distributed team, members are all in different 

locations; in contrast, team members in a face-to-face situation are all in the same place. 

A virtual team that operates between these two extremities can be categorized as a 

“partially distributed team” (PDT). A PDT is defined as having two or more 

geographically separated sub-teams, where each sub-team’s members are co-located and 

can communicate face-to-face, while the communication between sub-teams relies on 

information and communication technology (Ocker, Webb, Hiltz, & Brown, 2010). PDTs 

are prevalent in various organizational contexts, such as technical fields (Peters, Ocker, & 

Rosson, 2008), global software engineering (Panteli & Davison, 2005; Carmel & 

Agarwal, 2001; Shami et al., 2004), disaster management, and conceptual design 

(Plotnick, Ocker, Hiltz, & Rosson, 2008; Wang, Shen, Xie, Neelamkavil, & Pardasani, 

2002). Andre, Kleiner, and Williges (1998) called this a “communication pipeline” and 

noted that communication and decision making support are orthogonal and not on a 

continuum as first reported in the literature. Despite the growing prevalence of PDTs, 

however, research that specifically focuses on PDTs is still in its infancy (Privman, Hiltz, 

& Yiran Wang, 2013). This lack of available scholarship makes it essential to further 

investigate the challenges associated with PDT-based organizational interactions so that 

they can operate more effectively.  

 

1.1.3 Conceptual Design 

Conceptual design, which is one of the core activities of an engineer, represents the initial 

phase of the product or system development life cycle, during which concepts are 

formulated to meet stated requirements (Al-Salka, Cartmell, & Hardy, 1998; Vosinakis et 

al., 2007). Most of the design features, specifications, functionalities, and projected forms 

are determined throughout this phase. Therefore, decisions made during the conceptual 

design phase determine the remaining system development lifecycle (Wang et al., 2002). 

In response to global competition and market maturation, organizations are tasked to 

create successful products within a reduced development time (Powell, Piccoli, & Ives, 
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2004). Such formidable challenges demand tight collaboration and coordination among 

people with different expertise (e.g., marketing, engineering, and quality control), and 

sometimes even involve end users. Increasingly, these new product development (NPD) 

efforts require partially distributed teams to collaborate across the nation or across the 

globe to achieve desired goals—and justifiably so. Prior studies showed that virtual NPD 

teams make more effective decisions compared to their co-located counterparts (Schmidt, 

Montoya-Weiss, & Massey, 2001), and are more effective due to increased creativity, 

innovativeness, and reduced time to completion (Sarin & McDermott, 2003).  

 

Partially distributed conceptual design teams (PDCDTs), however, face challenges 

associated with the lack of a physical context and spatial reference, as well as difficulties 

in communication due to differing norms, expertise, and values (Smulders, Lousberg, & 

Dorst, 2008). Such incompatibilities raise barriers against establishing and maintaining a 

shared understanding among team members. Within the design discipline, Valkenburg 

(1998) defined “shared understanding” as team members’ mutual views regarding 

relevant design topics and activities. Because conceptual design tasks involve an 

understanding of loosely-defined goals and require non-routine procedures to complete 

the work, having a shared understanding is particularly important to communicate 

efficiently and to produce innovative outcomes (Hutchins, 1991; Janis, Salas, & 

Converse, 1993; Klimoski & Mohammed, 1994; Müller, Herbig, & Petrovic, 2009). 

Regardless of whether team members communicate face-to-face or via communication 

technologies, a shared understanding of a given task or issue (e.g., design objectives, 

requirements, and constraints) is essential for effective coordination and communication 

(Maynard & Gilson, 2013). Indeed, studies have confirmed the positive relationship 

between shared understanding and enhanced team performance (O'Connor, 2004; Stout, 

Cannon-Bowers, Salas, & Milanovich, 1999), as well as the quality of interaction (Clark 

& Brennan, 1991; Donnellon, Gray, & Bougon, 1986).  

 

1.2 CHALLENGES 

Many challenges and difficulties confront effective distributed team collaboration, as 

indicated above. However, this study addresses problems that arise from the complexities 
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associated with communication. Communication is an integral and foundational 

component for distributed teams to be successful (Algesheimer et al., 2011; Maznevski & 

Chudoba, 2000; Olson & Olson, 2000; Sridhar, Nath, Paul, & Kapur, 2007). Since 

communication strategies impact the team’s overall cohesiveness, effectiveness, and 

performance, team members must be capable of communicating across time and space in 

a seamless manner (Cheshin, Kim, Bos, Ning, & Olson, 2013; Cramton, 2001). 

Moreover, to promote innovation and creativity, which is one of the most important 

advantages of virtual teams, team members must also be able to effectively communicate 

diverse knowledge. Given these goals, the problems associated with communication in 

partially distributed conceptual design teams can be distinguished into three areas: (1) 

ambiguity of the conceptual design task, (2) complexity of communication due to 

partially distributed team setting, and (3) theoretical limitations in computer-mediated 

communication discipline.  

 

1.2.1 Ambiguity of the Conceptual Design Task 

Communication can be difficult when collaborating on a conceptual design task, mainly 

due to the ill-defined and open nature of the problem and solution spaces (Pahl, Beitz, 

Schulz, & Jarecki, 2007). As research has indicated, the problems and solutions are 

neither clear nor explicit, and involve both cognitive and social processes that are 

inseparable from one another (Ring & van de Ven, 1994). The cognitive process occurs at 

the intra-subjective level, where an individual interprets the problem space and develops 

concepts or ideas for the solution space by performing a series of cognitive processes, 

such as analysis and synthesis. During this process, individuals are likely to have 

different interpretations of design objectives, problems, requirements, and constraints—

all of which can lead to generating different solutions. Such variances are attributed to 

individuals having unique knowledge bases, expertise, experiences, values, beliefs, and 

norms—components that are essential to design solutions in the PDCDT setting. Indeed, 

the background diversity of team members represents one of the most essential benefits 

of collaboration since it prevents “design fixation,” a term that refers to the tendency to 

adhere to a finite set of ideas in the design process (Jansson & Smith, 1991). However, 
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team members need to establish a shared understanding of these different viewpoints and 

approaches to effectively select the best solution.  

 

A shared understanding of a conceptual design goal is established through 

communication among team members during the social process (Smulders et al., 2008). 

The social process occurs at the inter-subjective level, where individuals share their 

understanding of the design objectives, problems, requirements, and solutions. Diverse 

thinking among individuals can be shared and different ideas can be synthesized through 

effective communication. However, individuals often experience difficulty in explaining 

their thoughts and ideas to their team members, since early concepts can be ambiguous, 

unclear, and lack the physical form they will eventually assume. Due to such difficulties 

in communicating ambiguous ideas, miscommunication and misunderstandings are likely 

to occur among team members.  

 

1.2.2 Complexity of Communication in PDT Setting  

Miscommunication and misunderstandings exacerbate the collaborative challenges in 

PDTs due to the complexities of communication introduced by the physical separation of 

team members and their heavy reliance on communication technologies to achieve 

desired outcomes. As indicated in a previous section, co-located PDT members 

communicate face-to-face, thereby enhancing their communications. In contrast, 

communications with distant colleagues is mediated via technology. In such scenario, 

team members must deal with two media channels, which may lead to high cognitive 

load (Cheshin et al., 2013). Moreover, computer-mediated communications, in general, 

limit the means to identify and resolve misunderstandings, and thus hinder the process of 

establishing a shared understanding. Despite advances in communication technologies, 

the capability of conveying contextual and paralinguistic cues is still more difficult to 

achieve in comparison to face-to-face interactions (Cramton, 2001; Moser & Axtell, 

2013). Specifically, the literature indicates that PDTs can be challenged by reduced 

awareness, the tendency toward miscommunication, and greater conflict with distant 

team members—all of which can aggravate virtual team performance (Hinds & Bailey, 
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2003; Martins et al., 2004; McKenna & Green, 2002; Montoya-Weiss, Massey, & Song, 

2001; Rice, Davidson, Dannenhoffer, & Gay, 2007; Schmidt, 2002).  

 

Due to such limitations, PDTs are more vulnerable to in-group dynamics than either fully 

distributed or fully co-located teams (Huang & Ocker, 2006; O'Leary & Mortensen, 

2010; Privman et al., 2013). In-group dynamics or in-group favoritism—typified by an 

“us” versus “them” mentality—refers to increased interactions and collaborations among 

co-located team members while intentionally or unintentionally marginalizing the 

contributions of distant team members (Bos, Olson, Nan, & Cheshin, 2009; Cramton & 

Hinds, 2005; Plotnick et al., 2008; Polzer, Crips, Jarvenpaa, & Kim, 2006). Prior studies 

have detailed the negative impacts of in-group dynamics on overall team performance. 

In-group dynamics decreases team cohesion, when then further aggravates team 

performance (Forsyth, 2010; Privman et al., 2013). In-group favoritism also reduces trust 

and team effectiveness and increases conflict between sub-groups (Cramton & Hinds, 

2005; Ocker, Huang, Benbunan-Fich, & Hiltz, 2009a). Several causes for in-group 

dynamics have been discussed. Cheshin et al. (2013) described how communication cost 

and social preferences (i.e., co-located members tend to prefer communicating with each 

other) can negatively impact in-group dynamics. This finding echoes an earlier study 

(Fussell, Kiesler, Setlock, & Scupelli, 2004) that argues that communication costs are 

lower within sub-group members. Likewise, Privman et al. (2013) also pointed out that 

an imbalance in communication channels can create in-group dynamics, which has the 

potential to negatively impact team performance.  

 

1.2.3 Theoretical Limitations 

According to Sutherland (1975), a theory is “an ordered set of assertions about a generic 

behavior or structure assumed to hold throughout a significantly broad range of specific 

instances” (p. 9). The advantages of developing a theory are associated with its ability to 

provide a way to understand, explain, and predict complex real-world phenomena. In 

contrast, a theory with limitations may lack explanatory and predictive powers. In the 

case of designing communication technologies, a faulty theory can cause researchers, 

practitioners, and technology designers to inaccurately envision and create useful 
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communication software and hardware. The following paragraphs describe the gaps and 

shortcomings of existing theories in the field of computer-mediated communication 

(CMC). 

 

There have been substantial theoretical advances in the field of CMC since the 1980s. 

Although CMC theories are hypothetically convincing and generally accepted, actual 

empirical findings are to some extent unsupportive or contradictory (Dennis & Kinney, 

1998; Markus, 1994; Walther & Parks, 2002). This dilemma also applies to some of the 

most widely used CMC theories, such as social presence theory and media richness 

theory (D'Urso & Rains, 2008; Schmidt et al., 2001; Topi, Valacich, & Rao, 2002). The 

social presence theory states that the bandwidth of communication media enables 

different levels of social experience, and assumes that face-to-face communication 

achieves the highest level of social presence (Short, Williams, & Christie, 1976). 

However, empirical studies have confirmed that visual information does not always 

improve performance when compared the analogous audio-only situation (Kraut, Fussell, 

& Siegel, 2003; Reid & Reed, 2007). Media richness theory states that communication 

media differ in richness, and that the amount of information that can be transmitted in a 

specified time interval is contingent on information uncertainty and equivocality (Daft & 

Lengel, 1986). According to this theory, therefore, a particular medium should be 

matched with the level of ambiguity of a given message. However, studies repeatedly 

have delivered mixed results (Dennis, Kinney, & Hung, 1999; El-Shinnawy & Markus, 

1997; 1998). A more recent study conducted by Otondo and colleagues (2008) also 

concluded that the media richness theory was a poor predictor for explaining the 

influence of media on communication effectiveness, satisfaction, and media richness. 

More importantly, despite the growing importance and wide utilization of partially 

distributed teams (PDTs), relatively little is known about the impact of CMC on PDTs 

(Privman et al., 2013).  

 

Another important question that merits further investigation is whether CMC theories can 

hold in the context of using non-equivalent communication technologies. Due to rapid 

and ongoing developments in the communication technology industry, people routinely 
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use multiple communication devices in their everyday lives, such as smart phones, 

tablets, laptops, and desktops. These various choices mean that different combinations of 

communication devices can be used to convey information. For instance, video calls can 

be initiated between two parties, in which one uses a mobile device while the other uses a 

laptop. To date, however, the majority of studies have focused on the use of equivalent 

communication technologies (e.g., laptop to laptop). This issue is particularly critical as 

the usage of mobile devices is rapidly increasing while traditional PC usage is declining 

(Meulen & Rivera, n.d.). In fact, mobile devices are becoming a more attractive choice 

for the modern workforce, since they deliver enhanced flexibility and mobility. 

Moreover, large corporations tend to adopt fully immersive telepresence technologies to 

facilitate the “physical presence” of remote collaborators. Unfortunately, the 

effectiveness of using such high-tech equipment has not yet been fully examined in the 

literature and is at present poorly understood (Sridhar et al., 2007). 

 

1.3 RESEARCH OBJECTIVES & SPECIFIC AIMS 

Given the gaps identified in the previous section, the objective of this study was to 

examine how to improve shared understanding in partially distributed conceptual design 

teams (PDCDTs). To achieve this goal, this research was designed to include four 

studies.  

 

Study 1: Model of factors influencing shared understanding in partially distributed 

conceptual design teams (PDCDTs). 

In the first study, factors were identified that constitute shared understanding in PDCDTs. 

Despite the importance of the impact of shared understanding on distributed team 

performance, little attention has been paid to determine the underlying factors that 

constitute shared understanding. Therefore, confusion still exists in the literature as to a 

widely-accepted definition of shared understanding (Bittner & Leimeister, 2012). In order 

to elucidate these factors, the barriers preventing the establishment of shared 

understanding in PDCDTs were examined, along with strategies to maintain shared 

understanding. The specific research questions associated with Study 1 are listed as 

below. 
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• RQ1.1: What are the factors that influence shared understanding in PDCDTs? 

• RQ1.2: What are the barriers to shared understanding in PDCDTs? 

• RQ1.3: What are the strategies to establish or maintain shared understanding in 

PDCDTs? 

 

Study 2: Approaches to investigate intra- and inter-sub-group communication patterns in 

PDCDTs. 

Study 2 was designed to provide approaches for investigating communication patterns 

within PDCDTs—specifically by examining intra- and inter-sub-group communications. 

A communication pattern refers to the structures that emerge based on team members’ 

degree of interactions as evidenced by verbal utterances and the content of messages. 

Three approaches for examining the communication patterns of PDCDTs are suggested 

and explained under the following research questions. 

• RQ2.1: How do the frequencies of intra- and inter-sub-group communications 

differ? 

• RQ2.2: What types of design topics constitute intra- and inter-sub-group 

communications? 

• RQ2.3: How do network diagrams differ among groups and design phases? 

 

Study 3: Development and validation of an instrument to measure shared understanding 

in PDCDTs. 

The objective of Study 3 was to develop and validate an instrument for measuring shared 

understanding in a PDCDT context. A set of questionnaire instrument was developed 

based on the factors identified from Study 1; the questionnaires were subsequently 

validated using a series of statistical analyses.  

 

Study 4: Investigating the impact of using different combinations of communication 

technologies on shared understanding. 

The purpose of Study 4 was to examine the impact of different combinations of 

communication technologies on shared understanding in PDCDTs. Specifically, four 
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communication technology conditions (independent variable) were used: communication 

over (1) telepresence to telepresence, (2) telepresence to laptops, (3) telepresence to 

mobile devices, and (4) laptops to mobile devices. As illustrated in Figure 1, different 

types of shared understanding exist in PDCDTs depending on team configuration. In this 

study two sub-groups were used and therefore four types were identified:  

• SU1: Shared understanding within sub-team1 members 

• SU2: Shared understanding within sub-team2 members  

• SU3: Sub-team1 members’ shared understanding with sub-team2 members  

• SU4: Sub-team2 members’ shared understanding with sub-team1 members.  

Sub-team1 (telepresence) Sub-team2 (mobile devices) 

SU1 SU2 SU3 

SU4 
 

      Note: SU = shared understanding 

Figure 1. Different types of shared understanding in PDCDTs (an example of 
communication technology Condition 3). 

 

The research questions in Study 4 are listed below: 

• RQ4.1: How do different combinations of communication technologies impact the 

level of co-located shared understanding (SU1 & SU2)? 

• RQ4.2: How do different combinations of communication technologies impact the 

level of distant shared understanding (SU3 & SU4)? 

• RQ4.3: How do different combinations of communication technologies impact the 

differences between the co-located and distant shared understanding [(SU1 & 

SU2) vs. (SU3 & SU4)]? 

• RQ4.4: How do the differences between co-located and distant shared 

understanding levels differ within sub-groups that used different communication 

technologies [(SU1 vs. SU3) & (SU2 vs. SU4)]? 
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Finally, the results from the research questions above were synthesized to develop a set 

of communication technology design recommendations, as well as managerial 

intervention strategies to operate successful PDCDTs.  

 

1.4 DISSERTATION STRUCTURE & RESEARCH OVERVIEW 

This dissertation is organized into 8 chapters including the Introduction (Chapter 1). 

Chapter 2, the Literature Review, explains theories and concepts that are relevant to 

computer-mediated communication, partially distributed teams, and shared 

understanding. Chapter 3, Data Collection Methods, describes the two experiments 

conducted in this dissertation research. Chapter 4, 5, 6, and 7 explains the analysis and 

results from the abovementioned Studies 1, 2, 3, and 4, respectively. Lastly, Chapter 8 

represents a synthesis of all the outcomes from this research with a set of operational 

guidelines and recommendations for practice.  

 

Figure 2 provides a synthesized overview of data collection, analysis, and outputs for 

Studies 1, 2, 3, and 4. Data collected in Experiment 1 were used in Studies 1 and 2, and 

data collected in Experiment 2 were used in Studies 3 and 4.  
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Data$collec)on$(Experiment$1):$
•  Demographic,&,personality,
informa4on,
•  Observa4on,
•  Shared,understanding,
ques4onnaire,responses,
•  Video,recording,of,design,sessions,
•  Semi=structured,interview,

Study$1:$Conceptualizing$shared$understanding$in$PDCDTs$(Chapter$4)$
Analysis:$
•  Iden4fy,lack,of,shared,understanding,
situa4ons,
•  Develop,interview,ques4ons,
•  Transcrip4on,of,interviews,
•  Thema4c,analysis,
•  Inter=coder,reliability,

Outputs:$
•  Themes,(factors),associated,with,shared,understanding,
•  Input=process=output,(IPO),model,of,shared,
understanding,
•  Barriers,to,shared,understanding,
•  Overcoming,strategies,

Data$collec)on:$
•  Video,recording,of,design,sessions,

Study$2:$Examining$communica)on$paDerns$in$PDCDTs$(Chapter$5)$
Analysis:$
•  Communica4on,analysis,
•  Protocol,analysis,
•  Inter=coder,reliability,
•  Social,network,analysis,

Outputs:$
•  Speaker,&,intended,addressee(s),
•  Type,of,design,topics,
•  Frequency,counts,of,intra=,inter=sub=group,
communica4on,
•  Percent,occurrences,of,design,knowledge,
•  Network,diagrams,,

Data$collec)on$(Experiment$2):$
•  IPO,model,of,shared,
understanding,
•  Literature,review,of,the,themes,
•  Demographic,informa4on,
•  Shared,understanding,
ques4onnaire,responses,

Study$3:$Shared$understanding$instrument$development$&$valida)on$(Chapter$6)$
Analysis:$
•  Descrip4ve,sta4s4cs,
•  Item,reliability,(Cronbach’s,α),,
•  Tes4ng,face,&,content,validity,
•  Tes4ng,adequacy,of,factor,analysis,
(correla4on,,KMO,measure,of,sampling,
accuracy),
•  Tes4ng,construct,validity,(exploratory,factor,
analysis,,confirmatory,factor,analysis,,average,
variance,extracted),
•  Tes4ng,criterion,validity,(correla4on),

Outputs:$
•  An,instrument,to,measure,shared,understanding,in,
PDCDTs,

Data$collec)on:$
•  Demographic,informa4on,
•  Shared,understanding,
ques4onnaire,responses,

Study$4:$Examining$the$impact$of$different$combina)ons$of$communica)on$technologies$on$shared$understanding$in$PDCDTs$(Chapter$7)$
Analysis:$
• Mixed,model,ANOVA,
•  Generalized,linear,mixed,model,
•  t=test,
• Wilcoxon,test,
•  Least,squares,difference,(LSD),with,Tukey,
adjustment,

Outputs:$
•  Communica4on,technology,impact,on,co=located,
shared,understanding,
•  Communica4on,technology,impact,on,distant,
shared,understanding,
•  Communica4on,technology,impact,on,the,
differences,between,co=located,and,distant,shared,
understanding,(by,sub=groups),

Ex
pe

ri
m
en

t,
1,

Ex
pe

ri
m
en

t,
2,

 

Figure 2. Data collection, analysis, and outputs for Studies 1 - 4.  

 

1.5 SUMMARY OF OUTCOMES 

Studies 1 and 2, provide a richer understanding of the communication challenges that 

emerge in establishing shared understanding during different tasks within conceptual 

design for partially distributed teams. Studies 3 and 4 then use that understanding to 

develop and deploy an instrument to measure shared understanding in this context and 

develop initial recommendations. The critical findings from the study were that different 

aspects of shared understanding (e.g., awareness, interactivity, knowledge transferability, 

and cohesiveness) were negatively impacted as leaner combinations of communication 

technologies were used. Particularly, the information receivers’ communication 

technology capability to process different types of design knowledge played an important 

role in determining the overall communication experiences. As a result, managers of 

PDCDTs need to strategically select communication technologies based on group 
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members’ roles as well as design phases. Specific outcomes and deliverables are listed 

below. 

 

Study 1: 

• Identified factors (themes and emergent states) that have direct / indirect associations 

with shared understanding in PDCDTs.  

• Developed an input-process-output (IPO) model of shared understanding in PDCDTs. 

• Described barriers to shared understanding in PDCDTs. 

• Described strategies for overcoming the barriers to shared understanding in PDCDTs. 

Study 2: 

• Provided three approaches (frequencies of utterances, message content, and network 

diagrams) for examining communication patterns in PDCDTs. 

• Described and demonstrated how each approach provides explanations regarding 

different aspects of communication patterns in PDCDTs. 

• Described and demonstrated how the three approaches can be synthesized to understand 

team dynamics. 

Study 3: 

• Developed and validated an instrument to measure shared understanding in PDCDTs. 

• Developed and shared document that included the shared understanding instrument with 

a brief summary explanation of analysis procedures for industry partners. 

Study 4: 

• Examined and described how different combinations of communication technologies can 

impact co-located shared understanding in PDCDTs.  

• Examined and described how different combinations of communication technologies can 

impact distant shared understanding in PDCDTs.  

• Examined and described how different combinations of communication technologies 

impact the differences between the co-located and distant shared understanding in 

PDCDTs. 

• Examined and described how the differences between co-located and distant shared 

understanding differed within sub-groups that used different communication technologies 

in PDCDTs. 

• Identified specific factors that lowered the level of shared understanding as 

communication technologies became leaner.  
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• Developed a set of communication technology design guidelines and recommendations to 

enhance shared understanding in PDCDTs. 
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CHAPTER 2. LITERATURE REVIEW 
 

2.1 INTRODUCTION 

This chapter provides a literature survey of the core concepts and theoretical foundations 

regarding conceptual design, shared understanding, and personnel and technological sub-

systems of distributed team. The term “personnel and technological sub-systems” has 

emerged from Macroergonomics, which is defined as a study of work systems that 

require the collaboration of two or more people (personnel sub-system) who use 

technology (technological sub-system) within that work system to facilitate their 

interactions (Hendrick & Kleiner, 2002; Kleiner, 2006). This concept emphasizes the 

need to examine both personnel and technological (e.g., hardware, software, methods, 

tools) sub-systems to achieve joint optimization of a work system (Kleiner, 2008). The 

first section of this review describes a systematic approach for applying and 

understanding conceptual design work. The personnel sub-system is then examined along 

two avenues: (1) individual dimensions and (2) team dimensions. This section includes 

personal and social factors that are known to influence the outcome of a work system. For 

the technical sub-system section, theoretical foundations in the field of computer-

mediated communication are explained. This section introduces existing theories, and 

also seeks to address limitations that warrant further investigation.  

 

2.2 CONCEPTUAL DESIGN 

As noted in Chapter 1, conceptual design is the primary focus in this dissertation because 

its inherent ambiguity pose critical challenges for partially distributed teams, yet effective 

conceptual design is essential for successful product design. The objectives of this section 

are (1) to understand the process of conceptual design work by identifying and 

distinguishing tasks and sub-tasks that constitute conceptual design, and (2) to identify 

core elements or topics of conceptual design that require shared understanding. Several 

design methodologies exist in the design literature. According to Stempfle and Badke-

Schaub (2002), these design methodologies fall into three strains: normative, empirical, 

and design-as-an-art. The normative strain proposes systematic approaches to designing 
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for optimal solutions (Cross, 2008; Pahl et al., 2007). The empirical strain argues that 

designers do not follow the methodologies described by normative theories (Günther & 

Ehrlenspiel, 1999). As argued by Stempfle and Badke-Schaub, “Research conducted in 

the empirical strain, however, has revealed that designers, in practice, rarely follow the 

methodology prescribed by normative theories. In fact, empirical studies raise the 

question of whether designers follow any methodology at all” (p. 474). However, other 

empirical studies suggest that normative models do provide a useful way of describing 

the kinds of tasks and cognitive behaviors of designers (Atman, Chimka, Bursic, & 

Nachtmann, 1999; Lee, Gero, Williams, & Paretti, 2012; Lee, Gero, Williams, 2012; 

Tang, Lee, & Gero, 2011). Finally, design-as-an-art-theorists argue that the design 

process cannot be captured by any single methodology; instead, the work of designers 

tends to resemble the work of an artist (Roozenburg & Dorst, 1998). In this dissertation, 

the normative strain was used to describe the conceptual design process—especially since 

this study systematically examines shared understanding, as well the potential pitfalls that 

could arise throughout the different phases (tasks and sub-tasks) of the conceptual design 

process that could result in misunderstandings and impaired communication. Especially, 

Gero’s function-behavior-structure design ontology (one of the normative models) was 

used as the basis of developing coding schemes in this dissertation research (Studies 1 & 

2). However, some modifications were made in order to capture the communication 

aspects of design. As the studies in Chapters 4–7 show, the normative strain provides a 

meaningful framework to both describe activities within the conceptual design phase and 

to map communication challenges to those activities.  

 

2.2.1 Conceptual Design Process 

As illustrated in Figure 3(a), conceptual design occurs at the beginning of an engineering 

design process once the client’s needs are identified. Outputs from the conceptual design 

phase become inputs for the preliminary design, followed by a detailed design and then 

the final design. Figure 3(b) delineates a systematic approach of conceptual design 

activities. However, it is important to note that the design process is in fact iterative, as 

designers constantly repeat the process when developing and selecting their design ideas.  
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The conceptual design process can be aggregated into three distinct phases: initiation, 

concept generation, and concept evaluation tasks. For the initiation task, designers 

explore and seek to understand the requirements, constraints, problems, and design 

objectives. Subsequently, ideas for solutions are generated during the concept generation 

task. Multiple alternative solutions are typically generated during this phase to solve the 

problem at hand; modifications based on the requirements and constraints that were 

identified during the initiation phase also occur at this time. During the concept 

evaluation task, designers expand design modifications according to technical to other 

value-driven criteria. Design modifications also significantly decrease during this final 

phase since designers focus more on selecting and finalizing their design solutions. 

Importantly, while a normative description presents these phases as sequential, in 

practice, designers iterate across steps, with a heavier emphasis on initiation early, a 

heavier emphasis on evaluation at end.  

Requirement*list*

Abstract*to*iden3fy*the*essen3al*
problems*

Establish*func3on*structures*
Overall*func3on;subfuc3ons*

Search*for*working*principles*
that*fulfill*the*subfunc3ons*

Combine*working*principles*into*
working*structures*

Select*suitable*combina3ons*

Firm*up*into*principle*solu3on*
variants*

Evaluate*variants*against*
technical*and*economic*criteria*

Preliminary*
Design*

Client*
Statement*
(Needs)*

Detailed*Design*

Final*Design*

Problem*Defini3on*

Design*communica3on*

Conceptual*
Design*

Principle*solu3on*(concept)*

(a) * * * * * * *******(b)*

Concept*
genera3on*

Ini3a3on*

Concept*
evalua3on*

 

Figure 3. (a) A five-stage model of the design process, adapted from Dym and Little 
(Dym, Little, Orwin, & Spjut, 2009, p. 30); (b) Steps of conceptual design, adapted from 

Pahl et al. (Pahl et al., 2007, p. 160).  

Note:  
Figure 3(a) is reproduced with permission of John Wiley & Sons, Inc. 
Figure 3(b) is reproduced with permission from Springer Science + Business Media B.V. 
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The following sections describe each phase as a distinct unit with sequential steps for 

simplicity. As noted above, however, in practice the phases and the steps within phases 

are more iterative and interwoven.  

 

2.2.2 Initiation Phase 

The conceptual design phase begins with a requirements list. The initial requirements 

come from client/customer, which leads to a design brief. A design brief is a document 

that describes desired results as well as problems, requirements, and constraints. 

However, in this phase different interpretations may occur depending on individual 

differences related to knowledge, expertise, and experience. Likewise, new requirements 

generated by team members are also subject to misinterpretation. Therefore, initial 

requirements from clients and new requirements developed by designers need to be 

communicated across team members. Designers must then understand any problems 

identified by the client as well as any new problems generated by the designers. Once 

these issues are identified, designers must then reach consensus regarding the essential 

problems. Similar to design requirements, problems are initially identified during the 

initiation phase; however, different interpretations of the task or outright 

misinterpretations may occur due to individual differences and the level of detail 

presented in the design brief. New problems can be developed as designers undergo an 

abstraction process, which is intended to not only develop higher-level interrelationships 

of a given problem(s) (Pahl et al., 2007), but also to make decisions on what is less 

important (Hoover & Jones, 1991). Finally, based on the requirements and problems, 

functions and sub-functions must be developed. The function of a designed object is 

defined as its teleology, and sub-functions are refer to as the constituent parts of the 

function (Gero & Kannengiesser, 2007). The “function” of a system must resolve any 

problems and meet all of the client’s requirements—yet it does not necessarily include 

specific ideas for solutions. For example, a problem can be stated as ‘senior residents 

have difficulty in opening and closing a double-hung window.’ A function can be stated 

as ‘a device or system that enables senior residents to operate a double-hung window 

without any difficulty.’ However, problems are usually more complex and require 

multiple functions or sub-functions to resolve the smaller components of a problem. 
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These sub-functions are interrelated to one another and represent the constituting parts for 

achieving an overall function.  

 

2.2.3 Concept Generation Phase 

This phase consists of three sub-phases: (1) searching for working principles, (2) 

combining working principles, and (3) selecting suitable combinations. A working 

principle must reflect the “physical effects” required to achieve a given sub-function and 

the corresponding geometric and material characteristics of a solution. A physical effect 

refers to the physical laws governing the physical quantities involved. For example, force 

can be amplified by the wedge effect, electromagnetic effect, hydraulic effect, etc. In the 

double-hung window example, all of these physical laws can be applied to reduce the 

force required by a senior resident to be able to successfully operate a double-hung 

window. In order to embody the selected physical effect, designers need to determine 

what kind of structure needs to be located in which location, and how should it work in 

accordance with other structural components. These issues are associated with the 

geometric and material characteristics of a design.  

 

Designers then need to combine and select working principles in order to create a 

working structure, which is a combination of working principles that fulfills the overall 

function. In the double-hung window example, a crank can be utilized so that a senior can 

trigger the window opening or closing operation. A cord can be used to connect the crank 

and a series of pulley system to reduce the force required to open and close the window. 

Finally, a switch system that is attached to the crankshaft can be used to distinguish the 

opening and closing operation. Each working principle accomplishes a different sub-

function, and each part must be compatible with the others to achieve the overall desired 

function. Thus, a working structure must demonstrate that the combinations and 

interrelationships of sub-functions are logical and physically plausible. During this 

activity, designers often iterate the process and constantly reconsider their decisions 

regarding what combinations of working principles to use.  
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2.2.4 Concept Evaluation Phase 

The concept evaluation phase is composed of two stages: firming up into principle 

solution variants and evaluating variants against technical and economic criteria. During 

the previous phases, the main focus was to fulfill the technical criteria of the working 

structures. However, in order to develop a concept, other factors that to be considered, 

such as safety, ergonomics, maintenance, susceptibility to failures, and economic 

feasibility of the proposed design. In the firming up into principle solution variants phase, 

the design of working structures can be modified based on those criteria, and rough 

estimates and calculations of these variables can be conducted to firm up the most 

promising working structure to a concept. The final phase of a conceptual design is 

evaluating principle solution variants. At this point, designers must undergo a thorough 

examination of the previously mentioned criteria with the selected working structure in 

order to ensure that their design solution satisfies all the requirements and solves all the 

identified problems.  

 

2.3 SHARED UNDERSTANDING 

In this discussion, shared understanding is the primary construct used to explore 

communication challenges in conceptual design. The following sections define the 

construct, situate it against similar constructs used in teamwork research, and identify its 

relevance to conceptual design. 

 

2.3.1 A Working Definition of Shared Understanding 

Despite the importance of shared understanding and its direct and indirect impact on team 

processes and outcome variables (e.g., communication, performance, member 

relationship) (explained in §2.3.2), precise definition of the term remains a point of 

discussion within the overall shared understanding literature. Bittner and Leimeister 

(2012) argued that more research is warranted to formulate a universal and 

operationalized definition of shared understanding in order to develop measurement 

strategies. In this regard, many definitions of shared understanding exist in the literature, 

as illustrated in Table 1.  
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Table 1. Definitions of shared understanding. 

Source Definition 

(Valkenburg, 1998) Team members share a mutual view regarding relevant design 
topics and activities 

(Cohen & Gibson, 
2003, pg. 8) 

The degree of cognitive overlap and commonality in beliefs, 
expectations, and perceptions about a given target 

(Smart et al., 2009) 
The ability of multiple agents to coordinate their behaviors 
with respect to each other in order to support the realization of 
common goals or objectives 

(Mulder, Swaak, & 
Kessels, 2002) 

The mutual knowledge, mutual beliefs, and mutual 
assumptions that produce a desired outcome 

(Hoffmann, Bittner, 
& Leimeister, 2013) 

The ability of multiple agents within a group to coordinate 
behaviors towards common goals or objectives based on 
mutual knowledge, beliefs and assumptions of the task, as well 
as the group; the process or the tools and technologies used 
that may change throughout the course of the group work 
process and may impact group work processes and outcomes 

 

These definitions are to some extent similar, yet differ slightly with respect to their 

central focus. Valkenburg’s definition highlights a mutual perspective; Gibson et al. 

emphasize cognitive overlap, while Smart et al. focus on swift coordination of behaviors 

among multiple agents. Mulder et al.’s interpretation of shared understanding is often 

used interchangeably in the communications literature. Finally, Hoffmann et al. provide a 

synthesized definition of various interpretations of shared understanding. Drawing on 

these definitions, shared understanding in this dissertation is defined as more than two 

people having an accurate interpretation of specific targets that are relevant in achieving 

common goals of a task. 

 

One of the primary reasons for the existence of multiple definitions is associated with the 

fact that the commonly used words “shared” and “understanding” are inherently 

ambiguous, and thus can be viewed and interpreted in multiple ways (Cannon-Bowers & 

Salas, 2001; Mohammed, Ferzandi, & Hamilton, 2010; Smart, 2011). For instance, 

“shared” encompasses multiple meanings, including similarity, consensus, convergence, 

compatibility, commonality, and overlap (Bittner & Leimeister, 2012; Mohammed et al., 

2010). Mainly, the term can be interpreted as “possessing in common” or “dividing up” 

(Resnick, 1991). An example for the first interpretation is having the same or similar 
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knowledge, skills, or resources; while the latter interpretation is seen in the division of 

resources or workload (e.g., sharing the workload). This dissertation research embraced 

the more frequently used interpretation of “possessing common”, and thus focuses on 

joint possession of knowledge and resources by team members.  

 

Likewise, according to Rosenberg (1981), defining the concept of “understanding” 

cannot be undertaken lightly. Wittgenstein in his work, Philosophical Investigations, 

explains understanding as something akin to an ability; thus, understanding is to be able 

to do certain things (Wittgensten, 1967). Smart (2011) further elaborated on 

Wittgensten’s view of understanding as having the ability to ask appropriate questions in 

order to reach an understanding, to accurately describe what is understood, and finally 

derive thoughtful and insightful conclusion about the achieved understanding. In fact, this 

definition is useful for identifying a person who lacks understanding. Such an individual 

will ask irrelevant questions or describe something inaccurately—both of which signify a 

lack of understanding.  

 

Many concepts similar to shared understanding exist in the literature, and some of the key 

concepts are listed and described in Table 2.  

Table 2. Related concepts to shared understanding. 

Concept Description 

Co-construction Co-construction of knowledge takes place when people engage in 
a joint intellectual activity (Mercer, 1996) 

Collaborative 
learning 

Collaborative learning is achieved through the process of shared 
meaning-making in a group interaction (Stahl, 2006) 

Common ground Mutual knowledge, mutual beliefs, and mutual assumptions 
(Clark & Brennan, 1991) 

Grounding 
The interactive process between multiple people to develop and 
to maintain some level of mutual understanding (Baker, Hansen, 
Joiner, & Traum, 1999; Clark & Brennan, 1991) 

Mutual knowledge The knowledge that the communicators share in common and 
know that they share (Krauss & Fussell, 1990) 

Shared cognition 

A process and outcome of establishing overlapping, similar, 
identical, complimentary, or distributed knowledge regarding 
task-specific, task-related, teammates, or attitudes beliefs 
(Cannon-Bowers & Salas, 2001) 
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Shared mental 
model 

The function of shared mental models is to allow team members 
to draw on their own well-structured knowledge as a basis for 
selecting actions that are consistent and coordinated with those of 
their teammates (Mathieu, Heffner, Goodwin, Salas, & Cannon-
Bowers, 2000, pg. 274) 

 

The first two concepts originate from the learning literature, wherein theorists believe 

that learning occurs through collaboration. Knowledge transfer or shared meaning-

making take place when a group of people (students) work toward a common academic 

goal. These education-based concepts have some commonalities with shared 

understanding—namely understanding of some phenomena occurs through interaction 

among group members. Thus, in this model learning is likely to occur among conceptual 

design team members when they communicate and interact with each other. However, the 

difference is that the concepts from the education literature emphasize how to facilitate 

and utilize these concepts so that learning can be maximized. In contrast the use of shared 

understanding in this dissertation focuses on the communication aspect—i.e., successful 

information and knowledge transfer.  

 

The next three concepts (common ground, grounding, and mutual knowledge) are from 

the communication and linguistic literature. The central hypothesis for these concepts is 

that conversation can be effective when communication partners are cognizant of each 

other’s knowledge, beliefs, and assumptions. This awareness can be accomplished 

through observing both social cues (e.g., facial expression, gestures, etc.) and the 

surrounding context of the conversation. In this regard, grounding within the process of 

conversing is achieved through a moment-by-moment update of relevant social cues and 

the context. Shared understanding is thus not just the successful conveyance of some 

information or knowledge; it also considers whether an intended recipient has an accurate 

understanding of that information or knowledge. When common ground is established 

between a sender and a recipient, communication becomes more efficient, and thus 

shared understanding can be achieved more efficiently.  

 

The last two concepts originate from team research. This line of inquiry focuses on the 

degree to which individual knowledge structures are shared among team members so that 
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a task can be accomplished through efficient coordination and execution of teamwork. 

Both of these concepts stem from a construct called the “mental model,” which is defined 

as an individual’s cognitive interpretation of his or her world (Johnson-Laird, 2004). The 

notions of understanding and mental models are often considered to be identical among 

human factors theorists (Smart, 2011). However, mental models play a critical role in 

enabling understanding (Smart et al., 2009). When team members have similar mental 

models, then the degree of “sharedness” of shared cognition or a shared mental model 

increases. When that occurs, team members are more likely to understand each other 

more easily, and thus shared understanding can be achieved. In summary, shared 

understanding can be considered as a state indicating that a group of people has an 

accurate understanding regarding something. Similarly, shared cognition and shared 

mental models can be considered as determinants that lead to shared understanding. 

 

2.3.2 Impact of Shared Understanding on Team Performance 

Shared understanding is essential for a collaborative work to be successful. This concept 

is critical in the sense that it influences team performance (O'Connor, 2004; Stout et al., 

1999), quality of interaction (Clark & Brennan, 1991; Donnellon et al., 1986), and 

relationships among team members (Kayworth & Leidner, 2000). Shared understanding 

enables team members to (1) predict the behaviors of other team members, (2) facilitate 

efficient use of resources and effort, (3) reduce implementation problems and errors, (4) 

increase satisfaction and motivation of the teams, and (5) reduce frustration and conflict 

among the teams (Hinds & Bailey, 2003). In design, shared understanding is achieved 

and maintained if team members have similar perspectives about the conceptualization of 

the design content (Kleinsmann, Valkenburg, & Buijs, 2007). Thus, a design activity can 

be considered as a social process to reach shared understanding of the design problem, 

requirements, process, and possible solutions (Toye, Cutkosky, Leifer, Tenenbaum, & 

Glicksman, 1994). Studies have revealed that design teams with high level of shared 

understanding generally produce better design outcomes (Hill, Song, Dong, & Agogino, 

2001; Valkenburg, 2000). On the contrary, if shared understanding is not established, 

more time is needed for decision-making due to inefficient communication.  
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One important notion regarding shared understanding is that the concept is dynamic, 

meaning that the level of shared understanding changes as the design process unfolds. It 

should be stressed that a “successful” design team does not mean that team members 

always maintain high levels of shared understanding throughout the design process. In 

fact, less variation in shared understanding for design solutions may yield poor design 

outcomes due to “group-think,” which refers to low semantic variation among team 

members. As an example, Song (2004) empirically tested the relationship between the 

variations in shared understanding and design outcome by mapping the level of shared 

understanding over different design phases. His study concluded that teams with 

increasing coherence amid cycles of divergence obtained higher design outcomes than 

teams with decreasing coherence. The concept of increasing coherence refers to an 

increase in the average level of shared understanding as a team progresses through design 

phases. Based on this understanding, it is reasonable to conclude that varying levels of 

shared understanding among team members are linked to effective performance. The 

trick, however, is knowing how to maintain effective communication when divergence 

occurs.  

 

Table 3 summarizes the design topics that needs to be shared among team members based 

on a systematic approach of conceptual design phases. The identified topic areas provide 

rudimentary design related topics that are likely to be discussed among team members 

during conceptual design tasks.  
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Table 3. Topics for shared understanding by conceptual design phases.  

Task! Conceptual design 
phase! Contents of shared understanding!

Identify requirements!
Requirements!
-  Initial requirements from the design brief!
-  New requirements generated by team members!

Identify essential 
problems!

Problems!
-  Problems identified from the design brief!
-  New problems generated by team members!
-  Determining critical problems!

Establish function 
structures!

Function & sub-functions!
-  Functions required to meet the design objectives!
-  Relationships of function and sub-functions!

Search for working 
principles!

Working principles!
-  Physical effects required to achieve function and sub-

functions!
-  Geometric and material characteristics (location, geometry, 

and motions)!
-  Behavioral outcomes of working principles!

Combine & select 
working principles!

Working structures!
-  Compatibility of synthesized working principles!
-  Structural properties of working structures!
-  Behavioral outcomes of working structures!

Develop concepts!

Concepts!
-  Selected working structures!
-  Expected performance!
-  Susceptibility to failure!
-  Production!
-  Quality control!
-  Ergonomics!
-  Safety!
-  Maintenance!
-  Economic feasibility!

Initiation!

Concept!
generation!

Concept!
evaluation!

 
As listed in Table 3, the initiation phase (i.e., the first phase of the conceptual design) 

requires shared understanding of the following topics: initial requirements, new 

requirements, initial problems, new problems, critical problems, functions, and sub-

functions. In concept generation, designers must establish a shared understanding of the 

physical effects, geometric and material characteristics, and the working principles. 

Additionally, designers are likely to establish a shared understanding of the following 

topics: compatibility of synthesized working principles, structural properties of working 

structures, and behavioral outcomes of working structures. In concept evaluation, 

evaluation criteria such as function, working principles, embodiment, safety, ergonomics, 

production, quality control, assembly, transport, operation, maintenance, recycling, and 

cost must be shared among the designers. For instance, a human factors expert may focus 
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on the ergonomics aspect, whereas a mechanical engineering expert may focus on the 

functionality of a design solution. Since conflicting opinions and situations are likely to 

emerge, a shared understanding is essential in order to resolve the conflict and select the 

best design. The identified topics were utilized to develop the shared understanding 

questionnaire that was used in Study 1 (Appendix A). 

 

Finally, the term “shared understanding” leads to another conundrum—namely, do 

people with a shared understanding inevitably have a similar response output? In other 

words, if two people possess same or similar knowledge and resources, will the two think 

and behave similarly? This notion is particularly important in operationalizing the 

definition and developing a measurement scheme for shared understanding. Smart and 

colleagues (2009) provided two different perspectives. Certain situations require similar 

response outcomes, while other situations may require different response outcomes. For 

instance, in a medical setting two clinicians who have a shared understanding will have a 

similar interpretation of a patient’s presenting symptoms and thus are likely to make the 

same diagnosis. However, those two clinicians may still take different actions to address 

the medical problem—despite the fact that they share an understanding of the problem. In 

short, a shared understanding may or may not lead to a similar response outcome 

depending on shared goals, individual roles, and the nature of the task.  

 

In the case of a conceptual design task, shared understanding among team members does 

not necessarily lead to similar design decisions or outcomes. It is assumed that shared 

understanding is established when design related knowledge (e.g., design solution) is 

accurately shared among team members. The “doing” part with the information, 

knowledge, or resources may differ by individuals depending on their values and beliefs. 

This is possible because unlike a medical diagnosis (with some exceptions, of course), 

there is not one single correct answer in conceptual design. As Hoffmann et al. (2013) 

explained, shared understanding evolves as conflicting thoughts (disagreements) are 

recognized through communication.  
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Important for this study is that reaching shared understanding tends to be more 

demanding and complex in a distributed team setting in comparison to a co-located 

situation (Maynard & Gilson, 2004). According to Hinds and Bailey (2003), this 

challenging is principally linked to the distributed team’s heavy reliance on 

communication technologies. Unlike face-to-face communication, the types and amount 

of information conveyance is restricted by the communication technology. This is 

addressed in more detail in Section 2.5. 

 

2.4 PERSONNEL SUB-SYSTEM 

This section explains the personnel subsystem of a socio-technical system. The 

importance of examining the personnel subsystem is because the factors that constitute 

the personnel subsystem influence the outcome of a work system. This potentially 

presents a challenge, as the central theme of this dissertation research is to examine the 

effects of communication technologies in partially distributed conceptual design teams. 

Therefore, the individual and team attributes introduced in this section need to be 

controlled in the experiments in order to produce unbiased results. Hence, the following 

sections examine relevant individual and team attributes that are known to influence team 

performance, and explain strategies to handle these issues in this dissertation research. 

Throughout the dissertation, the term “group” was used to specifically refer the groups 

who participated in the experiments conducted for this dissertation research. Otherwise, 

the term “team” was used.  

 

2.4.1 Individual Dimensions  

Individual dimension concerns with attributes that are from individual team members. 

The following sections provide definitions of personality, knowledge, skills, and abilities, 

and examine the affects on team outcomes, and describe how these issues were handled 

in the experiments conducted in this dissertation research.  
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2.4.1.1 Personality 

Personality includes multiple factors such as an individual’s thinking processes, patterns 

of feeling, and behaviors—all of which are considered to affect team functioning and 

performance (Driskell, Hogan, & Salas, 1987). In exploring these effects, many studies 

have utilized the Five-Factor Model to examine the personality factors that impact team 

performance. The Five-Factor Model consists of five dimensions: openness, 

conscientiousness, extraversion, agreeableness, and neuroticism (McCrae & Costa, 

1987). High openness to experience indicates that an individual is more original, 

imaginative, and open-minded (McCrae & Costa, 1987). Although openness is 

considered to be a weak predictor of individual-level performance (Barrick & Mount, 

1991), the trait becomes a better predictor for novel and complex situations (Griffin & 

Hesketh, 2004). As such, individuals with high openness to new experiences are more 

likely to make adaptive changes in a dynamic environment (LePine, 2003). Conscientious 

people can be described as hardworking, goal-oriented, persistent, and motivated to 

accomplish tasks (Barrick, Stewart, & Piotrowski, 2002). This trait contributes in a 

positive way to both individual-level performance and team-level performance (Hurtz & 

Donovan, 2000). An extroverted individual is active, outgoing, enthusiastic, and 

talkative. A high level of extraversion generally produces a positive team outcome when 

tasks require interpersonal interactions (Barrick & Mount, 1991; Organ & Ryan, 1995). 

According to Porter et al. (2003), individuals with higher level of extroversion tend to ask 

for help or give help when needed. Agreeableness refers to the degree to which an 

individual is altruistic, sympathetic, cooperative, and compassionate—as opposed to 

being selfish, antagonistic, and suspicious of other members (Barrick et al., 2002). 

Individuals with higher level of agreeableness tend to engage with others in a more 

harmonious way; they also tend to minimize competition among team members 

(Graziano, Hair, & Finch, 1997). Finally, neuroticism is a tendency to feel and display 

anger, anxiety, or depression when confronted with challenging task (Barrick, Mitchell, 

& Stewart, 2003). Therefore, neuroticism is likely to exert a negative influence on team 

performance. In contrast, individuals who are more emotionally stable are likely to create 

a relaxing atmosphere that promotes teamwork and thus enhances team performance 

(Reilly, Lynn, & Aronson, 2002).  
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Based on the definitions of each construct of the Five-factor model, team members’ 

personalities are likely to influence team dynamics and interactions. More importantly, 

personality could impact on how team members cope with misunderstanding situations. 

To reduce personality affects, participant’s personality data were collected based on the 

Five-factor Model. These data were used as supplementary analysis to explain the results 

when necessary.  

 

2.4.1.2 Knowledge, Skills, and Abilities (KSAs) 

Collaboration with people who have different knowledge, skills, and expertise is one 

major advantage of working as a team. Prior research confirms this notion—namely, that 

heterogeneity is a team asset that yields flexibility, improved performance, and 

innovative outcomes (Fernandez & Barr, 1993; Wiersema & Bantel, 1992). 

Heterogeneity of KSAs among team members facilitates the creation of a larger pool of 

complementary skills, knowledge, and resources (Wong & Burton, 2000). Peters and 

Karren (2009) also described the positive and direct impact of functional heterogeneity 

on team performance. Conversely, researches have also argued that heterogeneity among 

team members may result in substantial conflict and lower cohesion (O'Reilly, Caldwell, 

& Barnett, 1989; Tsui, Egan, & O'Reilly, 1991). For instance, a conceptual design team 

may consist of a mechanical engineer, an industrial designer, and a human factors 

engineer. The mechanical engineer will emphasize the mechanical property of a design, 

whereas the industrial designer will focus on the aesthetics of a design. A human factors 

engineer will put user experience as the highest priority. It is likely that such diversity 

will have both positive and negative impacts on team performance.  

 

Note from Chapter 1 that the diversity of team members’ knowledge, skills, and abilities 

can be considered as one of the most crucial advantage of conceptual design teams to 

prevent “design fixation” and to foster innovative design outcomes. However, as 

explained in the previous paragraph, this diversity can be the primary cause of 

misunderstanding. To reduce any possible affects due to individual knowledge, skills, and 

abilities, the experiments conducted in this dissertation research used the following 
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strategies in the recruiting process: (1) only junior or senior students were recruited to 

ensure similar level of knowledge, (2) those with significant design related experiences 

(e.g., design internship) were excluded from the study, and (3) participants’ majors were 

balanced when forming a team.  

 

2.4.2 Team Dimensions 

Team dimension concerns with attributes that are at the team level. The following 

sections describe cultural diversity, team size, and team history. Strategies to reduce 

biases that are due to team related attributes are explained.  

 

2.4.2.1 Cultural Diversity 

Cultural diversity is typically associated with national and regional diversity among 

members of a team. Nowadays, organizations often collaborate internationally and thus 

people of different cultural backgrounds may end up working on the same project. There 

are multiple ways of understanding and analyzing cultural diversities. One of the most 

widely discussed frameworks to explain culture in distributed teams is Hofstede’s 

individual and collective dimensions (Hofstede, 2001). In general, “Western” people 

have individualistic tendencies, whereas Asians are more likely to adhere to a collectivist 

approach that stresses team harmony and solidarity (Earley & Gibson, 1998). 

Collectivists are likely to be loyal to the team and often sacrifice themselves for the good 

of the team (Triandis, 1995). However, scholars also argued that Hofstede’s 

individualism and collectivism dimensions do not capture cultural nuances and dynamics 

of distributed teams. For instance, team members originate from certain nation, yet they 

are also influenced by the context (Ancona, 1986). Studies have also reported that 

cultural diversity leads to differences in using available technologies, which eventually 

can manifest themselves as coordination problems (Maznevski & Chudoba, 2000). Such 

problems have the potential to become barriers to effective communication (Kayworth & 

Leidner, 2000; Sarker & Sahay, 2002). In a recent intercultural communication study, 

Nguyen and Fussell (2012) revealed that divergent cultural backgrounds can increase 

feeling of annoyance among team members. They further identified four possible causes: 

(1) mismatched communication styles, (2) differences in conversational focus, (3) 
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relationship-building issues, and (4) problems with the medium (technology). Their more 

recent study reported that people produce different types of messages (e.g., task-related, 

relational-related, and back-channel responses) depending on the cultural combination of 

a team, which may further impact team members’ involvement and negative emotions 

during collaboration (Nguyen & Fussell, 2013). An earlier similar study also reported that 

cultural diversity that accompanies geographical dispersion among virtual team members 

can adversely influence communication practices (Lin, Standing, & Liu, 2008). 

 

Partially distributed conceptual design teams can span over different continents, thus 

cultural diversity can be a critical barrier to achieve shared understanding. Despite the 

importance, the study scope was limited to examining those who have similar cultural 

background. This also ensures in examining the affects of communication technologies.  

 

2.4.2.2 Team Size 

Team size also influences team performance, but researchers differ on those outcomes. In 

fact, prior research has indicated that team size can produce complex and often 

contradictory effects (Shaw, Robbin, & Belser, 1981). On the one hand, teams tend to 

have greater access to a bigger pool of knowledge and resources, which is often 

considered to be a necessary condition for improved creativity and performance 

(Bechtoldt, De Dreu, & Nijstad, 2007). On the other hand, some studies have indicated an 

inverse relationship with team performance; in other words, the larger the team, the 

poorer the overall performance—and vice versa. For example, larger team size can 

negatively impact communication and cohesion (Algesheimer et al., 2011; Eisenhardt & 

Schoonhoven, 1990). In one longitudinal study of 24 teams, researchers concluded that 

increasing team size had negative influences on both creativity and decision-making 

performance (Easley, Devaraj, & Crant, 2003). In contrast, a study conducted by Gallupe 

et al. (1992) revealed that group size was positively correlated with group performance in 

an idea generation task; moreover, higher user satisfaction was reported for groups that 

used electronic brainstorming. Likewise, other investigators reported that larger groups 

tended to outperform smaller groups for both idea and solution generation tasks when 

using communication technology (Valacich, Wheeler, Mennecke, & Wachter, 1995). 
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This finding means that other variables such as task type, degree of homogeneity, and 

communication methods may interact with team size, thereby determining the direction 

of the correlation between team size and performance. In addition, when a team size 

increases, the individual’s contribution becomes less visible to others and vise versa. As a 

result, social loafing or free riding may occur (Karau & Williams, 1993; Mullen, 

Anthony, Salas, & Driskell, 1994).  

 

Based on the literature survey of team size, generalizing the results from this dissertation 

work over varying team sizes needs caution. In order to yield meaningful results, a clear 

description of team characteristics such as task type, level of homogeneity, and 

communication methods must be provided.  

 

2.4.2.3 Team History 

Team history is another factor that influences team performance. According to Karau and 

Williams (1993), team cohesiveness will decrease when there are more strangers on a 

team. Subsequent studies have confirmed these result—namely that people with no prior 

history of working together will have difficulties in achieving shared understanding and 

cohesion with one another (Cramton, 2001; Huang & Ocker, 2006). On the other hand, 

team members with a prior history of working together probably learned how to work 

together and communicate with each another over time (Eisenhardt & Schoonhoven, 

1990). Therefore, a longer history of collaboration leads to more established cohesion and 

shared values (Michel & Hambrick, 1992). This is particularly relevant in distributed 

team settings. As social information process theory suggests, longer time is required to 

understand and become familiar with how team members work, and to establish shared 

values and beliefs (Walther, 1992).  

 

In this dissertation research, newly formed teams were used to reduce the biases 

presented due to teams with varying histories. Therefore, prior experiences of 

collaboration and acquaintances with other team members were checked before the 

experiment.  
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2.5 TECHNICAL SUB-SYSTEM 

As explained in the introduction (Chapter 1), communication in conceptual design 

introduces fair amount of complexity and difficulty to establish shared understanding 

among distributed team members. This section introduces the wide array of theories that 

have been presented in the computer-mediated communication discipline to account for 

the role technology plays in distributed communication. The following sections explain 

the most commonly used/accepted theories, and concludes with a summary and 

evaluation of those theories in relation to this dissertation research. 

 

2.5.1 Social Presence Theory 

The social presence theory states that the bandwidth of a given communication media can 

facilitate different levels of a social presence experience (Short et al., 1976). Bandwidth 

refers to the number of modes, such as visual, auditory, and tactile, that a communication 

system can convey. This theory assumes that face-to-face communication enables the 

highest level of social presence; thus, communication is theoretically more efficient when 

the modes supported by the technology more closely resemble those associated with face-

to-face communication. However, empirical studies that tested the hypothesis yielded 

inconclusive results. Early studies that examined the influence of different combinations 

of communication modes on the effectiveness of communication concluded that 

increasing the bandwidth by adding visual mode to speech did not necessarily lead to 

more effective communication (Chapanis, Parrish, Ochsman, & Weeks, 1977). This 

result is somewhat surprising since participants had to complete various cognitive tasks 

that required spatial information exchange, such as jointly constructing a mechanical 

object or determining a location on a map that satisfied several criteria. Likewise, Reid 

(1977) also reported that no increased benefits were obtained when visual cues were 

added to speech for cognitive tasks. More recent empirical studies (Kraut et al., 2003; F. 

Reid & Reed, 2007) also conformed prior findings that visual information did not 

improve performance when compared with an audio-only situation.  
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2.5.2 Media Richness Theory 

The media richness theory states that various communication media have different 

capacity levels for processing rich information (Daft & Lengel, 1986). In other words, 

richer media require shorter time for understanding complex information. This theory 

emphasizes two information contingencies: uncertainty and equivocality. Information 

uncertainty refers to the difference between the amount of information required to 

complete a task and the amount of information possessed by an organization (Galbraith, 

1973). Information equivocality refers to a lack of understanding due to multiple 

interpretations regarding an organizational situation (Weick, 1979). The main hypothesis 

in media richness theory is that the level of richness of a given communication medium 

can be matched with the extent of uncertainty and equivocality. For example, when 

equivocality is high, one must use a richer communication medium for effective 

information exchange. For less equivocality, a leaner (less rich) communication medium 

is more efficient. In short, communication effectiveness can be determined by appropriate 

media selection, with face-to-face communication viewed as the richest media (Daft & 

Wiginton, 1979) due to four characteristics: multiplicity of cue systems, availability of 

instantaneous feedback, message personalization, and natural language or language 

variety (Walther & Parks, 2002).  

 

Despite the fact that media richness theory is one of the most widely applied theories in 

computer-mediated communication research (Topi et al., 2002), empirical findings have 

not always supported it. Kinney (1992) examined task performance of dyad teams who 

worked on high and low equivocal tasks using different communication methods (face-

to-face, telephone, and computer-mediated communication). The study reported that 

richer media did not enhance performance for high equivocal tasks. Similar results was 

reported in a follow-up study (Kinney & Dennis, 1994). In a more recent study, 

researchers also concluded that media richness theory was a poor predictor for explaining 

the influence of media on communication effectiveness, satisfaction, and media richness 

(Otondo et al., 2008). 
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2.5.3 Channel Expansion Theory 

The channel expansion theory hypothesizes that a user’s perception of the richness of a 

given medium not only depends on the media characteristics, but will likely vary across 

users. This theory suggests that researchers must examine a user’s prior knowledge-

building experience using a medium, as well as the conversation topic, experience with 

communication partners, and organizational context to fully understand the varying 

perspectives of the same medium (Carlson & Zmud, 1999). In other words, users may 

perceive a particular communication medium to be richer with increased experience and 

familiarity with the medium. Likewise, users may perceive a particular medium to be 

richer depending on the familiarity with their communication partner, conversational 

topic, and organizational experience. More recently, Timmerman and Madhavapeddi 

(2008) conducted a replication study of Carlson and Zmud’s channel expansion theory 

(which relied on email communications), but they added two more media conditions—

telephone and face-to-face. Timmerman and Madhavapeddi also confirmed the channel 

expansion theory by reporting that the knowledge-building experience, conversation 

topic, and communication partner had positive relationships with richness perceptions.  

 

2.5.4 Task Technology Fit Theory 

The task-technology fit theory states that performance will increase if the capabilities of 

the information technology match the characteristics of the tasks that team members must 

perform (Goodhue & Thompson, 1995). In other words, this theory refers to the extent to 

which the functionality of a given technology accommodates the task requirements 

performed by people with varying ability levels. In this theory, task characteristics can be 

considered as the levels of routineness and interdependency. Task routineness, which is a 

similar concept to task equivocality (explained in the media richness theory section), 

refers to the frequency to which a person deals with a task, while task interdependence 

refers to the level of involvement of other persons, groups, or business functions to 

complete the task. For example, a routine task may not require many different 

functionalities of a communication technology, as team members should be already 

familiar with the work. In contrast, a high interdependence task may require 
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communication technologies with many different functionalities or richer communication 

technology might be suitable to accommodate a large number of people.  

 

Zigurs and Buckland (1998) further explained the use of task-technology fit theory based 

on Campbell’s five task categories along with three additional technology dimensions. 

The task categories are (1) simple tasks, (2) problem tasks, (3) decision tasks, (4) 

judgment tasks, and (5) fuzzy tasks (Campbell, 1988); the three technology dimensions 

are (1) communication support, (2) process structuring, and (3) information processing. 

In the case of a simple task—which requires a single outcome and no interdependence—

the chosen technology medium should provide communication support. As researchers 

have suggested, expending too much effort on process structuring and information 

processing could impede task performance, which may have initially required only 

simple communication needs (Gallupe, DeSanctis, & Dickson, 1988). On the contrary, in 

the case of a decision task, (Zigurs & Buckland, 1998) performance can be enhanced 

when information processing and process structuring are emphasized in the technology 

dimension.  

 

2.5.5 Media Synchronicity Theory 

The media synchronicity theory indicates that changing one’s understanding within a 

given time interval (media richness) is not only related to social factors, but also to 

information processing capabilities (Dennis & Valacich, 1999). Specifically, this theory 

considers task as a series of communication processes to achieve shared understanding. 

Additionally, it conceptualizes that communication consists of two processes: 

conveyance of information and convergence of meaning (Dennis, Fuller, & Valacich, 

2008; Miranda & Saunders, 2003). Based on Shannon and Weaver’s (1949) theory, 

Dennis and colleagues (2008) proposed five media capabilities that are important for 

information transmission: (1) transmission velocity, (b) parallelism, (c) symbol sets (d) 

rehearsability, and (e) reprocessability (see Table 4). The media synchronicity theory that 

communication will improve when an appropriate communication technology with 

respect to given media capabilities is matched to the needs of information conveyance 

and convergence processes (Dennis et al., 2008).  
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Table 4. Media capabilities and definitions (Dennis et al., 2008). 

Media&capabili+es& Defini+on&

Transmission)velocity) The)speed)that)a)medium)is)capable)of)delivering)a)message)to)intended)
recipients)

Parallelism) The)number)of)informa8on)transmissions)that)can)take)place)simultaneously)

Symbol)sets) The)number)of)ways)that)a)medium)is)capable)of)encoding)informa8on)for)
communica8on)

Rehearsability) The)degree)to)which)a)medium)allows)the)informa8on)sender)to)rehearse)a)
message)

Reprocessability) The)degree)to)which)a)medium)allows)a)message)to)be)reexamined)  
 

2.5.6 Summary: Theories of Communication Technology and the Need for Future Study 

The first two theories, social presence theory and media richness theory, fall under the 

umbrella of the cues-filtered-out theory. According to Culnan and Markus (1987), cues-

filtered-out theory shares the premise that non-verbal codes (e.g., facial expressions, 

gestures, body movements) are eliminated when communication is mediated by a 

technology—thereby occluding social cues and contextual information. Both theories 

assume that communication performance will increase when the chosen medium is 

capable of simulating a face-to-face-like situation. However, as explained previously, 

empirical studies showed mixed results, and demonstrated that adding a visual channel 

did not always guarantee better performance. To resolve the discrepancy between theory 

and empirical results, the channel expansion theory was introduced. It provides an 

alternative interpretation of “richness” by focusing on the factors that determine a user’s 

perceptions toward the capacities of a communication technology. However, the there are 

two limitations that require further investigation. First, the theory has only been applied 

and tested with very limited media (e.g., email and phone); thus, it is not yet known 

whether the theory applies to a more advanced communication technology. Especially, 

nowadays people carry smart phones, tablets, and laptops, which may provide different 

communication experiences. Likewise, companies are employing advanced telepresence 

systems or smart rooms to communicate and collaborate with distant co-workers. This 

dissertation addresses these gaps and examines the impact of different combinations of 

communication technologies in Study 4 (Chapter 7). Second, the theory considers 

“richness” as unidimensional, while conceptually the richness construct is multi-

dimensional (capacity for immediate feedback, potential for multiple cues, provision for 
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natural language, and personal focus) (Daft & Lengel, 1986). Richer media are those that 

are more capable of conveying immediate feedback, multiple cues and channels, 

personalization, and language variety. In addition, the explosion of different types of 

media lead to varying levels of familiarity that require more study for both usage and 

design of communication technologies.  

 

The latter two theories (the task-technology fit theory and the media synchronicity 

theory) emphasize the match or fit between media characteristics and task type (media 

synchronicity theory), and information conveyance and convergence processes (task-

technology fit theory). Similar to the channel expansion theory, these theories were also 

developed to overcome the limitations introduced by other existing theories (e.g., media 

richness theory). However, task-technology fit theory and media synchronicity theory 

also have some inherent limitations. A major limitation of the task-technology fit theory 

is associated with the complexity of distinguishing task types. Many classifications of 

task exist depending on different criteria. For instance, Campbell’s (1988) task 

classification is based on complexity attributes. Similarly, Shaw (1954) distinguished task 

into simple and complex tasks, while Hackman (1968) classified tasks as production, 

discussion, and problem solving. McGrath’s Group Task Circumplex (McGrath, 1984) is 

perhaps the most widely used and extensively investigated task classification (Straus, 

1999). McGrath suggested that most group tasks can be categorized into four basic 

processes: (1) generate, (2) choose, (3) negotiate, and (4) execute. Creativity tasks require 

idea generation, problem-solving tasks require selecting correct answers, decision-

making tasks require negotiation, and execute tasks require physical movement or 

psychomotor skills.  

 

In case of collaborative conceptual design, team members must generate ideas, choose 

the best idea through negotiation, and then must develop some kind of outcome (e.g., 

detailed design sketch) as a final deliverable. Thus, according to McGrath’s Task 

Circumplex, conceptual design task encompasses all four types of task (generate, choose, 

negotiate, and execute). Thus, matching a task and technology cannot be applied 
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effectively when the task at hand is a combination of different types of task. Perhaps task 

categorization is too broad to effectively match with communication technology.  

 

The media synchronicity theory highlights the limitations of prior empirical studies that 

compared performance based on tasks. Instead, this theory directs the focus from task to 

communication processes that are required to accomplish the task (Dennis et al., 2008). 

Dennis and colleagues argued that regardless of the type of task, team members must 

engage in more micro-level communication processes to achieve the task. This 

dissertation research concurs with the notion of emphasizing more micro-level 

communication processes (conveyance and convergence), and thus focuses on task- and 

context-specific knowledge types. The central conjecture is that different types of 

knowledge must be conveyed and converged to accomplish different types of task. 

Focusing on a more fine-grained categorization of information or knowledge may 

overcome an important limitation—namely, the intrinsic complexity that is involved in 

categorizing tasks. 
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CHAPTER 3. DATA COLLECTION METHODS 
 

3.1 INTRODUCTION 

This chapter describes the data collection methods used for this project, which 

encompassed four distinct research studies designed to investigate shared understanding 

in partially distributed conceptual design teams (PDCDTs) (Studies 1-4 and Chapters 4-7, 

respectively). Studies 1 and 2 present results from experimental data generated by 

Experiment 1, and Studies 3 and 4 present results from experimental data generated by 

Experiment 2. Shared understanding concept explained in the Literature Review chapter 

(Chapter 2) was used as a preliminary guide to qualitatively identify constituting factors 

of shared understanding in Study 1. Then, Study 2 quantifies the communication process 

in terms of intra- and inter-sub-group. Study 3 uses the findings from Study 1 to develop 

and validate an instrument to measure shared understanding in PDCDT context. Lastly, 

Study 4 uses the shared understanding instrument developed in Study 3 to examine how 

different combinations of communication technologies impact shared understanding in 

PDCDTs.  

 

Both experimental data sets were generated from a laboratory experiment in which 

groups of four were separated in two different rooms with two team members per room, 

to work on a conceptual design task. For the first experimental data, participants used 

laptops to communicate with their distant group members. For the second experimental 

data, participants were assigned to one of the following four combinations of 

communication technologies for distant communication: (1) telepresence to telepresence, 

(2) telepresence to laptops, (3) telepresence to mobile devices, and (4) laptops to mobile 

devices. The study objectives and data collection methods for each study are listed below:  

Table 5. Study objectives, research questions, and summary data collection methods. 

Study 1: Conceptualizing shared understanding in partially distributed conceptual 
design teams (PDCDTs) 
• RQ1.1: What factors are associated with shared understanding in PDCDTs? 
• RQ1.2: What are the barriers to shared understanding in PDCDTs? 
• RQ1.3: How do group members overcome the barriers to shared understanding in 
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PDCDTs? 
Data collection: Qualitative data from Experiment 1 were used, which included 
observations, shared understanding questionnaires, video recording of experimental 
sessions, and individual semi-structured interviews. 
Study 2: Examining intra- and inter-sub-group communication patterns in 
PDCDTs 
• RQ2.1: How do the frequencies of intra- and inter-sub-group communication differ in 

each design phase? 
• RQ2.2: What types of design topics constitute intra- and inter-sub-group 

communications? 
• RQ2.3: What types of roles emerge and how do those impact intra- and inter-sub-

group communications? 
Data collection: Digital video recordings from Experiment 1 were used to produce 
quantitative measures (frequency counts of intra- and inter-sub-group communications, 
identification of design topics by utterances, and role emergence) to describe the 
communication patterns in PDCDTs. 
Study 3: Developing and validating an instrument to measure shared 
understanding in PDCDTs 
• Instrument development: A literature survey of the factors identified in Study 1 was 

conducted to develop an instrument that measures shared understanding in PDCDTs.  
• Instrument validation: The instrument was then used in Experiment 2 to measure 

shared understanding in different communication technology settings of PDCTs. The 
collected data were subsequently used to test the validity of the instrument. 

Data collection: The shared understanding data collected in Experiment 2 were used for 
instrument validation. 
Study 4: Examining the impact of different combinations of communication 
technologies on shared understanding in PDCDTs 
• RQ4.1: How do different combinations of communication technology impact the level 

of co-located shared understanding? 
• RQ4.2: How do different combinations of communication technology impact the level 

of distant shared understanding? 
• RQ4.3: How do different combinations of communication technology impact the 

differences between the co-located and distant shared understanding? 
• RQ4.4: How do the differences between co-located and distant shared understanding 

levels differ between sub-groups that used different communication technologies? 
Data collection: Participants’ perceptions of shared understanding were collected in 
Experiment 2 and subsequently used to examine the impact of different combinations of 
communication technologies on shared understanding.  

 

Section 3.2 describes Experiment 1 and the data collection methods used for Studies 1 

and 2, while Section 3.3 describes Experiment 2 and the data collection methods used for 

Studies 3 and 4. All experiments were conducted with the approval of Virginia Tech’s 

Institutional Review Board (IRB#11-290). 
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3.2 DATA COLLECTION METHODS: EXPERIMENT 1 - STUDIES 1 & 2  

A laboratory-based observational study was conducted to answer the research questions 

developed for Studies 1 and 2 (Table 5). A total of 16 four-person groups participated the 

study, a total of 64 participants. Each group was divided into two dyad sub-groups. Sub-

groups were separated in two different rooms and worked collaboratively on a conceptual 

design task (Figure 4). This setup was used to increase the practicality of the research, as 

most distributed teams consist of sub-teams that are geographically distributed (Panteli & 

Davison, 2005; Shami et al., 2004).  

Microphone*&*
webcam*

Speaker*

 

Figure 4. Experimental setting: two dyad sub-groups located in two different locations. 

 

3.2.1 Communication Technology 

A tablet PC was provided for each participant with a preinstalled video conferencing tool 

to communicate between sub-groups. External webcams and microphones were 

connected to the table PCs so that participants were able to see and hear their sub-group 

members (Figure 4). A shared drawing application was available, which allowed 

participants to simultaneously sketch, write, or type (Figure 5).  
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Figure 5. (a) A full screen mode of distant partners, and (b) a screen capture of a full 
screen mode of the shared drawing application. 

In addition, participants were allowed to use paper and pen to sketch or write. There were 

no explicit restrictions on technology usage; participants were able to move the 

equipment around and change the settings. For instance, participants frequently moved or 

physically held the webcam to show or refer to a specific piece of information, such as 

body or hand gestures, or a specific part of their sketches. Participants also changed the 

display settings of the video stream that showed their distant sub-group members. For 

instance, they often reduced the size of the video stream when more screen space was 

needed. Although participants had tablet PCs with stylus, they could decide individually 

whether to use the stylus.  

 

3.2.2 Participants 

A total of 16 (8 female and 8 male) junior and senior undergraduate students (Mean 

age=21.6, SD=1.2) participated in the study. Almost half of the participants were 

European American, followed by Asian American, African American, and Hispanic 

American (Table 6). Participants’ majors were not restricted to simulate multidisciplinary 

groups. Ten different majors were represented in the study: 9 participants were 

engineering majors and 7 participants were non-engineering majors (Table 7). 

Participants’ majors and gender were balanced, such that each team had at least one 

engineering major and an opposite gender participant. 
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Table 6. Participant ethnicity. 

Race / ethnicity # of participants 
European American 7 

Asian American 6 
African American 2 

Hispanic American 1 
Total 16 

 

Table 7. Participants by majors 

Engineering majors # of 
participants Non-engineering majors # of 

participants 
Industrial and Systems 

Engineering 5 Psychology 1 

Computer Engineering 2 Business Information 
Technology 1 

Aerospace Engineering 1 Marketing 2 

Electrical Engineering 1 Human Nutrition Food & 
Exercise 1 

  Industrial Design 1 

  Food Science & 
Technology 1 

 

In addition, none of the participants had any prior experience collaborating with any of 

their group members. Two participants reported prior acquaintance by taking the same 

class, but no enhanced patterns of communication or collaboration were observed 

between those two individuals when compared to other group members.  

 

3.2.3 Design Task 

The design objective was to design an add-on device to an existing hand or arm-powered 

wheelchair so that paraplegic users could easily traverse standard roadside curbs without 

assistance. The design brief included descriptions of the target users (people with 

paraplegia), problems, requirements/constraints, design procedure, and design outcomes 

(Appendix B). The research design consisted of four phases: (1) initiation, (2) concept 

generation, (3) concept evaluation, and (4) documentation (Table 8). As explained in 

Section 2.2, these categorizations were based on the phases suggested by Pahl and 

colleagues (2007), except for the documentation phase, which was added to provide 
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additional time for group members to work on their deliverables. As emphasized in 

Chapter 2, Section 2.2.1, design work is iterative. However, the purpose of intentionally 

distinguishing the design’s four phases was to systematically identify and examine 

communicative behaviors within each design sub-phase. Thus, participants were asked to 

complete specific tasks upon completion of each phase, with submission of those 

deliverables signifying the completion of the design session. The entire design task lasted 

approximately 2.5~3 hours.  

 

During the initiation phase, participants were instructed to read and discuss the design 

brief to establish common ground regarding the design objective, problems, 

requirements, and potential users. Table 8 lists the objectives and corresponding design 

topics for each phase. The researcher explained the design topics during the design brief, 

as well as prior to the onset of each design session. For the concept generation phase, 

each team was required to create at least two design alternatives in order to stimulate 

active discussion during the concept evaluation phase. Specifically, participants discussed 

the geometric shapes, forms, and behavioral properties of their design ideas. Throughout 

the concept evaluation phase, participants evaluated their design alternatives using 

evaluation criteria such as safety, ergonomics, and cost. Lastly, during the documentation 

phase participants worked on developing two deliverables: a detailed conceptual sketch 

and a use-case scenario of the selected design solution. The conceptual sketch had to 

illustrate all the components of their design by using call-outs or labels for simple 

descriptions and by naming each component. The use-case scenario was a step-by-step 

procedure of user actions required to operate their design solution.  

Table 8. Objectives and design topics by design phase (Pahl et al., 2007). 

Phase Objective Design topics 

Initiation 

To understand the design 
brief, potential users, 
clients, requirements, and 
problem domain. 

• Design objective 
• Problems 
• Requirements 
• Constraints 
• Characteristics of paraplegia 

Concept 
Generation 

To have at least two design 
ideas with a detailed 
understanding of every 

• Components and sub-components of a 
design idea 

• Geometric and material characteristics 
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component and how each 
works. 

of a design concept  
• Expected motion of a design idea 
• Structural and behavioral properties of 

a design idea 

Concept 
Evaluation 

To select one design 
solution based on 
evaluation criteria. 

• Expected performance 
• Embodiment 
• Susceptibility to failure 
• Production 
• Quality control 
• Ergonomics 
• Safety 
• Maintenance 
• Economic feasibility 

Documentation 

To develop a detailed 
conceptual sketch and a 
use-case scenario of the 
selected design idea. 

• Work allocation 
• Deciding materials/information to 

include in the deliverables 

 

3.2.4 Procedure 

The experiment was conducted at the Macroergonomics and Group Decision Systems 

Laboratory located in Whittemore Hall at Virginia Tech. The experiment consisted of 

three components: pre-design, conceptual design, and an individual semi-structured 

interview. The pre-design and conceptual design sessions occurred in a single session, 

while the individual semi-structured interview sessions occurred a few days after the 

conceptual design session. The pre- and conceptual design sessions lasted approximately 

three hours. During the pre-design session, the researcher first briefly explained the 

study’s overall protocol, after which participants’ signed informed consent documents 

were collected (Appendix C). Participants then listened to an audio file recorded by the 

researcher that explained the design objectives, necessary tasks that needed to be 

completed for each design phase (initiation, concept generation, concept evaluation, and 

documentation), and final deliverables (conceptual sketch and use-case scenario). The 

explanation was recorded to provide identical information regarding the design brief 

across all the groups. Participants then completed demographic (Appendix D) and 

personality questionnaires based on the research discussed in Section 2.4.1.1 (Appendix 

E), after which the researcher explained and demonstrated the various communication 

technologies—for example, how to change the video display settings and use the shared 
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drawing application. Participants were required to take 5~10 minutes to practice to use 

and familiarize themselves with the technology. Participants were encouraged to ask any 

questions throughout the experiment.  

Table 9. Experimental procedure. 

Design phase 
(Average completion 

time)  
Procedure 

Pre-design (30 min) 

• Study explanation  
• Informed consent  
• Explanation of design procedure  
• Demographic questionnaire*  
• Personality questionnaire * 
• Technology explanation  
• Technology practice  

Conceptual design 
(150) 

• Initiation 
• Shared understanding questionnaire* 
• Concept generation 
• Shared understanding questionnaire* 
• Concept evaluation 
• Shared understanding questionnaire* 
• Documentation 
• Compensation 

Post-design (45) • Semi-structured interview* 
          (* Data collection) 

Participants then began the conceptual design session, which lasted approximately 150 

minutes. As noted earlier, participants were asked to share their impressions with the 

researcher after each design phase; at the conclusion of each phase, the relevant shared 

understanding questionnaire was administered. Although administering a questionnaire 

between design phases interrupted the workflow, such interruptions were essential for 

capturing participants’ perceptions of shared understanding for each phase. Upon 

completion of the conceptual design session, participants were thanked and a monetary 

compensation of $20 was given to each participant. In order to stimulate motivation 

levels during the design task, an additional $25 was awarded to members of the best 

performing group. The final task involved a semi-structured interview meeting, which 

was administered as a post-design information session.  
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3.2.5 Data Collection 

Five data collection methods were used: (1) demographic questionnaire, (2) personality 

questionnaire, (3) shared understanding questionnaire, (4) individual semi-structured 

interview, and (5) observation. Participants’ demographic information, specifically 

information regarding their background and major, was used in forming groups such that 

each group’s demographic profile was balanced in terms of design skills. In addition, 

gender and technology competency levels were collected as supplementary data to 

explain the results. According to the channel expansion theory described in the Literature 

Review (Chapter 2, §2.5.3), a user’s perception of richness may vary depending on their 

prior experiences of using the technology. Similarly, participant’s personality information 

was collected as supplementary data to explain the results. The remaining three data 

collection methods focused on identifying and understanding any instance or situation 

when a lack of shared was evidenced during the design session. Specifically, a shared 

understanding questionnaire was developed and administered to identify such 

occurrences from a participant’s perspective. In addition, the researcher observed the 

design sessions to qualitatively identify any lack of shared understanding situations and 

to gather contextual information of the design sessions. Based on results from the shared 

understanding questionnaires and observations, questions were then developed for the 

individual semi-structured interviews to explore the underlying reasons for the lack of 

shared understanding situations. Two digital camcorders were used to record each sub-

group for the entire design session for further analysis. The following sections describe 

each data collection instrument or process.  

 

3.2.5.1 Demographic Questionnaire 

The demographic questionnaire (Appendix D) consisted of general background questions 

(e.g., age, gender, major), prior design experiences, and technology competency level. 

For this study, gender, and major was balanced, such that each group included at least 

one engineering major and one opposite gender. For prior design experiences, any 

participant with a significant level of design experience—such as an industrial internship 

related to design—was excluded from the experiment to equalize the group’s aggregate 

level of design skills. Technology competency level was also checked, since technology 
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was used as a communication medium to converse with distant sub-group members. 

Although participants were asked to complete the demographic questionnaire in the 

beginning of the experiment, the information was collected prior to the experiment by 

email to form groups. 

 

3.2.5.2 Personality Questionnaire 

As examined in the Literature Review (Chapter 2, §2.4.1.1), personality affects team 

performance. Therefore, the personalities of the participants were assessed in the pre-

design phase (Table 9) as supplementary data to explain any results that may have been 

caused by group members’ differing personal traits. This component is admittedly a 

complex one since personality includes multiple factors such as an individual’s thinking 

processes, patterns of feeling, and behaviors—all of which are reported to be important 

factors that affect team function and performance (Barrick, Stewart, & Neubert, 1998; 

Driskell et al., 1987; Molleman, 2005). For instance, any large variation in the 

conscientiousness of team members (refer to Table 10) can have a negative impact on 

team performance and group cohesion (van Vianen & De Dreu, 2001).  

 

The International Personality Item Pool NEO (IPIP-NEO) was used to examine 

participants’ personalities (Appendix E). The instrument is based on the Five-factor 

Model as described in Section 2.4.1.1, which measures openness, conscientiousness, 

extraversion, agreeableness, and neuroticism (McCrae & Costa, 1987). The IPIP-NEO 

measures six facets of each factor, as listed in Table 10. 

Table 10. IPIP-NEO five factors and corresponding facets. 

Five factors Facets 

Extraversion Friendliness, gregariousness, assertiveness, activity level, 
excitement-seeking, cheerfulness 

Agreeableness Trust, mortality, altruism, cooperation, modesty, sympathy 

Conscientiousness Self-efficacy, orderliness, dutifulness, achievement-striving, self-
discipline, cautiousness 

Neuroticism Anxiety, anger, depression, self-consciousness, immoderation, 
vulnerability 

Openness Imagination, artistic interests, emotionality, adventurousness, 
intellect, liberalism 
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The IPIP-NEO reports an individual’s level for each of the five factors, as well as the 

corresponding six facets in a scale of 0 to 100 (0: low, 100: high). The instrument 

contains a total of 120 items; responses were obtained using a Likert-type scale with the 

following five anchoring statements: (1) very inaccurate, (2) moderately inaccurate, (3) 

neither accurate nor inaccurate, (4) moderately accurate, and (5) very accurate. The 

questionnaire was administered and data were gathered through a secure online 

questionnaire service (virginiatech.qualtrics.com) using laptops that were provided; the 

questionnaire took approximately 20 minutes to complete. 

 

3.2.5.3 Shared understanding questionnaire 

A shared understanding questionnaire was administered at the conclusions of each design 

phase to identify any lack of shared understanding situations perceived by each 

participant. Participants were asked to complete this questionnaire after the concept 

generation and documentation phases in order to capture lack of shared understanding 

situations that may have occurred between design phases. While observations (explained 

in §3.2.5.5) and video recordings are useful in capturing exact language and gestures that 

may indicate a lack of shared understanding, participant perceptions are equally 

important; thus, multiple data collection strategies should be used (Mulder et al., 2002). 

The shared understanding questionnaire used in this study was originally developed by 

Mulder (2009), but the questions were modified to reflect the conceptual design task. 

Specifically, information pertaining to the design topics listed in Table 5 was collected. 

Three design topics were associated with initiation phase, which asked about 

requirements and problems of the design task. Three design topics were associated with 

concept generation phase, which asked about functionality, structural components, and 

behaviors of a design solution. The remaining five design ideas were associated with the 

concept evaluation phase, which consisted of susceptibility to failure, ease of use, safety, 

and economic feasibility of a selected solution. Each topic was designed to capture 

information in two formats (Mulder, 2000): (1) each respondent’s perception of his or her 

own level of understanding, and (2) each respondent’s perception of his or her group 

level of shared understanding. The following two questions were developed to assess a 
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participant’s perceived level of understanding and his or her group-level shared 

understanding of design requirements.  

• Format 1: How well did you understand the characteristics (requirements) of a 

successful solution to this problem? 

• Format 2: To what extent does your group hold a shared understanding of the 

characteristics (requirements) of a successful solution to this problem?  

There were 22 items on the shared understanding questionnaire (6 for the initiation phase; 

6 for the concept generation phase; and 10 for the concept evaluation phase). Responses 

were obtained using a 7-point Likert-type scale, with 1 indicating ‘very badly’ and 7 

indicating ‘completely well.’ The full list of questions can be found in Appendix A. The 

questionnaire responses revealed who had low shared understanding, of which design 

topic, and in which design phase. A secure online survey system 

(virginiatech.qualtrics.com) was used for data collection, and each participant used an 

individual laptop that was provided to complete the questionnaire, which took about five 

minutes. 

 

3.2.5.4 Observation 

Because this project was designed to elucidate communication patterns, video recordings 

were utilized to accurately capture both verbal and non-verbal communication acts 

throughout the study. In addition, all the design sessions were observed to obtain 

contextual information about how each group worked together. To achieve this goal, 

participants’ feedback mechanisms and key characteristics of co-located synchronous 

interactions were used. In the first approach, participants’ feedback mechanisms were 

examined as indicators of the lack of shared understanding. Mulder (Mulder, 2000) 

identified feedback categories based on Gramsberge and Van der Molen’s (1992) 

feedback mechanisms in communication. The categories include seven different feedback 

mechanisms designed to help identify situations when shared understanding is 

insufficient or lacking (see Table 11). 

Table 11. Types and descriptions of feedback mechanisms. 

Feedback types Description 
Confirm Agreement type reactions (e.g., yeah, ok, uh-huh) 
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Paraphrase Restating with one’s own words 
Summarize Giving a brief statement of what has been mentioned previously 

Explain Providing new information for more understanding or for 
clarification 

Check 
understanding 

Checking one’s own understanding or another person’s 
understanding of a previous statement 

Check action Examining whether an action has been understood by another 
person 

Reflect Meta-communication that does not relate to process or 
technology 

 

In general, frequent feedback is beneficial to achieve shared understanding or to identify 

misunderstanding situations among team members (Krauss & Fussell, 1991; Schober & 

Clark, 1989). At the same time, frequently asking questions or providing feedback can 

also signify evidence of a lack of shared understanding. For instance, ‘check 

understanding’ or ‘check action’ are explicit communicative actions that probe whether 

shared understanding has been established. According to McNair and Paretti (2010) 

providing feedback also has positive correlation with relational motivators, willingness to 

contribute, and recognition of benefits of collaboration. The act of confirming denotes 

that a recipient has understood a prior conversation. However, asking for confirmation 

can also indicate that a person has not fully understood prior messages and thus needs to 

gather relevant information to clarify meaning. Paraphrasing or explaining the same 

content several times can evidence a participants’ intention to establish shared 

understanding. Paraphrasing can also be used to check one’s own understanding by 

articulating previous conversation in one’s own words.  

 

The second approach in this study considered the key characteristics of co-located 

synchronous interactions suggested by Olson and Olson (Olson & Olson, 2000). In 

distributed design work, interaction depends on the capacity of a given communication 

technology as described in Section 2.5. While the communication technologies utilized in 

this study facilitated some of the key characteristics of co-located synchronous 

interactions, there are four characteristics (among a total of ten) that are known to be 

critical in a PDCDT setting—although sometimes difficult to achieve. These four 

characteristics are nuanced information, co-reference, implicit cues, and spatiality of 
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reference (Table 12). Since these four characteristics are considered as precursors to a 

lack of shared understanding (Clark & Brennan, 1991; Marshall & Novick, 1995), they 

were singled out for further examination.  

Table 12. Key characteristics of co-located synchronous interactions [adapted from 
(Olson & Olson, 2000)(pg. 149)]. 

Characteristics Description 

Nuanced information Small differences in meaning can be conveyed. 

Co-reference Ease of establishing joint reference to objects. 

Implicit cues Cues as to what is going on that are available on the 
periphery. 

Spatiality of reference The ability to use language and gestures to identify where 
work objects are located in space 

Copyright © 2000 Taylor & Francis 

Nuanced information, which is often conveyed by subtle facial expressions and gestures, 

is particularly critical in recognizing the distant member’s level of understanding. 

Physical co-referencing is impractical in distributed setting—yet it is critical in 

conceptual design to efficiently explain the physical forms that will eventually constitute 

components of a design idea. Implicit cues refer to important contextual information that 

occurs in the periphery. Such information is often transferred on a somewhat limited 

basis to distant sub-group members, and thus decreases the level of awareness. For 

instance, sketching is one of the integral components in detailing ambiguous design ideas. 

When people sketch their design ideas on a piece of paper, it is somewhat difficult to 

observe the sketches by their distant partners, whereas co-located partners are able to 

observe the sketches. Finally, distant members typically have inadequate spatial 

information about other distant members and their surrounding objects, making it 

difficult to refer to them without verbal explanation. In conceptual design, ideas are often 

referred to spatially. For instance, an individual may point into the air while explaining an 

idea—and later point to the same location to refer back to that idea. Thus, communication 

can be significantly enhanced if such spatial references are effectively used. 

 

3.2.5.5 Semi-structured interviews 

Individual semi-structured interviews were conducted to understand the reasons and 

intentions behind each participant’s communicative and collaborative actions. Due to the 
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time required to develop individually tailored questions, the interview sessions were 

conducted a few days after the design session. In addition, interviews were conducted 

individually since participants tend to not disclose negative experiences in front of their 

group members. This tendency was evident from the pilot study that was conducted prior 

to full data collection. The interview sessions took approximately 30 to 60 minutes and 

were audio recorded.  

 

The interview questions examined three areas: (1) communication difficulties, (2) reasons 

for such difficulties, and (3) strategies used to resolve the difficulties. The core questions 

are listed below. 

• What do you think was the most significant problem that influenced your group’s 

performance? 

• How was your experience of communicating with your partners? 

• Could you describe how you managed to explain your ideas or comments to others? 

• Were there any difficulties in understanding other members’ thoughts or ideas?  

• How did you try to resolve that problem? 

• How would you resolve the problem now? 

Prompts and follow-up questions addressed specific situations that occurred during each 

participant’s design session. A full sample protocol, including the session-specific 

questions can be found in Appendix F. 

 

The follow-up questions were developed based on the observation notes taken during the 

design sessions and from video analysis, as well as from the survey responses for the 

group. Observation notes included any descriptions of apparent misunderstandings. From 

the recorded videos, the researcher aimed to identify situations when participants’ 

intentions were unclear (e.g., talking only to one’s co-located partner when explaining 

design ideas). Specific questions were formulated based on these situations. The video 

recording excerpts of the design sessions were also shown to the participants as a 

supplementary material to refresh their memory during the interviews.  
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3.3 DATA COLLECTION METHODS: EXPERIMENT 2 – STUDIES 3 & 4 

3.3.1 Overview 

After the completion of Studies 1 and 2, a second experiment was conducted with new 

participants to examine how a given communication technology impact shared 

understanding. Experiment 2 used a one-way between subjects design. A total of 16 four-

person groups participated the study (64 participants). Like Experiment 1, each group 

consisted of two dyad sub-groups, in which each sub-group was located in a different 

room to stimulate a partially distributed team setting. Each group was assigned to one of 

the four communication technology conditions, such that each condition had a total of 

four groups.  

 

3.3.2 Experimental Conditions: Varying the Communication Technologies  

3.3.2.1 Equipment 

This experiment used three different technologies for sub-groups to communication with 

one another: (1) the Cisco Telepresence system, (2) laptops, and (3) mobile devices. The 

following section explains the features of each. 

(1) Telepresence system 

For the telepresence system, Cisco Telepresence 3200 (Figure 6) and 1300 (Figure 7) were 

used. (The 3200 model represents a slightly more advanced telepresence system than the 

1300 model.) Table 13 provides the technology specifications for the two models.  

Table 13. Comparison of technology specifications between Cisco TelePresence System 

3200 and 1300. 

 Cisco TelePresence 3200 Cisco TelePresence TX1300 

Display 

65” (3 main screens+3 content 
sharing screens) 
1080p resolution 

30 fps 

47” (1 screen) 
1080p resolution 

30 fps 

Audio Spatial audio 
Cisco Dynamic Echo Cancellation 

Spatial audio 
Cisco Dynamic Echo Cancellation 

Microphone Mute and hold functions Mute and hold functions 

Camera 1080p / 30 fps 
Voice activated switching technology 

1080p / 30 fps 
Voice activated switching technology 
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Content 
sharing 

Content appears on an additional 
screen 

 
Figure 6. Cisco TelePresence System 

3200: content sharing (red circle). 

Content appears on the same screen 

 
Figure 7. Cisco TelePresence System 

1300: content sharing (red circle). 

 

The two models have almost equivalent specifications for audio, microphone, and camera. 

The 3200 model is equipped with three displays to view distant collaborators, and three 

additional displays for content sharing (only one content sharing screen shown in Figure 

6). However, to compensate for this difference, only one screen was used to view distant 

sub-group members when using the 3200 model (center display in Figure 6). Another 

difference was the content sharing mode between the two models. In the 3200 model, 

content was shared via an extra display located below the main display; in comparison, 

the 1300 model shows the shared content on the main display (see Figure 7). However, 

the 1300 model allowed users to move around the shared content anywhere on the screen. 

Individual laptops were provided to each participant with a shared drawing application. 

Participants also used their laptops to navigate the Internet or to work on the deliverables 

(conceptual sketch and use-case scenario).  

 

(2) Laptops 

Two laptops were provided for each sub-group (one per person) [Figure 10(c)], both of 

which were preloaded with a shared drawing application. One laptop was used as a 

designated communication channel with distant sub-group members. Thus, this laptop 

was connected to the Logitech QuickCam Pro 9000, which has a 2-megapixel HD sensor 

that can shoot 720p video quality, as well as a built-in microphone. Additionally, an 

external speaker was connected to this laptop. 
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(3) Mobile devices 

Two mobile devices were used for the experiment: (1) Cisco Cius tablet [Figure 8(a)], 

and (2) Apple’s iPad2 [Figure 8(b)]. Using two different mobile devices represents a 

limitation of this study. Nonetheless, due to limited resources and logistical challenges, 

an Apple iPad2 was determined to be the best alternative to replace the Cisco Cius tablet. 

A more detailed explanation is provided in Chapter 7 regarding the limitations of this 

study design.  

(a)$ (b)$  

Figure 8. (a) Cisco Cius tablet, (b) Apple iPad2. 

Sources (a): http://www.crn.com/slide-shows/networking/240001089/end-of-the-line-the-
all-too-short-history-of-ciscos-cius.htm, (b): http://www.cafeios.net/ipad/easy-way-to-

make-video-call-with-ipad-facetime.html. 
 

The Cisco Cius tablet has a 7-inch screen with front- and rear-facing video cameras that 

can shoot up to 720p video quality. Similarly, the Apple iPad2 has a 9.7-inch screen with 

both front- and rear-facing cameras. The front-facing camera shoots VGA video quality 

at 30 fps, and the rear-facing camera shoots 720p up to 30 fps video quality. It should be 

noted that there was no shared drawing application that worked in accordance with the 

video conferencing application for these two mobile platforms. However, participants 

were able to sketch images and used their tablets to show it to their distant partners 

(Figure 9).  
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Figure 9. A participant showing sketches through Cius tablet. 

 
3.3.2.2 Conditions 

Four different interaction conditions across the above three technologies were used in the 

experiment: Condition 1: telepresence to telepresence [Figure 10(a) and (b)], Condition 2: 

telepresence to laptops [Figure 10(a) and (c)], Condition 3: telepresence to mobile 

devices [Figure 10(a) and (d)], and Condition 4: laptops to mobile devices [Figure 10(c) 

and (d)].  

Table 14. Experiment locations by technology conditions. 

Technology 
condition Sub-group A (location) Sub-group B (location) 

Condition 1 
Torgersen Hall 1100 Burruss Hall 312 
• Telepresence 3200 
• Laptops (per person) 

• Telepresence 1300 
• Laptops (per person) 

Condition 2 
Torgersen Hall 1100 Torgersen Hall 305A 
• Telepresence 3200 
• Laptops (per person) • Laptops (per person) 

Condition 3 
Torgersen Hall 1100 Torgeresen Hall 305B 
• Telepresence 3200 
• Laptops (per person) 

• Cius Tablet (per 
person) 

Condition 4 
Torgersen Hall 305A Torgersen Hall 305B 
• Laptops (per person) • iPad2 (per person) 
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Figure 10. Types of communication technologies (a) telepresence1, (b) telepresence2, (c) 
laptop, (d) mobile device. 

In Condition 1, both sub-groups used telepresence systems to communicate with their 

distant sub-groups. In addition, laptops were provided to each participant. In Condition 2, 

one sub-group used the telepresence system [Cisco TelePresence 3200, Figure 10(a)], and 

the other sub-group used laptops [Figure 10(c)] to communicate with their distant 

members. In this condition, laptops were provided only the telepresence users. In 

Condition 3, one sub-group used the telepresence system [Cisco TelePresence 3200, 

Figure 10(a)], and the other sub-group used Cisco Cius tablets to communicate with their 

distant group members. Likewise, laptops were provided only to the telepresence users. 

Lastly, in Condition 4, one sub-group used laptops [Figure 10(c)] and the other sub-group 

used Apple iPad2 [Figure 10(d)] as their mobile devices to communicate with their 

distant sub-group members.  
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Based on the Literature Review (Chapter 2, §2.5), telepresence 3200 can be considered as 

the richest communication technology used in the Experiment. This telepresence system 

is capable of showing facial expressions, gestures, body postures, as well as contextual 

information (e.g., workspace) in live-size. In addition, there is an additional screen that 

can be used for content sharing. Telepresence 1300 can be considered as the second 

richest communication technology. As previously described (Table 13) this telepresence 

system is almost equivalent to telepresence 3200, but uses slightly smaller screen size 

(47” instead of 65”), and does not have an additional screen. Then laptops can be 

considered as the third richest communication technology, as it had much smaller screen 

size compared to the telepresence systems. Finally, mobile devices (both Cius and iPad2) 

were the leanest communication technology used in this experiment. Mobile devices have 

the smallest screen size, and content sharing was unavailable. Based on this 

classification, Condition 1 is the richest, followed by Conditions 2, 3, and 4.  

 

3.3.3 Data Collection 

3.3.3.1 Shared Understanding Questionnaire 

Two different instruments were used to collect participant perceptions of shared 

understanding: (1) an instrument to measure themes that influenced shared understanding 

(Figure 11(a)), and (2) an instrument to measure emergent states that are influenced by 

shared understanding, summarized in Figure 11(b). The themes and emergent states were 

identified in Study 1 (Chapter 4), and subsequently developed and validated via a shared 

understanding instrument described in Study 3 (Chapter 6).  
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PROCESS'

Themes' Emergent'States'
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Interac,vity(

Knowledge((
Transferability(
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Trust(
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Conflict(

Shared'
Understanding'

(a) (b) 

 

Figure 11. (a) Themes that influence shared understanding, and (b) emergent states that 
are influenced by shared understanding. 

As described in Chapter 4, Study 1 identified four themes that impact shared 

understanding: awareness, interactivity, knowledge transferability, and cohesiveness. 

Likewise, it identified four emergent states that are influenced by a group’s level of 

shared understanding: trust, collaboration pattern, role emergence, and conflict. In total, 

there were 90 items in the shared understanding instrument, which was comprised of 49 

questions to identify themes, and 41 questions to elucidate emergent states. The content 

of questions, response types, and total number of questions for each theme and emergent 

states are illustrated in Table 15. 

Table 15. Instrument item topics, response type, and total number of items by theme and 
emergent state. 

Themes / 
Emergent 

States 
Item topics Response 

type 
Total # 
of items 

Awareness 

• Ability to catching attention 
• Knowing others’ attention 
• Other’s level of understanding 
• Knowing what others are working 
• Other’s emotion 

7-point 
Likert-type 

scale 
15 

Interactivity 

• Willing to listen to others 
• One’s perception of whether others are 

willing to listen to me 
• Willing to respond to others 
• One’s perception of whether others are 

willing to respond to me 

7-point 
Likert-type 

scale 
12 
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Knowledge 
transferability 

• Design function 
• Design structure 
• Design composition 
• Design behavior 
• Design procedure 
• Design concept (working principles) 
• Design value 

7-point 
Likert-type 

scale 
14 

Cohesiveness 

• Unity 
• Responsibility 
• Aspiration 
• Willing to support 
• Freedom to talk about responsibility 
• Extent of closeness 

9-point 
Likert-type 

scale 
7-point 
pictorial 
scale (for 
closeness) 

8 

Trust 

• Sharing relationship 
• Talking about difficulties 
• Caring 
• Emotional investments 
• Dedication 
• Reliability 

True Likert 
scale 18 

Conflict 
• Relationship conflict 
• Intellectual conflict 
• Process conflict 

5-point 
Likert-type 

scale 
19 

Role 
emergence 

• Your role 
• Each group member’s role 

Open-
ended 4 

 

Each theme and emergent state utilized the rating scales from the original questionnaires 

from which they were drawn (see Chapter 6 for details). A 7-point Likert-type scale was 

used to collect responses for awareness, interactivity, and knowledge transferability. All 

of the 7-point Likert-type scale used the same anchoring words: 1: strongly disagree, 2: 

disagree, 3: somewhat disagree, 4: neutral, 5: somewhat agree, 6: agree, and 7: strongly 

agree. Two questionnaires were used to measure cohesiveness. The first questionnaire 

used 9-point Likert-type scale to collect group-level cohesiveness with the anchoring 

words of 1 indicating strongly disagree to 9 indicating strongly agree. A 7-point pictorial 

scale was used to measure individual-level cohesiveness. The perceived closeness 

between group members was illustrated as a degree of overlap between two circles 

(Figure 12).  
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Figure 12. 7-point pictorial scale to measure closeness between group members (Aron, 
Aron, & Smollan, 1992). 

 

A true Likert scale was used to collect responses for trust questions. Conflict questions 

were assessed using a 5-point Likert-type scale with 1 referring to ‘none,’ 3 indicating 

‘neither,’ and 5 indicating ‘a lot.’ Open-ended responses were used to examine role 

emergence. Specifically, participants were asked to briefly describe each group member’s 

role, as well as their own role and contributions to the group.  

 

3.3.3.2 Overall Satisfaction Questionnaire 

An overall satisfaction questionnaire was administered at the end of the experimental 

session to determine participants’ overall experience regarding the conceptual design 

task. Specifically, the questionnaire was designed to collect overall performance data that 

could subsequently be used as supplementary data to examine the impact of shared 

understanding on group performance. This questionnaire was used in Marshall and 

Novick’s (1995) research to examine participant satisfaction while using different media 

channels (e.g., audio only, audio and video, and face-to-face). This questionnaire consists 

of 13 statements regarding the task and includes such measures as task difficulty, task 

interest, task efficiency, task enjoyment, result achieved, teamwork, and ease of 

expression (Appendix G). Responses were collected using a 7-point Likert-type scale 

ranging from 1 (indicating ‘strongly disagree’) to 7 (indicating ‘strongly agree’). 

 

3.3.4 Participants 

A total of 64 (41 female and 23 male) junior and senior undergraduate students (Mean 

age= 21.6, SD=1.9) participated in this experiment. Almost half of the participants were 
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European American (47%), followed by Asian American (33%), Hispanic American 

(11%), African American (1%), and about 5% reported ‘other’ for their ethnicity (Figure 

13(a)). Participant majors were almost evenly distributed across engineering (48%) and 

non-engineering majors (52%) (Figure 13(b)). There was a total of 14 different 

engineering majors, with mechanical engineering constituting about one fourth of the 

total, followed by industrial and systems engineering (15%). Aerospace engineering and 

civil and environmental engineering each accounted for about 12% of the engineering 

majors. The remaining engineering majors each accounted for less than 6% of the total. 

Conversely, there were 17 non-engineering majors, in which biological sciences account 

for about 16% of the entire non-engineering majors, followed by psychology (13%). 

Biology and political science majors each accounted for 9% of the entire non-engineering 

majors, while the remaining non-engineering majors each accounted for less than 6%. 

Group member’s major and gender were balanced, such that each group had at least one 

engineering major and an opposite-gender member (i.e., no group was single-gender). 

None of the participants reported prior experience of collaboration with any of their 

group members.  

31#(48%)#
33#(52%)#

Engineering:# Non4engineering:#

1#(1%)#

21#(33%)#

30#(47%)#

7#(11%)#

5#(8%)#
African#American#

Asian#American#

European#American#

Hispanic#American#

Other#

(a) (b)  

Figure 13. Distribution of participants’ (a) ethnicity, and (b) major. 

3.3.5 Procedure 

The experiment was conducted in four different locations at Virginia Tech. Torgersen 

Hall 1100 (Figure 10(a)) and Burruss Hall 312 (Figure 10(b)) were the designated 

locations equipped with telepresence systems. For laptop and mobile environments, 

Torgersen Hall 3050A (Figure 10(c)) and 3050B (Figure 10(d)) were used, respectively. 
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Similar to the first data collection, the experiment consisted of three phases (i.e., pre-

design, conceptual design, and post-design). All design phases occurred during a single 

session lasting approximately 3 hours. Since the experiment occurred in two distant 

locations, the researcher facilitated the experiment in one location, while two 

undergraduate researchers facilitated the experiment at the remote location. The two 

undergraduate researchers were trained on the experimental protocol before data 

collection began. They received monetary compensation for supporting the experiment.  

 

As in Experiment 1, the overall study protocol was explained during the pre-design 

session. As listed in Table 16, participants read and signed the informed consent 

documents, and then listened to an audio recording that explained the design objectives, 

necessary tasks that had to be completed for each design phase (initiation, concept 

generation, concept evaluation, and documentation), as well as a description of final 

deliverables (conceptual sketch and use-case scenario). Participants were then asked to 

complete a demographic questionnaire, which was identical to the demographic 

questionnaire used in the first data collection (Appendix D). After completion of the 

demographic questionnaire, the communication technology was explained with 

demonstrations. For telepresence users (Conditions 1-3), the researcher demonstrated 

how to use the microphones and how to share screens with their distant sub-group 

members. For laptop users using the video conferencing tool (Conditions 2-4), the 

researcher explained and demonstrated how to change video display settings and share 

application screens. Similarly, the mobile device users were also instructed on how to 

change display options for the video conferencing application. An explanation of how to 

use the shared drawing application was provided to all the participants—except for the 

mobile device users since a shared drawing application was not enabled in mobile 

devices when used simultaneously with a video conferencing application. Participants 

were allowed to practice for about 5-10 minutes to become familiar with the technology, 

and were encouraged to ask any questions.  
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Table 16. Experimental procedure. 

Design phase 
(Average completion 

time)  
Procedure 

Pre-design (20 min) 

• Study explanation  
• Informed consent  
• Explanation of design procedure  
• Demographic questionnaire*  
• Technology explanation  
• Technology practice  

Conceptual design 
(150) 

• Initiation 
• Concept generation 
• Shared understanding 

questionnaire* 
• Concept evaluation 
• Documentation 
• Shared understanding 

questionnaire* 

Post-design (5) 
• Overall satisfaction 

questionnaire* 
• Compensation 

 

The same conceptual design task that was used in the first data collection was used in the 

second data collection. The design session lasted approximately 150 minutes. Participants 

were asked to communicate their experiences with the researcher via the shared 

understanding questionnaire administered after both the concept generation phase and the 

documentation phase. In other words, the shared understanding questionnaire was 

administered twice to capture the dynamic property of the shared understanding concept. 

During the post-design phase, participants were asked to complete an overall satisfaction 

questionnaire, which was equivalent to the one used in Experiment 1. Then, participants 

were thanked and given a monetary compensation of $30.  

 

3.4 SUMMARY 

Two separate sets of experimental data were collected to produce four sets of results, 

which are reported in Chapters 4-7 of this dissertation. Each protocol used different 

analytical methods to obtain results; thus, a complete explanation of the analysis is 
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included in each corresponding chapter. As illustrated in Figure 14, a variety of data 

collection methods were used in this study. Specifically for Experiment 1, demographic 

and personality questionnaires, the shared understanding questionnaire, observations and 

video recordings, and individual semi-structured interviews were used to identify the 

factors constituting shared understanding for Study 1. For study 2, only the recorded 

video of design sessions were used to quantify intra- and inter-sub-group communication 

in PDCDTs.  

Experiment*1:*

•  Demographic,ques0onnaire,
•  Personality,ques0onnaire,
!,Supplementary,data,

•  Shared,understanding,
ques0onnaire,

!,To,iden0fy,lack,of,shared,
understanding,situa0ons,

•  Observa0on,&,video,
recording,

!,To,examine,verbal,and,non@
verbal,communica0on,acts,

•  Individual,semi@structured,
interview,

!,To,understand,reasons,and,
inten0ons,of,par0cipant’s,
communica0ve,ac0ons,

•  Demographic,ques0onnaire,
!,Supplementary,data,

•  Shared,understanding,ques0onnaire,(themes,
and,emergent,states),

!,To,measure,group,member’s,percep0on,of,
shared,understanding,

Experiment*2:*

Study*1:*Conceptualizing,
shared,understanding,,

Study*2:,Examining,intra@,and,
inter@sub@group,

communica0on,paIerns,

Study*3:*Shared,understanding,
instrument,development,and,

valida0on,

Study*4:*Examining,the,impact,
of,communica0on,technology,
on,shared,understanding,

 

Figure 14. Summary of data collection methods used in the study. 

In Experiment 2, demographic information was collected as supplementary data. The 

shared understanding questionnaire was developed based on results produced from Study 

1 (themes and emergent states of shared understanding), and was validated in Study 3. 

Subsequently, the validated shared understanding instrument was used to examine the 

impact of different combinations of communication technologies on shared 

understanding (Study 4).  
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CHAPTER 4. CONCEPTUALIZATION OF SHARED UNDERSTANDING 

IN PARTIALLY DISTRIBUTED CONCEPTUAL DESIGN TEAMS 

 

4.1 INTRODUCTION 

This chapter aims to conceptualize the shared understanding concept within the context 

of a partially distributed conceptual design team (PDCDT). As explained in Chapter 2, 

shared understanding can be defined as a degree of cognitive overlap and commonality in 

beliefs, expectations, and perceptions about a given target (Cohen & Gibson, 2003). In 

the conceptual design domain, Valkenburg defined shared understanding as team 

members’ mutual views regarding relevant design topics and activities (Valkenburg, 

1998). Based on these definitions of shared understanding, this study focused on its 

communication aspect, where two or more people have an accurate interpretation of 

specific targets that are relevant to achieving common goals. The state of shared 

understanding is accomplished between two people if the recipient accurately 

understands the speaker’s message. As indicated in Chapter 2, achieving shared 

understanding is particularly critical in conceptual design because of the difficulty 

associated with explaining ambiguous design ideas that do not yet exist in a physical 

form. A significant body of empirical research has revealed that design teams with a high 

level of shared understanding generally produced better design outcomes (Hill et al., 

2001; Hill, Dong, & Agogino, 2002; O'Connor, 2012; Stout et al., 1999; Valkenburg & 

Dorst, 1998), as well as enhanced patterns of communication and interaction (Clark & 

Brennan, 1991; Donnellon et al., 1986). Despite the importance of shared understanding, 

it remains to be thoroughly investigated in the PDCDT context. Specifically, it is still 

unclear what factors influence shared understanding, and more importantly, it is still 

difficult to determine how best to improve shared understanding in PDCDTs.  

 

A potential hindrance for achieving shared understanding in PDCDTs is that each team 

member is likely to adopt different approaches to and interpretations of the design 

problem and solution—principally because people inevitably have different backgrounds, 

expertise, experiences, and values. Therefore, the critical issue is how team members can 
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efficiently and quickly establish and maintain shared understanding, as well as identify 

misunderstandings by communicating and interacting with one another. Accordingly, this 

chapter describes results using data from Experiment 1 designed to achieve the following 

four goals:  

• Identify factors (themes and emergent states) that have direct and indirect 

associations with  shared understanding in PDCDTs.  

• Develop an input-process-output (IPO) model of shared understanding in 

PDCDTs.  

• Describe barriers to shared understanding in PDCDTs.  

• Describe strategies for overcoming the barriers to shared understanding in 

PDCDTs.  

 

4.2 ANALYSIS 

As noted above, data for this analysis was derived from Experiment 1, involving a total 

of 16 participants divided into four partially distributed groups [i.e., Group 1 

(participants# 1-4), Group 2 (participants# 5-8), Group 3 (participants# 9-12), and Group 

4 (participants# 13-16)]; each group worked on the same conceptual design task. The 

primary data source for this analysis is the interview data, with the shared understanding 

questionnaire used to inform the interviews and provide additional insights.  

 

4.2.1 Shared Understanding Questionnaire 

As described in Section 3.2.5.3, responses from the shared understanding questionnaire 

(Appendix A) were obtained during the design sessions. The questionnaire addressed the 

following questions: (1) During which design phase do participants have the least shared 

understanding? (2) What are the design topics for which participants demonstrate the 

lowest level of shared understanding? These results were then used for video analysis of 

the experiment sessions to develop individual semi-structured interview questions. The 

means and standard deviations of participants’ responses were calculated by design phase 

and by questionnaire item. The results are summarized in Table 17 and Figure 17. 
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4.2.2 Thematic Analysis of the Semi-structured Interview Transcripts 

All the audio recordings of the individual semi-structured interviews were transcribed by 

the researcher. Two independent researchers conducted thematic analysis of the interview 

transcripts (Braun & Clarke, 2006). The only guidelines that coders received were to 

focus on any situations that may have influenced a participant’s communication or 

interaction behaviors; thus, no assumptions regarding the codes or themes were applied a 

priori. The following diagram (Figure 15) describes the analysis procedures as suggested 

by Braun and Clarke (2006). 
1.#Become#familiar##
with#the#data#and#
the#context#

2.#Generate#ini6al#
codes#

3.#Develop#ini6al#
themes# 4.#Ini6al#arbitra6on# 5.#Code#remaining#

data#

6.#Develop#themes# 7.#Final#arbitra6on#
8.#Modify#codes#
and#themes#based#
on#final#arbitra6on#

9.#Review#themes# 10.#Finalize#themes#

 

Figure 15. Steps for thematic analysis. 

 

The researcher provided a brief synopsis of each design session to the coders prior to the 

coding exercise. In addition, a summary of observation notes for each group was 

provided. The researcher was not included in the coding activity but participated in the 

arbitration sessions. First, the coders reviewed six interview transcripts from two groups 

to become familiar with the data. The researcher responded to any questions regarding 

the context of the experiment. Then, the coders independently generated initial codes for 

the six transcripts. The coders were asked to label each code at the end of its 

corresponding data, as illustrated in Figure 16.  
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Figure 16. Coding example. 

 

Upon completion of the initial coding of the six transcripts, the coders independently 

developed initial themes by grouping codes with similar meanings. The coders then used 

an arbitration process to confirm initial codes and themes—a process that the researcher 

supervised to mediate any discrepancies. The coders then reviewed the remaining 

transcripts using the arbitrated codes and themes. Additional codes that emerged during 

the second round of coding were also arbitrated and any necessary changes were made to 

finalize the themes. The Cohen’s Kappa for inter-coder reliability was 74%, which can be 

considered as substantial agreement by Landis and Koch (1977).  

 

4.3 RESULTS 

4.3.1 Shared Understanding Questionnaire Results 

As described in Chapter 3, this research focused on three distinct phases within the 

conceptual design process: initiation, when group members discuss design problems, 

requirements/constraints, and potential users, concept generation, when group members 

generate design ideas to solve a given problem, and concept evaluation, when group 

members compare the generated design ideas to a set of criteria to select the best 
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approach. The shared understanding questionnaire responses by design phases are 

reported in Table 17.  

Table 17. Perceived mean level of shared understanding by design phase. 

 Initiation Concept 
Generation 

Concept 
Evaluation 

Group 1 6.42 (0.83) 5.96 (0.75) 6.53 (0.68) 
Group 2 6.13 (1.08) 5.83 (1.34) 6.10 (0.81) 
Group 3 5.46 (1.67) 5.08 (1.32) 5.50 (1.54) 
Group 4 5.38 (1.06) 5.92 (1.18) 6.33 (0.73) 

Grand Mean 5.84 (1.26) 5.70 (1.21) 6.11 (1.06) 
*Note: Numbers in parenthesis: standard deviation 

 

The grand mean is the average of all the responses across groups. In general, participants 

showed the lowest level of shared understanding for the concept generation phase 

(M=5.70, SD=1.21), followed by initiation (M=5.84, SD=1.26) and concept evaluation 

(M=6.11, SD=1.06). However, there were slight differences among design phases, the 

magnitude of those differences was marginal. No statistical analysis was conducted using 

the shared understanding questionnaire responses, primarily because the purpose of the 

questionnaire was to examine interval patterns of when group members experienced 

difficulty in establishing shared understanding, so that their experiences could be probed 

during the individual semi-structured interview sessions. Each group showed the same 

pattern, in that the lowest level of shared understanding occurred during the concept 

generation phase except Group 4, who showed a gradual increase from the initiation 

phase to the concept evaluation phase.  

 

As explained in Chapter 2, Section 2.3.2, conceptual design addresses 11 core areas: 

requirements, problems, critical problems, design function, design structure, design 

behavior, selected solution, failure, ergonomics, safety, and economic feasibility. Figure 

17 illustrates perceived levels of individual understanding (“self” in Figure 17) and group 

shared understanding (“group” in Figure 17) of each design topic. 
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Figure 17. Shared understanding questionnaire responses by self and group. 

 

Interestingly, the majority of the participants perceived that their individual 

understanding regarding each design topic was higher than their perception of their 

group’s shared understanding. Design problems, critical problems, structure and behavior 

were the topics that showed the lowest levels of shared understanding, as indicated in the 

red circle in Figure 17.  

 

In summary, based on the shared understanding questionnaire responses, participants 

experienced the least shared understanding during the concept generation phase; 

additionally, design problem, critical problem, structure and behavior were the four topics 

that showed the least shared understanding.  

 

4.3.2 Themes and Emergent States: The Input-Output Model of Shared Understanding 

A total of eight themes associated with communication and interactions were identified as 

a result of thematic analysis: awareness, interactivity, knowledge transferability, 

cohesiveness, trust, collaboration pattern, role, and conflict. However, during the process 
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of reviewing and finalizing the themes, it became clear that they could be grouped into 

two types: themes and emergent states. To differentiate, “themes” can directly impact 

team input variables (e.g., team formation, task, and communication technology), while 

simultaneously influencing shared understanding. Emergent states, in contrast, describe 

properties that occur as a result of the level of shared understanding. According to Marks 

and colleagues (2001), emergent states are defined as constructs that describe the 

dynamic properties of a team as a function of context, input, process, and outputs. 

Although the codes were developed from the data, subsequent review of the literature 

showed strong links between the identified themes and emergent states with existing 

constructs. In fact, the themes and sub-themes were extensively investigated in the 

literature, yet there remains a lack of understanding in how these variables influence and 

interact with one another. The findings from this study aims to qualitatively investigate 

the associations among the themes and emergent states. The definitions of the themes and 

the emergent states are listed in Table 18 and Table 19 

Table 19, respectively. More detailed descriptions with examples are provided in the 

subsequent sections of this chapter. 

Table 18. Definitions of themes and types within each theme.  

Themes Definitions 

Awareness 
The moment-to-moment perception of necessary elements, 
comprehension of their meanings, and projection of team members’ 
statuses in the context of partially distributed conceptual design 

Attention The extent to which one is aware of getting another’s attention, and the 
amount of effort required to catch another’s attention 

Level of 
understanding 

The extent to which one is aware of others members’ level of 
understanding 

Design task The extent to which one is aware of what others are working on 
associated with the design task 

Emotion The extent to which one is aware of others’ feelings 

Interactivity Communication patterns that characterize team members’ degree of 
interaction 

Intra-sub-team The degree to which members within a sub-team are responsive to one 
another 

Inter-sub-team The degree to which members across sub-teams are responsive to one 
another 

Knowledge 
transferability 

The amount of effort required to successfully transfer different types 
of knowledge to recipients 
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Function The objective of a design solution or components of the design 

Structure The structural components, their properties and relationships of a 
design solution 

Behavior The movement of a design or components of the design 

Procedure Processes or approaches regarding how to operate the design solution 
in accordance with user actions 

Concept 
(mechanism) Theoretical principles or mechanisms that are applied to a design 

Value  The quality of a design solution 

Cohesiveness The group members’ perception of closeness to each other and to the 
group as a whole 

 

Table 19. Types of emergent states and descriptions. 

Emergent 
states Description 

Trust 
The expectation that another team member will perform a particular 
action important to the truster, irrespective of the ability to monitor or 
control that other part (Mayer, Davis, & Schoorman, 1995) 

Collaboration 
pattern 

The pattern that describes the change of level of team members’ 
involvement in the communication and interaction over time (e.g., team 
members can alternate their interaction by working individually, by 
sub-teams, and with the team as a whole) 

Role 
A set of behaviors that characterizes a member’s norms or patterns of 
behaviors regarding obligations and contributions to a team (Biddle, 
1986) 

Conflict 
Disagreements due to perceived incompatibilities, different viewpoints, 
or goals (Jehn, 1995; Ocker, Kracaw, Hiltz, Rosson, & Plotnick, 
2009b; Polzer et al., 2006) 

 

Emergent states are considered both proximal outcomes as well as inputs to the themes. 

For instance, a partially distributed team may have low cohesiveness (theme) between 

sub-teams due to geographic separation. Low cohesiveness may negatively influence the 

team’s overall level of shared understanding, which may further negatively impact trust 

(emergent state) among distant team members. This emergent state may then negatively 

impact interactivity (theme), which corresponds to responsiveness among members. 

Therefore, the themes and emergent states are dynamic by their nature, and continuously 

impact one another in the course of collaboration.  
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For this study, the themes and emergent states were incorporated into an input-process-

output (IPO) model of shared understanding (Figure 18). The input variables are 

typically predetermined features existing prior to the collaboration. For example, 

personality and background represent individual characteristics established well before a 

team begins working together. Task can also be considered a predetermined feature. 

Team formation and communication technology are variables that can be controlled and 

determined based on the purpose of collaboration. The process variables (themes and 

emergent states) are those that are influenced by the input variables and are dynamic—

i.e., they change over the course of team collaboration. Finally, the output variables for 

this study were performance and communication satisfaction, which are affected as a 

consequence of process variables.  

 

The variables that constituted the IPO model of shared understanding were all identified 

based on thematic analysis of the individual semi-structured interview sessions. These 

variables were identified as those that had direct or indirect impact on communication 

and interaction behaviors of members in PDCDTs.  
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Figure 18. An input-process-output (IPO) model of shared understanding developed from 
Study 1. 
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The following sections provide more detail on each themes or emergent states, including 

(1) a definition of the theme or emergent states, (2) problems or negative consequences 

associated with the theme, (3) reasons for such negative situations associated with the 

theme, (4) strategies to resolve the problems associated with the theme, and (5) the 

relationships of input and process variables. Trust and conflict are explained along with 

their associated themes, as these emergent states can be considered as problems or 

negative consequences that are associated with the themes ((2) in the list above). For 

instance, low level of cohesion among group members may lead to conflict or distrust 

issues or both. Explaining these emergent states with the associated themes provides 

better understanding of the causal relationships between the themes and trust and conflict. 

Because collaboration pattern and role emergence do not appear as a consequence of the 

themes, but still impacts shared understanding, each of these emergent states is explained 

in a separate section. Through these sections, participants are referred to by number, i.e., 

P1 is participant 1, P2 is participant 2, and so on.  

 

4.3.3 Awareness 

Awareness refers to the moment-to-moment perception of necessary elements, 

comprehension of their meanings, and projection of team members’ statuses in the 

PDCDT context. This definition is analogous to the term “situation awareness,” which is 

defined as “the perception of elements in the environment within a volume of time and 

space, the comprehension of their meaning, and the projection of their status in the near 

future” (Endsley, 1995, p. 36). The “element” in the definition refers what changes 

depending on the context of a task; thus, elements must be domain or task specific. In the 

realm of computer-supported cooperative work, Gutwin and Greenberg (2002) applied 

situation awareness in their investigation of workspace awareness among small groups. 

Likewise, this dissertation research applied this concept in the context of partially 

distributed conceptual design work. Through the data analysis, four types of awareness 

were identified as salient to the group interaction: (1) awareness of other members’ 

attention, (2) awareness of others’ levels of understanding, (3) awareness of what others 

are working on, and (4) awareness of others’ emotions.  
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4.3.3.1 Awareness of Others’ Attentions 

The awareness of others’ attentions refers to the extent to which one is aware of another 

team member’s attention, as well as the amount of effort required to capture another’s 

attention. Participants in this study generally looked for an appropriate moment to initiate 

a conversation. However, when the level of awareness of the other person’s attention was 

low, or when participants failed to capture the attention of distant partners, they tended to 

turn instead to co-located partners. For instance, P14 in Group 4 originally sought to 

initiate a conversation with her distant partners. However, she failed to successfully 

communicate her message because her distant partners would not pay attention to her. As 

a result, P14 frequently talked only to her co-located partner, P13, as reported in Excerpt 

#1. 

[Excerpt #1] 

“He [P13, co-located partner] was more focused when I was talking, I felt like 
I got a lot of, he was interested in what I was saying. But the other two guys 
[distant partners], there was no other way to get their attention. It's like 'hey~ 
hey~'” (P14, Group 4, industrial and systems engineering). 

Such incidents engendered a low level of shared understanding, as evidenced by the fact 

that information or knowledge was not being shared equally among all group members. 

One of the main reasons for participants not being aware of another’s attention—as well 

as not being able to capture another’s attention—was because participants often 

experienced difficulty in distinguishing whether their distant partners were talking to 

them or to a co-located partner: 

[Excerpt #2] 
“Sometimes I wasn't sure, if it [P14’s conversation] was directed to us or to 
her partner [P13] or just… Umm... well if she was whispering, I guess she's 
just talking to her partner, but sometimes the guy [P13] or she would say 
something and we didn't even know it was directed at us and they would just 
call name again, like you guys~, just get our attention yeah. (P15, Group 4, 
computer engineering).  

As reported in Excerpt #2, participants often tried to guess the intended recipient based 

on subtle behavioral characteristics, such as tone of voice. The difficulty of being aware 

of or catching distant partners’ attention can also be attributed to the nature of the design 
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task. The majority of the participants reported that attention issues were more prevalent 

during the concept generation phase: 

[Excerpt #3] 

“In the initiation phase, it was fine because we were all looking at the 
computer, but then once we started the design [concept generation], and once 
they [distant partners] started working on the design, it’s hard to talk to them 
because they were so focused…” (P14, Group 4, industrial and systems 
engineering). 

This difficulty can be attributed to the fact that concept generation tasks tend to require 

frequent shifts between individual and group work in comparison to other design phases. 

In other words, ideas are generated individually, yet must be shared among group 

members. Therefore, when one is engaged in generating an idea, one is less responsive to 

efforts from distant partners who wish to get one’s attention. In fact, when participants 

were generating an idea, they often used paper and pen to sketch it out—thus, their focus 

was on their sketches instead of on the video stream of their distant partners.  

 

In addition to calling out the name of a distant partner to get his/her attention (as reported 

in Excerpt #2), participants also reported that the video stream of their distant partners, to 

some extent, helped them to resolve the attention problem. This is illustrated in Excerpt 

#4. 

[Excerpt #4] 

“… my co-located partner [P6] tried to address the group but he doesn’t have 
everyone’s attention, I feel like more of that would happen without video. 
Cause video is another form of clarification whether you have someone’s 
attention or not” (P5, Group 2, business information & technology). 

The above excerpt denotes the criticality of communication technology and its impact on 

attention. In other words, the type of communication technology, which is one of the 

input variables in the IPO model of shared understanding (Figure 18), has a direct impact 

on the awareness of attention, as illustrated in Figure 19. This aligns with the social 

presence theory (explained in §2.5.1), in that visual mode plays an important role in 

perceiving and getting distant partners’ attention. At the same time (and as Excerpt #3 

suggests), task is another input variable that impacts awareness of attention. Therefore, 
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the type of communication technology and the type of task-at-hand determines the 

awareness of attention. As a consequence, if the awareness of attention is low, group 

members’ communication behaviors change with respect to the intended recipient 

(Excerpt #1), which is associated with the second theme, interactivity.  

Design'Task'

Communica0on'
Technology'

INPUT& PROCESS&

Awareness'of''
a8en0on' Interac0vity'

 

Figure 19. The relationship of awareness of attention with other variables. 

 

4.3.3.2 Awareness of Level of Understanding 

The awareness of level of understanding refers to the extent to which one is aware of 

another member’s level of understanding. Communication becomes more efficient when 

group members are aware of each other’s level of understanding—especially since a 

person will construct a subsequent message based on the level of a recipient’s current 

understanding of the prior messages. For instance, if a speaker knows that his or her 

listener did not understand a communicated message, the ensuing message is likely to be 

a re-explanation of the initial message. Therefore, not being aware of others’ level of 

understanding may impede the communication process, and thus more time is required to 

complete a task. In the case of Group 4, for example, P13 came up with a design idea of 

attaching a lever to a wheelchair. At the end of the concept generation phase, he believed 

that each of his group members understood the lever idea. However, during concept 

evaluation phase P13 not only realized that none of his group members had a clear 

understanding of his idea, but also felt difficulty in identifying the source of 

misunderstanding, as illustrated in Excerpt #5. 

[Excerpt #5] 

“For some reason, they [distant partners] were thinking both [levers] would 
go that way and both come this way [lever movement] and I was like, it took 
me a while to understand that’s what they were getting confused over… the 
lever is where we got stuck up big time and we wasted like a whole hour on 
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that, we would have done an hour earlier if it wasn't for the lever.” (P13, 
Group 4, aerospace engineering). 

In fact, this group spent approximately an hour resolving this misunderstanding. All of 

the group members reported that understanding the lever idea was the most difficult 

problem that they had to resolve.  

 

Not being aware of everyone’s level of understanding also restricts equal participation of 

group members. In Group 1, P2 was not able to understand the design idea generated by 

P4. Despite P2’s lack of understanding, group members moved on. As a result, P2 

became reluctant to ask questions or comment on others’ ideas, as P2 reported in Excerpt 

#6. 

[Excerpt #6] 

“It was just like I missed some important like section of the equation and it 
was just like they had already advanced so much that I kind of... was gone.” 
(P2, Group 1, psychology)  

One of the primary causes of lack of awareness of others’ level of understanding may be 

linked to the different backgrounds of group members. Participants in this study 

sometimes wrongly assumed that group members with different backgrounds or majors 

understand certain knowledge or terminology specific to engineering majors. For 

example, P1 from Group 1 was a computer engineering major who tended to use 

conceptual and engineering-oriented terminologies that were not familiar to the non-

engineering majors (P2 & P3). In contrast, P4 (an engineering major) reported that she 

was able to understand P1’s explanation, yet expressed frustration because she realized 

that the non-engineering majors would have difficulty in understanding P1’s explanation, 

as reported in Excerpt #7. 

[Excerpt #7] 

“Cause… he [P1, computer engineering major] used the biggest words ever... 
that's when like I know it was very frustrating for me because I knew others 
[P6 & P7, psychology, food science & technology majors] didn't have 
engineering backgrounds, and the fact that he [P1] wasn't using terminology 
that everyone understood, was very frustrating. (P4, Group 1, industrial and 
systems engineering) 
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P4 also wrote down “he uses a lot of big words…” on a piece of paper to express her 

frustration to her co-located partner, P3. 

 

Figure 20. Artifact by P4 to express her frustration to her co-located partner (P3). 

 

It should be stressed that participants indicated that asking questions and observing other 

members’ facial expressions and body language enhanced their awareness of others’ level 

of understanding, especially through the concept generation phase as illustrated in 

Excerpts #8 and #9. 

 [Excerpt #8] 

“Facial expression is definitely one, and just body language in general, like 
maybe leaning back even, that could be a signal, see just those type of things. 
And of course the obvious one was where someone's like "wait what?" and 
that's obvious indicator, but yeah body language definitely.” (P6, Group 2, 
business information & technology) 

[Excerpt #9] 

“I mean both of them [P15 & P16; distant partners] had confused looks first 
of all, and P16 asked a few question, even after explaining, which kind of made 
it seem like he didn't really understood... it just didn't seemed like he fully 
grasped it…” (P14, Group 4, industrial and systems engineering)  

In addition, providing adequate examples also revealed one’s level of understanding. In 

the above lever example (Excerpt 5), P13 eventually became aware that P15 understood 

his lever idea when P15 provided a wheelie example, which simulates a similar behavior 

of a wheelchair design that P13 was envisioning: 
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[Excerpt #10] 

“P15 is the one who finally understood after the whole wheelie [example] and, 
the other two I’m still not sure if they really understood…” (P13, Group 4, 
aerospace engineering). 

During the initiation and concept evaluation phases, developing shared artifacts via the 

shared drawing application enhanced participants’ awareness of others’ levels of 

understanding. Specifically, participants reported that sharing information in this way 

assumed implicit consensus of understanding regarding the information. In fact, they 

generally seemed to expect that members would critique or ask questions if they 

disagreed or did not understand the information on the shared drawing application, as 

reported in Excerpt #11.  

[Excerpt #11] 

“… So we listed all the constraints on the [shared] whiteboard, so I guess I 
assume since everyone had literally seen exactly what I saw that we were on 
the same page on that aspect” (P4, Group 1, industrial and systems 
engineering). 

 

As a result, three contributing factors emerged that appeared to contribute to participants’ 

awareness of their team members’ levels of understanding: (1) background/major, (2) 

communication technology, and (3) cohesiveness (Figure 21). 

Communica)on*
Technology*
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Major*

Awareness:*level*of**
understanding* Cohesiveness*
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Figure 21. The relationship of awareness: level of understanding with other variables 

Background (major) and communication technology represent the two input variables 

that affected the participants’ awareness of other members’ level of understanding. For 

this study, background (major) negatively impacted the awareness of level of 

understanding, as evidenced by the fact that most participants assumed that every group 

member had an equivalent level of understanding regardless of their background or major 



 

 85 

(Excerpt #7). Communication technology also determined the awareness of level of 

understanding, since participants relied on distant members’ facial expressions and body 

language to identify their levels of understanding (Excerpt #8). Therefore, if a 

communication technology were not sufficiently advanced to convey those subtle 

paralinguistic cues, it could hinder that awareness from developing. Lastly, when 

awareness of a team member’s level of understanding is low, it may negatively impact 

cohesiveness (defined in Table 18), since those who do not understand content may fall 

behind and feel disconnected from other group members (Excerpt #6).  

 

4.3.3.3 Awareness of Design Task (Awareness of What Others are Working On) 

The third type of awareness is awareness of design task, or the extent to which one is 

aware of what others’ are working on in association with the overall design task. The 

difficulty of identifying any misunderstanding situation increases when participants 

simply do not know what their team members are doing. As a result, work can be done 

inefficiently, task completion time can be extended, and members may feel frustration.  

 

This difficulty was perhaps most obvious with respect to the final deliverable. In the 

experiment, each group was required to submit a use-case scenario and a conceptual 

sketch as outputs. However, in Group 3, members misunderstood which sub-group 

should work on which output. Initially, P11 and P12 (co-located partners) thought that 

their distant partners (P9 & P10) were working on both design outputs (conceptual sketch 

and use-case scenario). After a while P11 and P12 realized that they should be working 

on the use-case scenario. However, they later found out that both sub-groups were 

working on the use-case scenario, as illustrated in Excerpt #12.  

[Excerpt #12] 

“They [P11 & P12; distant partners] thought that we [P9 & P10] were gonna 
do both of them (conceptual sketch and use-case scenario), which was a 
miscommunication. And then I guess like I was rushing in the end too, so I 
wasn't like able to focus and say ‘oh you guys...’ I guess that was like my 
mistake too.” (P9, Group 3, industrial design) 

As reported in the above excerpt (Excerpt #12), P9 admitted that the miscommunication 

was due to her not clearly informing her distant partners who would be responsible for 
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which task. Based on observation of her at the beginning of the documentation phase, P9 

immediately started to work on the use-case scenario without obtaining clear consensus 

from her group members. This occurred because P9 thought that storyboarding (use-case 

scenario) was the most effective way to convey ideas—but since she was the one who 

initially generated the idea, she seemed to feel that she should work on the most 

important deliverable, as she reports in Excerpt #13.  

[Excerpt #13] 

“For me I was thinking the most important part of like communicating our 
idea was the storyboard [use-case scenario] right? Because even if this 
[conceptual sketch] doesn't completely make sense, as long as the storyboard 
makes sense then whoever's reading this [use-case scenario] will say that is 
possible, but if I set this without a storyboard, then like how can they 
understand what, so I just decided to do the storyboard because I thought that 
was the most important” (P9, Group 3, industrial design) 

Even after realizing that P11 and P12 were not working on the conceptual sketch, the 

group failed to clearly communicate what they were working on and what others should 

be working on.  

[Excerpt #14] 

“I think we [P9 & P10] thought they [P11 & P12] were doing the other 
document [conceptual sketch], but they were actually doing the same 
document [use-case scenario], yeah so we didn’t make that clear” (P10, 
Group 3, electrical engineering). 

 

Based on observations, the time constraint factor appeared to be one of the primary 

reasons for inter- and intra-group miscommunications. Towards the end of the workday, 

participants seemed to feel time pressures. This constraint caused each sub-group 

member to work on deliverables without clearly communicating to distant sub-group 

members what each was working on. As a result, conflict ensued, as P9 reports in Excerpt 

#15. 

[Excerpt #15] 

“So I guess that was our biggest conflict and in the end, we didn't really, it was 
kind of like a polite modest weird like, they were trying to be polite to us, and 
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we were trying to be polite to them but we weren't really communicating to...” 
(P9, Group 3, industrial design) 

Although miscommunications can frequently occur in any type of collaborative endeavor, 

a partially distributed team is at heightened risk for misunderstandings. However, such 

complexities can be resolved early if group members are clearly aware of what their 

distant members are doing. Moreover, it is important to note that group members may 

feel conflict when the problem is not resolved quickly.  

 

It should be noted that the issue of task awareness was not limited to the production of 

the final product. During the initiation and concept evaluation phases, group members 

often fell behind or experienced confusion when they were not aware of what other 

members were working on. Since conceptual design is comprised of several activities 

(Gerlick et al., 2008), group members were often tasked to discuss many different topics. 

However, they tended to perform activities required throughout the initiation (e.g., 

understanding problems, objectives, and constraints) and concept evaluation phases (e.g., 

selecting alternatives based on evaluation criteria) at a much faster pace in comparison to 

those required during the concept generation and documentation phases. Based on 

observation data, some participants often lagged behind in one activity while other 

members were moving on to the next. In such situations, conversations tended to become 

confusing since the topic of discussion wasn’t always clear—or other team members 

believed a given topic was already decided or resolved. To address this problem, 

participants were observed to actively seek consensus to move on to the next activity, or 

to provide introductory statements for the next topic. In the case of Group 1, for example, 

P4 explicitly provided introductory statements when transitioning to the next activity, as 

illustrated in Excerpt #16.  

 [Excerpt #16] 

“I think P4 said, ‘and now for the ramps~’, so she intro-ed it [the next topic], 
but if she [P4] hadn’t said that then no, I would have no idea… so she was 
good about like intro-ing every section” (P2, Group 1, psychology). 
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As illustrated in Figure 22, an awareness of design task is influenced by two input 

variables: design task and communication technology.  

Communica)on*
Technology*

Design*Task*

Awareness:**
design*task* Conflict*

INPUT& PROCESS&

 

Figure 22. The relationship of awareness of design task with other variables. 

 

The design task affects awareness because of the different types of interdependencies 

required during each design phase. For instance, the interdependencies among 

participants during the documentation phase differed from those observed during the 

initiation and concept evaluation phases. According to Thompson, Zald and Scott (2003), 

there are three types of interdependencies: (1) pooled, (2) sequential, and (3) reciprocal. 

Pooled interdependency represents the lowest structured format, in which no direct 

interaction is needed among members to complete a task. Sequential interdependency 

refers to when an output from one side becomes an input to the other side. Reciprocal 

interdependency requires the tightest coordination among members, necessitating that 

group members constantly coordinate back and forth to complete a task. The 

documentation phase can be considered a task that requires pooled interdependency 

between sub-groups. All of the groups allocated the work by sub-groups in the beginning 

of the documentation phase, and each sub-group worked independently with less 

interaction. In such cases, group members must be aware of the actual work that is being 

done by the other party so that at the end, both the conceptual sketch and the use-case 

scenario can be completed as a group. In contrast, the initiation, concept generation, and 

concept evaluation phases can be considered tasks that require reciprocal 

interdependency. Specifically, during these phases group members constantly discuss a 

variety of topics back and forth at a fast pace. As such, it is imperative that group 

members are aware of the discussion topic.  
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The choice of communication technology also impacts the awareness of design task. For 

instance, the communication technology utilized in this study was not capable of 

transferring visual information about the workspace. Therefore, distant sub-group 

members were not able to examine what their distant partners were working on (e.g., 

sketching on a piece of paper). In cases when group members experience difficulty in 

resolving any miscommunications associated with task allocation, it has the potential to 

devolve into a conflicting situation, which was observed in Excerpt #15.  

 

4.3.3.4 Awareness of Emotion 

The last type of awareness is awareness of emotion, or the extent to which one is aware 

of another’s feelings. When group members are not cognizant of other members’ 

emotions, the group may become less cohesive or in extreme cases become 

confrontational. In Group 1, P4 constantly shared information only with her co-located 

partner (P3) (more detailed description of such information sharing behavior is provided 

in the “interactivity” section). P2, who was P4’s distant partner expressed frustration 

regarding P4’s behavior, as reported in the following excerpt.  

[Excerpt #17] 

“And I remember seeing them [P3 & P4] write stuff that they never showed us 
[P1 & P2], which we didn't do, and I thought that was interesting cause you 
can see her [P4] like write stuff in... you can actually go back a few sec [video 
recording of the design session] and you can see her write stuff, the things that 
we never saw… I remember thinking maybe I would like to see that, but I didn't 
say that. I'm not sure why.” (P2, Group 1, psychology) 

Nonetheless, it seemed that P4 was completely unaware of P2’s negative emotions. In 

fact, P4’s overall impression of the experiment was somewhat contradictory to how her 

others viewed it, as she explains in Excerpt #18.  

[Excerpt #18] 

“We [Group 1] were open enough from the beginning that it made everything 
easier in the end, so it wasn't like anyone's holding feedback really, I hope 
not.” (P4, Group 1, industrial & systems engineering) 

In addition, P4 actually wanted to be aware of her distant partners’ emotions:  
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[Excerpt #19] 

“I would rather know if someone's feelings were hurt and try to convince them 
or help them with that, then just ignore it.” (P4, Group 1, industrial & systems 
engineering) 

P4 also mentioned that it would be difficult to become aware of a situation if a distant 

partner disagreed with her idea in situations when the communication technology was 

“lean,” as reported in Excerpt #20. 

[Excerpt #20] 

“If someone doesn't agree with you then and if they're just on audio then you'll 
never know. I think that's the bad part. (P4, Group 1, industrial & systems 
engineering) 

According to Excerpt #20, the choice of communication technology also has the potential 

to impact awareness of others’ emotions. When P4 was generating many ideas in the 

group, she expressed interest in knowing whether her distant partners were agreeing with 

her idea. However, as reported in Excerpt #18, she was not aware that her distant partner 

[P2] was feeling frustration (Excerpt #17). This results tie back to social presence and 

media richness theories explained in Chapter 2. In the experiment, each sub-group used 

laptops to communication with their distant partners. Using laptops may have to some 

extent restricted in effectively recognizing distant partners emotions (e.g., frustration), 

which can be primarily identified by observing one’s facial expression.  

 

Although there was no noticeable evidence of conflict as a result of this lack of emotional 

awareness, the situation did negatively impacted group cohesiveness.  

[Excerpt #21] 

“We [P1 & P2] would kind of look at it as here we are one group and there's 
another group and they're [P3 & P4] talking about ideas and then ideas that 
they feel appropriate they'll say it to us, so it wasn't like a team at that point.” 
(P2, Group 1, psychology) 

A more intense situation occurred in Group 3. P12 in Group 3 also expressed fairly 

intense distress towards her distant partners (P13 & P14) during the interview session. 
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P12 explained that her distant partners constantly ignored her comments or ideas, which 

P12 was able to recognize based on their body gestures:  

[Excerpt #22] 

“I could tell easily, as soon as I started explaining mine [idea], the body 
motions of both [P13 & P14; distant partners]… P13 looked away and P14 
would back down at her paper, which to me like body cues… if you are not 
actively listening to me, if you were not actively nodding and continue like ... 
do the conversation, I can tell that I've lost you and you're not interested, it's 
pointless to talk.” (P12, Group 3, human nutrition, foods, & exercise) 

The difference between Groups 1 and 3 had to do with whether group members noticed 

their distant partners’ emotions. Unlike Group 1, whose members failed to notice P2’s 

negative emotions, P10 in Group 3 realized P12’s negative emotions and tried to mitigate 

them by encouraging P12 to explain more of her experiences with wheelchair patients, as 

reported in Excerpt #23. 

[Excerpt #23] 

“I felt that P12 [distant partner] felt very strongly about the stuff that she knew 
about. She [P12] kept referring back to ‘I've seen this in my patients’ things 
like that... but I did feel she, she felt intimidated, I guess by the fact that we 
were engineers, because she kept saying 'oh I'm not an engineer, I wouldn't 
know guys', like... I felt she felt bad you know… that's why I was trying to 
encourage her, I think she mentioned like 'this is what my patients or people I 
have worked with tell me, they felt discomfort with…' and I think I asked her 
'oh can you tell us more what they told you?’, but then P13 said ‘oh that's not 
important’ so it just it was stopped.” (P10, Group 3, electrical engineering) 

As Excerpt #23 suggests, group members become aware of their distant partners’ 

emotions by explicit verbal cues. P12 clearly expressed her negative emotions by saying 

“I’m not an engineer, I wouldn’t know guys.” Based on observations, P12 stated those 

words in a somewhat cynical tone, which made her feelings evident.  

 

In summary, as illustrated in Figure 23, communication technology, which is one of the 

input variables, can affect awareness of emotion. As a result, based on the intensity of 

negative emotions that can result from multiple reasons, a lack of cohesiveness (Excerpt 

#21) or conflicting situations (Excerpt #22) may occur. Thus, according to the media 

richness theory, more richer communication technology that is capable of conveying 
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distant partners subtle facial expressions could be utilized to prevent lack of cohesiveness 

or conflicting situations.  

Communica)on*
Technology*

Awareness:**
emo)on*

Conflict*

INPUT& PROCESS&

Cohesiveness*

 

Figure 23. The relationship of awareness of emotion with other variables. 

 

4.3.4 Interactivity 

Interactivity refers to the communication patterns that characterize team members’ degree 

of interaction. Rafaeli and Sudweeks (1997) emphasized that interactivity is not an 

attribute of a communication technology, but instead refers to the process-related aspect 

of communication. They further distinguished interactivity into three levels: (1) non-

interactive, (2) reactive, and (3) fully interactive. Non-interactive communication refers 

to situations where there is no response; reactive communication refers to situations when 

there is a response with respect to an immediate previous message; and fully interactive 

communication refers to situations where responses take into account of a series of prior 

messages. In the current study, two types of communication patterns were identified: 

intra-sub-group and inter-sub-group interactivity. Two characteristics determined the 

degree of interaction in each case: one’s willingness (1) to listen, and (2) to respond.  

 

4.3.4.1 Intra-sub-group Interactivity 

Intra-sub-group interactivity refers to the degree to which members within a sub-group 

are responsive to one another. Typically, co-located partners are more willing to listen 

and respond to each other than towards their distant partners. Based on observations and 

interview responses, participants had a high level of intra-sub-group interactivity—

meaning that sub-group members frequently interacted only amongst themselves, as 

reported in Excerpts #24-#26. In terms of Rafaeli and Sudweeks (1997) categorization, 

frequent reactive or fully interactive communication occurred between co-located 
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partners. Chapter 5 provides more detailed descriptions and patterns of intra-sub-group 

communications.  

[Excerpt #24] 

“He'd [P1, co-located partner] be like ‘yeah or, no’ like he would clearly 
answer or give me some feedback to what I've said, or as I didn't feel like they 
[P3 & P4; distant partners] would, and maybe it was because he was beside 
me, he felt he had to or maybe they just felt like he was answering, so they 
didn't need to answer.” (P2, Group 1, psychology) 

[Excerpt #25] 

“So it was like if I said something or he [P1, co-located partner] said 
something we would reassure like nod or say yeah and then they [P3 & P4; 
distant partners] would do the same thing, but we wouldn't do it for the other 
team, does that make sense?” (P2, Group 1, psychology) 

[Excerpt #26] 

“Oh, so it's like I tell him [P13, co-located partner] my idea and he thinks 
about it and then he gives me feedback. I'm not talking to the air. But a lot of 
times when I was talking through computer, they [P15 & P16; distant 
partners] sometimes listen but there's no feedback” (P14, Group 4, industrial 
& systems engineering). 

From the outset, participants seemed to have the expectation that their co-located partners 

would be more responsive than their distant partners. This phenomenon is somewhat 

natural and expected since ignoring someone in a face-to-face situation is generally 

considered to be rude.  

 

It should be noted, however, that many reasons for intra-sub-group communication were 

identified when video excerpts of certain activities were reviewed (e.g., talking only to 

co-located partners). First, participants sought to improve their explanation by rehearsing 

with themselves or with their co-located partner first. This usually occurred when the 

speaker was uncertain about the content that they were describing, as reported in Excerpts 

#27-#29.  

[Excerpt #27] 

“I was probably just talking to myself to make sure what I said was right. 
Sometimes I think I was just second guessing what I actually just said and start 
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to reason through what I actually said to make sure it sounds right to someone 
else. Doesn't seem like I'm firm on what I just said so I'm trying to make sure I 
make sense. (P4, Group 1, industrial & systems engineering) 

[Excerpt #28] 

“Umm... I think when I think of it, it was like you generate idea in your head, 
and you want to at least maybe… as a second practice presentation to your co-
located partner. And then once they're clear of it then you can go to the actual 
real presentation, which is to the group. So I feel like in a way it's like practice 
presentation just so like the main basics are like laid out and maybe like if 
there's a really big huge point that's unclear and that's where you'd get 
feedback.” (P6, Group 2, business information & technology) 

Second, participants were seeking confirmation or verification from their co-located 

partners regarding their ideas before they shared them to the entire group. 

[Excerpt # 29] 

“Well I drew pictures and then I explained it to the other girl [P10, co-located 
partner], like the girl next to me and then she, when she understood it I knew 
that I was communicating to a certain level that could also be communicated 
over [to distant partners] you know, if I can't even communicate to the girl 
next to me, how am I going to communicate it to someone who's like across, so 
I kind of first, explained it to her, also it was helpful because she was 
engineering so she could even say, no I don't think so, I think so... you know. 
You know, it's the first confirmation, I'm like this is a decent idea to share and 
I would kind of explain to them (P11 & P12; distant partners].” (P9, Group 3, 
industrial design)  

Third, participants had the expectation that their co-located partners would be more likely 

to respond and provide feedback to them. In Group 4, for example, P14 showed a 

tendency to only communicate with her co-located partner (P13) after she was constantly 

ignored by her distant partners (P15 & P16) (see Excerpt #26).  

 

Lastly, participants reported that it was simply much easier to talk to their co-located 

partner, as reported in Excerpt #30-#31.  

[Excerpt # 30] 

“You know how you split us into two different groups, it was so much easier 
talking to the guy that I was with in my group, as opposed to communicating 
with them” (P6, Group 2, business information & technology). 
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[Excerpt # 31] 

“It's obviously easier to communicate with someone who's right there than the 
video, cause it's just... you're not there and so there's some, some 
understanding just not happen” (P13, Group 4, aerospace engineering). 

Interestingly, almost all of the responses regarding interactivity were associated with the 

concept generation phase. During this phase, concepts, functionalities, physical 

mechanisms, and structural and behavioral characteristics of design solutions are 

typically discussed, which implies two things. First, sharing of information or knowledge 

associated with design solutions is more sensitive and critical than the design topics 

discussed during the initiation and concept evaluation phases. Second, talking only to co-

located partners denotes that it is more difficult to communicate the topics associated 

with design solutions (e.g., physical mechanisms, structural and behavioral aspects). 

Thus, participants were both more comfortable sharing ideas face to face and believed 

that practicing and getting confirmation from their co-located partners would help them 

convey their knowledge more efficiently to their distant partners Such behaviors can be 

explained by the principle of least collaborative effort (Clark & Brennan, 1991), whereby 

participants naturally chose a strategy that requires the least amount of effort with more 

chances for successful knowledge conveyance to their distant partners. 

 

4.3.4.2 Inter-sub-group Interactivity 

Inter-sub-group interactivity refers to the degree to which members across sub-groups are 

responsive to one another. Group members with a high level of inter-sub-group 

interactivity are willing to listen and to respond to their distant partners—and this was 

evidenced at times in this study. As described in Section 4.3.3.2 (Awareness of Level of 

Understanding), Group 4 members experienced severe difficulty in understanding the 

lever idea that was generated by P13. One of the primary reasons why P13 had difficulty 

in explaining his lever idea was due to his poor drawing skills. However, P13 realized 

that P15 (P13’s distant partner) started to understand his idea (by the wheelie example 

presented by P15), and additionally was a good drawer. Hence, P13 intended to convey 

his idea to P15 so that he could sketch the idea, thereby enabling other members to better 

understand the lever concept. In this regard, P13 and P15 actively communicated with 
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one another, despite being physically separated. P13 explains his experience of 

collaborating with P15 in Excerpt #32.  

[Excerpt #32] 

“At first it was easier to communicate with my co-located partner [P14]. But 
in the end it turned out it was easiest to talk to the person who actually 
understood rather than convenience… P15 [distant partner] and I had a 
shared understanding” (P13, Group 4, aerospace engineering). 

After the active inter-sub-group communication between P13 and P15, P15 finally 

seemed to understand the design, and worked on sketching the design idea to help other 

members (P14 & P16) understand it as well.  

 

In some cases, though, high levels of intra-sub-group interactivity can lead to distrust or 

conflicting situations across sub-groups. Two main conflict conditions were identified: 

(1) when group members realized that information or knowledge was not being shared 

among them, and (2) when there was no response from intended recipients. For example, 

while P4 was explaining the length of the ramp (one of Group 1’s design solution), she 

suddenly lowered her voice and directed her gaze and explanation solely toward her co-

located partner, P3. P4 also used finger-pointing gestures that her distant partners could 

not observe (outside of camera angle). The distant partners, however, were aware that P3 

and P4 were not sharing ideas with them, which aroused distrust and conflicting emotions 

towards their distant partners, as explained by P2 in the following excerpt. 

[Excerpt #33] 

“I think... I mean P4 would whisper [to] P3 [P4’s co-located partner], so 
obviously she trusts P3’s opinion... I mean if someone's whispering something 
to someone you're like oh... well they, why aren't telling me. You know?” (P2, 
Group 1, psychology) 

P2 seemed to believe that her distant members were not sharing information because they 

distrusted P2’s and P1’s (P2’s co-located partner) opinion.  

 

Notably, information- and knowledge sharing are not limited to verbal cues, but also 

include sharing artifacts. For example, P4 sketched and wrote on a piece of paper and did 
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not show it to her distant members. P2 noticed this action and expressed frustration, as 

reported in Excerpt #34. 

[Excerpt #34] 

 “And I remember seeing them [P3 & P4] write stuff that they never showed us 
[P1 & P2], which we didn't do, and I thought that was interesting cause you 
can see her [P4] like write stuff in… You can actually go back a few sec [video 
recording of the design session] and you can see her write stuff, the things that 
we never saw… I remember thinking maybe I would like to see that, but I didn't 
say that. I'm not sure why.” (P2, Group 1, psychology) 

The second condition, which refers to receiving no response from intended recipients, 

repeatedly occurred in Group 3, as reported in the following interview excerpt from P12. 

[Excerpt #35] 

“I felt like him [P11, co-located partner] and I were in our bubble and then 
the distant partners [P9 & P10] were in their own little bubble… I'd be like 
are you ready? And they would still be focused on writing on something and 
then they wouldn't really talk it through us” (P12, Group 3, human nutrition, 
foods, & exercise). 

P12’s analogy of a bubble indicates that she felt much closer to her co-located partner 

(P11) than to her distant partners (P9 & P10). This description suggests that a low level 

of interactivity between sub-groups may cause group members to feel distant, which is 

associated with low cohesiveness (4th theme in Table 19).  

 

Being responsive does not only refer to explicit verbal cues, but also includes gestures, 

postures, and the eye gaze of distant partners. P12 also reported that she was able to 

recognize that her distant partners were not willing to listen or respond to her message 

based on their behavioral cues.  

[Excerpt #36] 

“I could tell easily, as soon as I started explaining mine [idea], the body 
motions of both [P13 & P14; distant partners]… P13 looked away and P14 
would back down at her paper, which to me like body cues… if you are not 
actively listening to me, if you were not actively nodding and continue like... do 
the conversation, I can tell that I've lost you and you're not interested, it's 
pointless to talk.” (P12, Group 3, human nutrition, foods, & exercise) 
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During the interview, P12 expressed high levels of exasperation because her distant 

partners were not listening or responding; in fact, they even immediately rejected her 

idea. 

[Excerpt #37] 

“I'm sure they [P9 & P10] are nice girls outside the study but yeah, they just, 
they kept themselves and it took too much unnecessary prompting from me to 
get them to share their ideas, they did not willingly share their ideas and then 
when I tried to share my idea or when my partner (P11) tried to share his idea 
they immediately shut them down and or suggested that theirs was better, 
indirectly.” (P12, Group 3, human nutrition, foods, & exercise) 

It was evident that P12 and her distant partners were to some extent experiencing conflict 

during the design session.  

 

The input and process variables associated with interactivity are illustrated in Figure 24.  

Interac(vity,

Conflict,

INPUT& PROCESS&

Cohesiveness,

Team,Forma(on,

Communica(on,
Technology,

Trust,
Task,

Background,/,,
Major,

 

Figure 24. The relationship among interactivity with other variables. 

 

As shown in Figure 24, a total of four input variables are associated with interactivity: 

task, background/major, team formation, and communication technology. With respect to 

task, while interactivity occurred in all phases, problems with interactivity happened only 

during the concept generation phase. In fact, all the interview excerpts provided in the 

interactivity section were associated with the concept generation phase. Moreover, 

participants seemed to struggle in describing ambiguous ideas to their distant partners; 

thus, as noted earlier, they practiced their explanations and received feedback on their 

ideas from their co-located partners before communicating to their distant partners 

(Excerpt #27~29).  
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The participants’ backgrounds, majors, and personal expertise also affected interactivity 

levels. As reported in the last interview excerpt (Excerpt #32), group members tended to 

actively communicate if their skills were complementary to achieving shared goals.  

 

Interactivity is also impacted by the levels of physical separation among sub-group 

members, which is attributed to team formation in the input variable. Partially distributed 

team setting created face-to-face and computer-mediated communications. According to 

the social presence theory explained in the Literature Review chapter (Chapter 2, §2.5.1), 

intra-sub-group interactivity was high because communication is much easier when group 

members are able to talk with one another in a face-to-face way (Excerpts #30~31); 

additionally, group members are less likely to ignore colleagues in the same physical 

space (Excerpts #24~26).  

 

There are three process variables that are impacted by interactivity. First, low 

interactivity negatively impacts cohesiveness. As evidenced in this study, constantly 

ignoring distant members made members feel less cohesive as a group (Excerpt #34). 

Similarly, trust and conflict are the two emergent states that are influenced by 

interactivity. When information or knowledge is maintained only in one sub-group—and 

the other sub-group members become cognizant of that—feelings of distrust may develop 

and be directed towards those who were unwilling to disclose important information 

(Excerpt #33). Depending on the intensity of interactivity, conflicting situations may 

emerge (Excerpts #22 and 23).  

 

4.3.5 Knowledge Transferability 

Knowledge transferability refers to the amount of effort required to successfully transfer 

different types of knowledge to recipients. A total of six types of design knowledge were 

identified: function, structure, behavior, procedure, concept, and value. As explained in 

Chapter 2, this classification is based on the function-behavior-structure (FBS) design 

ontology that was developed in cognitive science (Gero & Kannengiesser, 2007), and was 

subsequently modified for this research to focus on the communication aspect of design. 
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While the FBS design ontology captures every aspect of design thinking, the 

categorization may lack in terms of distinguishing different types of design knowledge 

that require different amount of effort for successful communication. For instance, 

utterances that are associated with movements can be coded as behavior. However, 

explaining behavioral properties of a design solution may not always be equivalent in 

terms of knowledge transferability. In such case, a new code was included to resolve the 

issue (e.g., design behavior and procedure explained in §4.3.5.1). The subsequent 

sections will define, explain, and provide examples of each type of design knowledge, 

after which the knowledge transferability of each type will be explained.  

 

4.3.5.1 Types of Design Knowledge 

Function: Design function refers to the objective of a design solution or components of 

the design. The overall design function is usually discussed in the beginning of a design 

session. In this experiment, the overall design function was to design an add-on device 

for an existing hand- or arm-powered wheelchair so that paraplegic users would be able 

to easily traverse a standard roadside curb. In addition to developing a principal 

functional objective, the concept of design function also refers to the purpose of each 

component of a design. For example, Group 2 designed a ski-like ramp that would 

require simple assembly of inner and outer rods attached to the ramp (Figure 25). As 

illustrated by the curved line, these inner and outer rods could be stored in a storage sack 

attached to the back of the seat. Thus, the functional purpose of the storage sack is to 

store the inner and outer rods.  
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Figure 25. Conceptual sketch of Group 2 design. 

 

Structure: Design structure refers to the structural components, their properties, and their 

relationships to a design solution. This is the “thing” that is developed, synthesized, and 

evaluated to achieve the design objective. Structural components are the constituting 

parts that are integrated to complete the design. As shown in Figure 25, Group 2’s design 

included seven components (e.g., inner rod, outer rod, storage sack, ramp, etc.) intended 

to work together to achieve the design objective. Each component had a different shape, 

size, weight, and functional property. For example, one design component—namely, 

triangular-shaped rubber grips—was constructed to be attached at each bottom end of the 

ramp to prevent it from slipping when in use. 

 

Behavior: Design behavior refers to the movement of a design or components of the 

design. Due to the fact that a design solution does not yet have a physical form during the 

conceptual design phase, engineers or designers must conceive a mental simulation of the 

expected behaviors associated with each component. In this study participants frequently 

used both body gestures and nearby objects to communicate the expected behaviors of 

components. In Group 4, P13 came up with a lever idea, yet all of his group members 

were confused about how the lever would actually work. After a long discussion 

regarding the lever movement, P15 used a wheelie example to ensure that he accurately 

understood the idea. When explaining the wheelie movement, P15 demonstrated a jerking 

backwards motion while pulling his hands towards himself to simulate the lever and 

wheelchair movement, which is illustrated in Figure 26(b). 
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Figure 26. P15 in Group 4, jerking backwards to simulate a wheelie motion.  

 

Procedure: Design procedure refers to the processes or approaches regarding how to 

operate the design solution in accordance with user actions. According to the FBS coding 

scheme, this would be considered as behavior. However, procedure was added as 

different communication behaviors were observed when participants discussed design 

knowledge of procedure. Participants frequently used their entire body to simulate a 

user’s actions to control their design solution, which required wider viewing angle. For 

instance, in Group 1, P4 who developed an idea for a hand-controlled ramp, tried to 

explain the idea by showing the movement of the ramp in accordance with the 

wheelchair. When explaining her idea to her group members, P4 used her chair to 

describe the wheelchair movement, and two pens to describe the ramp movement, as 

illustrated in Figure 27. 

! 

Figure 27. P4 in Group 1, explaining the behavior of a hand controlled ramp idea by 
physical demonstration 

Participants also used sketches and short descriptions to communicate a series of 

behavioral actions required to operate their overall design or of individual design 
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components. For example, P9 in Group 3 sketched her idea of using a triangular shaped 

ramp with short descriptions to help other group members understand it, as illustrated in 

Figure 28. 

User%backs%up%and%notes%
where%the%wheel%meets%%
the%curb.%

User%moves%forward%
and%a7aches%tri9ramp%to%
the%wheel%at%the%noted%
spot.%

User%moves%back%and%
using%tri9ramp,%roll%over%
the%curb.%

Tri9ramp%is%a7ached%
with%strong%elas=c,%it%
makes%the%transfer%
smooth.%

User%backs%up%and%
detach%the%tri9ramp%and%
store%it%back%on%wheel.%

 

Figure 28. Using sketches to communicate a series of behaviors. 

 

Concept: Design concept refers to a theoretical principle or mechanism that engineers or 

designers apply to their design. According to the FBS coding scheme, design concept 

would be coded as either structure or expected behavior (depending on the context). 

However, concept was added in this study. As noted previously, the coding scheme in 

this study focused on the amount of effort required to convey certain types of design 

knowledge. As the study utilized interdisciplinary groups, participants often experienced 

difficulty in explaining theoretical principles and mechanisms to non-engineering 

participants. Therefore, concept was added in order to capture the communication 

difficulties due to disciplinary differences.  

 

In case of the wheelchair design brief, one way of interpreting the design objective in 

terms of design concept would be lifting the wheelchair with a minimum amount of 

force. Group 3 applied a lever mechanism so that paraplegic users would be able to 

effectively apply their upper extremity force to tilt the wheelchair. Other groups used 

different types of ramps so that a wheelchair-bound person could gradually apply upper 

body extremity force to move the wheelchair up the curb. These concepts are embodied 

and integrated into a wheelchair as design solutions (Figure 29). 
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Figure 29. Design outcomes of Groups 1~4. 

 

Value: Design value refers to the quality of a design solution (e.g., cost, aesthetics, 

ergonomics). According to the FBS design ontology, design value related utterances 

would be coded as expected behavior. However, design value was added in this study 

instead of using expected behavior, primarily because design value can be considered as a 

subset of expected behavior. Expected behavior refers to utterances that are associated 

with design issues to accomplish the function without considering the structural 

component of the design (Williams et al., 2011). Consider the following two sample 

utterances: (1) “Our design should not be expansive”, (2) “Somehow it would need to be 

strong across, so that it will lift up like both sides at the same time.” According to the 

FBS design ontology, both sample utterances would be coded as expected behaviors. 

However, in this study, the first utterance would be coded as design value, whereas the 

latter would be coded as behavior. It is important to note that the purpose of FBS design 

ontology is to capture every aspect of design, so that the combined codes would reveal 

the design process. In this study, the codes were developed based on the amount of effort 

required to successfully transfer certain design knowledge. Therefore, the amount of 

effort required to successfully convey the first utterance (design value) is expected to be 

different when compared to the second utterance (behavior). More detailed explanations 

are provided in the next section (§4.3.5.2). 

 

Each group member may value different aspects of the design (e.g., safety, aesthetics, 

ergonomics, or cost) differently, and as a consequence emphasize different aspects of a 

design. These differences are generally attributed to the different backgrounds/expertise 

areas of group members. As an example, P12 in Group 3 (a Human Nutrition, Foods, and 

Exercise major) claimed to have some experience interacting with paraplegics and 
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therefore emphasized the safety aspect of their design. In contrast, P9 (an Industrial 

Systems and Engineering major) emphasized the simplicity and aesthetic aspects of the 

design. In Group 4, most group members valued the importance of ease-of-use, and thus 

agreed to employ a lighter-weight material such as carbon fiber. The exception was P13, 

who valued the cost factor of the design and therefore was concerned about the expense 

of using carbon fiber. Most of the value-related discussions occurred during the concept 

evaluation phase when group members evaluate their design alternatives based on the 

particular criteria that they considered important.  

 

4.3.5.2 Transferability of Design Knowledge 

The transferability of design knowledge refers to the amount of effort required to 

successfully transfer different types of design knowledge to recipients. Although different 

types of design knowledge are generally associated with different design phases, that 

does not mean that a given type of design knowledge only occurs during a specific design 

phase. Design is an iterative, dynamic process, nonetheless specific types of knowledge 

do tend to predominate during a specific design phase. In the initiation phase of this 

study, for example, participants mostly communicated about function. During concept 

generation, structure and behavior were more prominent. In the concept evaluation phase, 

values were discussed most actively.  

 

Based on their interview responses, all of the participants indicated that communicating 

during the concept generation phase was the most difficult and required the most effort 

compared to other design phases, as reported in Excerpts #38-#40.  

[Excerpt #38] 

“It's definitely the concept generation. It's hard to explain what we were 
talking about, what each of our ideas were, unless it was very simplistic.” 
(P10, Group 3, electrical engineering) 

[Excerpt #39] 

“Umm... when we were explaining our design, I think that was the hardest 
[concept generation phase]. Cause he [P13, co-located] kept, he was keep 
talking about how you have to pull the lever back and then they [P15 & P16, 
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distant partners] didn't understand it, and I didn't understand it.” (P14, Group 
4, industrial & systems engineering) 

[Excerpt #40] 

“But when it came down to where we start to do drawings and stuff [concept 
generation phase] that's when things got a little hard.” (P6, Group 2, business 
information & technology) 

As discussed earlier, design ideas are generated and shared among group members during 

the concept generation phase. Design ideas are associated with design knowledge of 

structure and behavior, since group members must be able to explain and discuss both 

structural properties (e.g., physical form, shape, weight, and material) and behavioral 

characteristics (i.e., how each component moves). Participants also noted that they could 

understand their co-located partner’s ideas much more easily than their distant partners’ 

ideas, primarily because they could not see their distant partners sketching out their ideas, 

as reported in the following excerpts.  

 [Excerpt #41] 

“I actually got his [P1, co-located] ideas much better than like her [P4, 
distant] ideas, and it could be like something to do with like this idea for 
example [referring to P1’s sketch], watching him [P1] sketch every single 
little pen stroke that could have helped, as opposed to her [P4] just finishing 
that and then showing me the end product.” (P2, Group 1, psychology) 

[Excerpt #42] 

“Umm… I understood her [P4, co-located] idea cause I mean I was right 
beside her so I saw her draw it out so I understood it.” (P3, Group 1, food 
science & technology) 

Sketching is an integral component of communication in design. When participants 

generated design ideas, they usually sketched them out. Watching the process of 

sketching implies that one can observe and follow the other’s thought process. Thus, 

there seemed to be a difference in the level of understanding of a design between being 

able to watch the process of sketching (higher comprehension) and seeing only the final 

sketch design (lower comprehension). This difference was particularly important with 

respect to behavior, which is mostly about explaining how a design changes over time. 

Therefore, a series of these behavioral movements needs to be communicated. In doing 
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so, participants frequently used body gestures to convey the process of how their design 

would work. As described in the above design behavior section (Figure 26(a)), P4 not 

only tried to explain her hand-controlled ramp idea with drawings, but also tried to 

convey the expected movements of her idea via a physical demonstration, as explained in 

Excerpt #43. 

[Excerpt #43]  

“I mean I feel like I awkwardly rolled my chair back and showed them what I 
was trying to say... and tried to show them like physically, visually I tried to 
use the drawings, try to explain it so I used the three major ways to tell 
someone...” (P4, Group 1, industrial & systems engineering) 

Thus, an important difficulty of communication in design seems to depend on whether a 

task requires visual communication. As noted by P6 in the following interview excerpts, 

the concept generation phase was the most difficult since it required visual 

communication; whereas other design phases only required verbal communication.  

[Excerpt #44] 

“If it was like a task where just solely words needed be used, like where we can 
just call each other on the phone or something, I mean it wouldn't be that bad 
but the fact that we were designing something and we needed like visual 
communication through like drawings and stuff the fact that we weren't next to 
each other, yeah I think that was the hardest part.” (P6, Group 2, business 
information & technology) 

 [Excerpt #45] 

“Yeah, personally for me I thought concept generation was more difficult, like 
initiation phase we didn't really need the video [stream] all we needed was 
pretty much phone. We could have done those parts without the video portion 
of the communication technology, we could done…” (P6, Group 2, business 
information & technology) 

Unlike other types of design knowledge, structure and behavioral descriptions require 

visual information (e.g., illustrations, body movement, and hand gestures) for successful 

transfer. In this study participants managed to overcome the difficulties to some extent by 

providing real-life examples that had similar behavioral characteristics. For instance, P4 

in Group 1 used the example of a Busch Garden amusement park ride to explain a 

circular movement of the ramp that she was designing.  
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[Excerpt #46] 

“Yeah, I think I did a pretty good job, and then when you bring like real life 
example I thought some people actually have been to Busch Garden... rides 
like that so they could kind of relate to it. [P4 used movement of Busch Garden 
Ride to describe circular motion of her idea].” (P4, Group 1, industrial & 
systems engineering) 

As previously described, P15 in Group 3 also used the wheelie example to ensure that his 

understanding of the design was correct. The following interview excerpt is by P13, who 

generated the lever idea in Group 3, confirming that P15’s understanding was accurate. 

[Excerpt #47] 

“The wheelie? Actually P15 [distant] is the one who brought it up, like he was 
the one who was like 'oh wait is it like a wheelie?' and I was like ‘Yes that’s 
exactly how it is’. So he helped me explain it so that's what tells me that he 
understood.” (P13, Group 4, aerospace engineering) 

P4 in Group 1 also reported that she used multiple methods to describe her design idea. 

[Excerpt #48] 

“The best way to explain like… I tried to do the visual way, get a picture and 
describe it, and then I tried to do the kinesthetic, where you actually showing 
them exactly what's going on.” (P4, Group 1, industrial & systems 
engineering) 

As seen in these examples, explaining the behavioral aspects of a design can be difficult 

and may require more time and effort to convey, especially to distant partners. It may 

even require physical demonstration of the expected behavior of a design, as well as the 

use of pertinent examples that have similar behavioral characteristics.  

 

In contrast, participants did not seem to experience much difficulty in explaining or 

understanding the shape, weight, and components of a design—all of which are 

considered to be design knowledge of a structure. Yet, they frequently experienced 

difficulty when they had to identify the exact location where a part would attach to the 

main structure. For instance, members in Group 4 spent an extensive amount of time 

clarifying the lever attachment (Figure 29), as noted by P15 in Excerpt #49. 
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[Excerpt #49] 

“Well, for me I couldn't understand because the way I saw it was the lever was 
attached to the chair… But the problem I was having was like, is it attached to 
the chair or is it attached to the wheel, and if it’s attached to... if it’s attached 
to the wheel that won't help you at all.” (P15, Group 4, computer engineering) 

Overall, different types of design knowledge require a varying amount of communication 

effort for successful transfer, largely linked to the type of information required. This is 

mainly due to what type of knowledge is required to complete a task. Based on the 

findings, a low level of knowledge transferability would be expected if a task did not 

require visual communication, and vice versa. In this regard, task was the primary 

variable that significantly impacted the level of knowledge transferability, as illustrated in 

Figure 30.  

Knowledge)
Transferability)

INPUT& PROCESS&

Task)

Communica8on)
Technology) Interac8vity)

 

Figure 30. The relationship between knowledge transferability with other variables. 

 

However, communication technology also influences knowledge transferability, 

especially when visual information is needed. For instance, during the conceptual design 

phase, the selected communication technology must be capable of effectively transferring 

visual information, since the associated tasks include frequent communication of 

behavioral knowledge. This finding may also explain the mixed results of empirical 

studies that investigated this concept in the field of computer-mediated communication 

(Kraut et al., 2003; Reid & Reed, 2007). According to social presence theory (§2.5.1), 

communication is likely to be more efficient when group members are able to use 

advanced communication technologies that simulate face-to-face communications. 

However, when audio-only and audio-plus-video conditions were compared, some 

studies showed significant performance improvement, while other studies revealed no 

significant performance improvements (Chapter 2, §2.5). It could be possible that using 
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video communication improves performance only when a task requires visual 

information to be communicated.  

 

As this study confirmed, the knowledge transferability of a task can also influence the 

level of interactivity. When an experimental task required extensive visual 

communication—but the communication technology was not sufficient to meet such 

needs—participants tended to communicate only with their co-located partner (i.e., 

demonstrating a high level of intra-sub-group interactivity, explained in the section on 

interactivity).  

 

4.3.6 Cohesiveness  

Cohesiveness refers to group members’ perception of closeness with other group 

members. According to Festinger et al. (1950) group cohesion consists of group 

members’ closeness to other group members as well as to the group as a whole. Although 

cohesiveness is composed of both individual- and group-levels, Study 1 focuses on 

individual-level cohesiveness. This was to explicitly identify which group member was 

not close to another group member, so that the underlying reasons can be further 

examined. In general, cohesiveness can be considered an emergent property in team 

research (Marks et al., 2001). However, in this study, cohesiveness functioned as an 

important theme that influenced the level of shared understanding and emergent states 

because physical distance had a strong impact on each group member’s initial feeling of 

closeness. This initial closeness made it difficult to consider cohesiveness as one of the 

emergent states. As expected, participants reported that they felt much closer to their co-

located partners (Excerpt #50), and this closeness was typically tied to physical proximity 

(Excerpts #51-#53): 

[Excerpt #50]  

“I just felt like he [P1, co-located] was, yeah, I definitely like he was more of 
my group member then they [P3 & P4, distant] were…” (P2, Group 1, 
psychology) 
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[Excerpt #51] 

“Yeah, absolutely, I feel like if I saw P3 [co-located] on the streets I would 
wave to her and say ‘hey~’ but and like made a bond, but I don't know if I 
would say hi to the other ones [P1 & P2, distant] because just they were in the 
same group, I feel like I was more connected to the person I was sitting next to 
rather than the people that were like not that far apart but further away.” (P4, 
Group 1, industrial & systems engineering)  

[Excerpt #52] 

“Since we were face-to-face, I felt like I had more direct relationship with my 
collocated partner, P11. I think that has to do with the direct being face-to-
face.” (P6, Group 2, business information & technology) 

[Excerpt #53] 

“Yeah, the guy [P11] that was, I mean I know that we were supposed to be 
doing like the whole group thing, but the way that you split us up, like two 
people on this room, two people on other, it actually felt like we were two 
different groups.” (P12, Group 3, human nutrition, foods, & exercise) 

 

Importantly for conceptual design, when participants felt closer to another group 

member, they were more open to talking about less concrete ideas. This implies that 

cohesiveness can also influence the level of interactivity when dealing with abstractions.  

[Excerpt #54] 

“I just felt like, yeah like I could express stupid ideas [to co-located partner] 
rather than wasting stupid ideas across like a wire [communication 
technology], I don't know.” (P4, Group 1, industrial & systems engineering) 

 

There were, however, instances when group members felt closer to their distant partners. 

For example, P13 in Group 4 felt closer to P15, who was his distant partner. As explained 

in the inter-sub-group interactivity section (refer Excerpt #32), P13 felt that P15 

understood his idea better than any other group member (distant or co-located), which 

apparently enhanced his feelings of closeness to him.  

[Excerpt #55] 

“I guess, I like, at first I was close to my partner of course, but and yeah, it 
was P15 [distant] just because he actually understood, I feel like that was the 
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most important part like, so to speak, P15 and I had a shared understanding.” 
(P13, Group 4, aerospace engineering) 

Similar instance occurred in Group 3. P10 reported that she felt closer to one of her 

distant members, P11. P10 attributed this variability to group members having different 

personalities. Specifically, P10’s co-located partner (P9) and her distant partner (P12) 

were both very assertive in the statements they made; in contrast, P10 and P11 were more 

acquiescent towards their group members, as described in Excerpt #56. 

[Excerpt #56] 

“I felt like since the girl next to me [P9, co-located] was so assertive, right? 
Like she wanted to take over so I was like... ‘ok~ sure’… and I felt more 
connected to the guy [P11, distant], it seems he was quiet. Or maybe I felt 
closer to him because he was shyer than the other two [P9 & P12], 
yeah.” (P10, Group 3, electrical engineering) 

 

Given that personality was explicitly addressed in the Group 3 interviews, the personality 

questionnaire responses of this group were analyzed. The results are shown in Table 20. 

As explained in Chapter 3, there are a total of five personality constructs: extraversion, 

agreeableness, conscientiousness, neuroticism, and openness (see §3.2.3.4). The scores 

for each trait can range from 0 to 100, with 0 indicating that the respondent believes a 

certain personality trait does not apply to him or her, and 100 indicating the strongest 

expression of that trait.  

Table 20. Group 3 personality questionnaire results. 

Participa
nt # Extraversion Agreeablene

ss 
Conscientiou

s-ness Neuroticism Openness 

P9 78 (+) 68 (+) 26 (-) 18 (-) 74 (+) 
P10 69 (+) 59 (0) 58 (0) 68 (-) 77 (+) 
P11 59 (0) 11 (-) 38 (0) 78 (+) 45 (0) 
P12 49 (0) 13 (-) 90 (+) 31 (-) 12 (-) 

*(+) indicates high, (-) indicates low, (0) indicates neutral 
 

Overall, the personality results for P9 and P12 were more extreme (either high or low) 

than those of P10 and P11. Although the individual scores (whether high, neutral, or low) 

do not imply good or bad, when one personality trait is extremely low (or high), it may 

conflict with other group members who may have scored relatively neutral or extremely 
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high (or low). When we compared P9’s and P12’s results, it was evident that their 

personality scores tend toward opposite extremes; in contrast, P10’s and P11’s scores 

were in the mid range. Thus, the feelings reported by P10 (Excerpt #56, above) are 

echoed in the results of the personality questionnaire responses. This finding is critical for 

PDCDTs because it indicates that while initial cohesion can result from physical 

proximity, that cohesion can be mediated by other team dynamics.  

 

In summary, cohesiveness is influenced by three input variables: personality, team 

formation (physical separation), and communication technology (see Figure 31). As 

described in above example (Excerpt #56), group members whose personality traits were 

in the neutral range tended to feel closer to one another, and more distant from group 

members whose personality scores were in the more extreme range. 

INPUT& PROCESS&
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Figure 31. The relationship between cohesiveness and other variables. 

As noted, physical separation also affects cohesiveness. As discussed, those who were in 

the same location tended to feel much closer to one another (Excerpts #51~54); however, 

cohesiveness was also impacted by group members’ level of understanding (Excerpt #55) 

and/or personalities (Excerpt #56). The level of cohesiveness also influences interactivity, 

as evidenced by the fact that group members showed a tendency to speak about less 

concrete ideas to those who they consider as closer group member (Excerpt #54). 

 

As previously explained trust and conflict were described in relation to the themes. The 

following sections explain the remaining emergent states: collaboration pattern and role. 
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4.3.7 Collaboration Pattern  

The collaboration pattern refers to team members’ involvement in communication and 

interactions over time. The level of involvement changed according to whether group 

members were working individually, working with co-located or distant partners, or 

every group member was working together as a team. When sub-group members worked 

together, they demonstrated a high level of intra-sub-group interactivity; when a group 

member was working with his or her distant partner, they evidenced a high level of inter-

sub-group interactivity. In this regard, collaboration patterns point to interactivity. 

However, the concept of collaboration patternis more macro level in terms of the unit of 

analysis since it examines a collection of communicative actions. Another distinction 

between a collaboration pattern and interactivity is that the latter—which is based on 

willingness to respond and to listen—can be further subdivided when applied to 

PDCDTs: (1) intra-sub-group interactivity and (2) inter-sub-group interactivity. However, 

a collaboration pattern is defined by a series of varying interactions according to design 

phase that characterize how collaboration occurs in a team. A typical example of a 

collaboration pattern broken down by each design phase is described in Table 21.  

Table 21. A typical example of collaboration pattern by design phases. 

Conceptual+design+phase+ Collabora3on+pa4ern+

Ini$a$on' • 'All'group'members'work'as'a'single'group'

Concept'genera$on'
• 'Work'individually'to'generate'idea'
• 'Work'with'co<located'partner'to'refine'ideas'or'to'get'comments'and'feedback'
• 'All'group'members'work'as'a'single'group'

Concept'evalua$on' • 'All'group'members'worked'as'a'single'group'
• 'One'group'member'starts'to'work'on'producing'a'deliverable'

Documenta$on' • 'Work'with'co<located'partners'to'produce'a'deliverable'
• 'All'group'members'work'as'a'single'group'to'finalize'the'outputs'  

 

During the initiation phase, all group members worked together to understand the design 

problems, objectives, requirements, and constraints. However, during the concept 

generation phase, group members constantly alternated among individual, sub-group, and 

whole group interactions. As reported in the following interview excerpts (Excerpts 

#57~59), Group 2 members initially strategized to work as two sub-groups and then 

combined to work as a single group. Although there was no explicit verbal agreement 
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about working as sub-groups, group members seemed to naturally have an implicit 

consensus.  

[Excerpt #57] 

“I thought it would be easier to work like with a smaller sub-group you know, 
so like we could each generate ideas and then like ask them [distant partners] 
for their ideas… I thought it would be easier for us to generate ideas like 
that.” (P5, Group 2, industrial & systems engineering) 

[Excerpt #58] 

“I mean sometimes I remember like I was kind of curious of what they were 
talking about, but I expected eventually if it was something of substance and 
importance, they would voice it through the webcam. So I didn't really have 
any problem with it at all.” (P6, Group 2, business information & technology) 

[Excerpt #59] 

“Me and him [P5, co-located] were like talking about something and those 
two [P10 & P11, distant] were talking about something different. And then we 
kind of had to like come back and communicate it with each other.” (P8, 
Group 2, marketing) 

During concept generation, there were instances when group members explicitly 

requested individual time to develop ideas after which they all worked together to 

evaluate their design ideas and to select the best one, as reported in Excerpt #60. 

 [Excerpt #60] 

“And I got the idea to take a couple of minutes and have every single person 
think of an idea themselves and then go around, since we had enough time to 
do that. So that's what we did and then, we kind of narrowed down which ones 
were possible.” (P4, Group 1, industrial & systems engineering) 

 

Interestingly, in some groups, one group member started to work on one of the 

deliverables (a use-case scenario and a detailed conceptual sketch), while the others 

worked on evaluation and selection of design ideas. Based on observations, some group 

members appeared to feel pressured by time and suggested that the group start working 

on the deliverable earlier. During the documentation phase, all the groups allocated the 

work such that each sub-group produced one deliverable. When each sub-group 

completed the deliverables, they worked as one group to check on each other’s work. 
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According to Huang and Ocker (2006), PDTs frequently allocate tasks by sub-team, 

which has the potential unwanted consequence of inhibiting information and knowledge 

flow between sub-teams. However, from a communications perspective, these sub-groups 

in this study effectively strategized regarding the work process by dividing the work to 

each sub-group. These patterns are examined in more detail by quantifying intra- and 

inter-sub-group communications in Chapter 5.  

 

4.3.8 Role 

“Role” is a term that characterizes a member’s norms or behavioral expectations 

regarding obligations and contributions to a team. In this study, no specific roles were 

assigned to the participants, yet roles naturally emerged. Specifically, five roles were 

identified: leader, criticizer, boundary spanner, detailed designer, and supporter. These 

roles were initially identified by the researcher by observing the design sessions, and 

were later confirmed during individual semi-structured interview sessions. The 

descriptions of each role are explained in Table 22. More detailed explanations are 

provided in the discussion of Study 2 (Chapter 5, §5.3.3.1), which explored these roles in 

more depth.  

Table 22. Types of roles and descriptions. 

Types of roles Description 

Leader 

• Center of information and communication flow 
• Generates ideas, with his or her idea likely becoming 

the final design solution 
• Frequently suggests how to do the work  

Criticizer • Actively provides comments and critiques on design 
ideas or processes 

Boundary 
spanner • Communicates on behalf of a co-located partner 

Detailed 
designer 

• Has good drawing skills 
• Spends large amount of time on drawing  

Supporter • Helps other group members to complete a task 
 

It was interesting to observe how roles emerged and changed over time, despite the fact 

that no specific roles were assigned to the participants. As reported in P6’s interview 
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excerpt, he identified P5 as his group leader, and described the characteristics of a group 

leader. 

[Excerpt #61] 

“It's kind of interesting to see like how the chemistry between a group and how 
it works out, like the leader does develop, that person was P5. P5 was pretty 
much kind of like the leader in terms of this task, and the majority of his 
opinions became the group's opinions… P5 was usually the one that initiated 
like we would move to the next phase and it will be like, ok, so what do we 
have to do here? He [P5] was usually like the first person to talk and generate 
an idea.” (P6, Group 2, business information & technology)  

P13 in Group 4 also showed the characteristics of a group leader. Interestingly, P14 

initially led the group in the initiation phase, but P13 assumed the leadership role 

beginning with the concept generation phase.  

[Excerpt #62] 

“I'm not sure, umm... it might be that that's when [concept generation] I 
started actually talking, leading, taking charge, because the first part 
[initiation phase] I was thinking about, I don't know what I'm doing here, as 
she [P14, co-located] was leading, and then part two [concept generation] is 
when I, you know, suggested let's each person take five minutes and come with 
two ideas” (P13, Group 4, aerospace engineering)  

One possible reason for this leadership transition is the fact that P14 did not have any 

design ideas. Thus, during the concept generation phase P14 became more passive and 

just listened to other members’ design ideas. In contrast, P13 came up with three design 

ideas, one of which became Group 3’s final design outcome.  

 

Other group members took on the boundary spanner role—often referred to as a 

gatekeeper of information for a sub-group. In other words, information flows in and out 

through these boundary spanners. 

[Excerpt # 63] 

“He's like my translator. I guess yeah, I guess it's because I just want to… 
that's weird, that's cool that you brought that up, I guess it's easier to test it on 
him [P4, co-located] than to make a public announcement and be wrong or 
maybe you know. (P8, Group 2, marketing) 
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[Excerpt #64] 

“So if I would tell him [P13, co-located], he was really good at like talking to 
the other guys, so I just let him take on that role. I kind of got frustrated.” 
(P14, Group 4, industrial & systems engineering) 

In these excerpts, P4 and P13 functioned as mediators for group members’ ideas. 

 

Other roles were also identified as described in the following interview excerpt. P14, who 

initially led the group during the initiation phase, later supported other group members by 

gathering each member’s work to a single presentation slide. P15 and P16 consistently 

questioned P13’s design idea, and thus represent the criticizers in this group. In addition, 

P15 also worked as a detailed designer by sketching out all the design solutions.  

[Excerpt #65] 

“Like in the end I just kind of feel like my partner, she (P14, co-located) just 
ended up starting making the power point and she did that, and P16 was just 
kind of like commenting trying to understand, but I feel like P15 did all the 
drawing” (P13, Group 4, aerospace engineering) 

Based on these findings, it is clear that roles can naturally emerge—even in the absence 

of pre-defined and agreed-upon assignments. Moreover, communication patterns change 

depending on these roles. For instance, leaders tend to be the most vocal member, while 

supporters are the quietest ones. Criticizers and detailed designers tend to communicate 

more frequently with group leaders, since they are the people who generate design ideas. 

More detailed analyses of roles and their influence on communication patterns are 

provided in Chapter 5.  

 

4.4 LIMITATIONS 

There are several limitations in this study that need to be acknowledged. First, in this 

study the conceptual design task was distinguished into four phases: initiation, concept 

generation, concept evaluation, and documentation. However, design is an iterative 

process. In fact, designers tend to frequently alternate between problem and solution 

spaces as they clarify the problems while thinking of design solutions (Dorst & Cross, 

2001). Participants were to some extent restricted to make major modifications to their 
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design solutions, once they completed the concept generation phase. Therefore, the linear 

aspect design process employed in this study may not reflect what would occur in 

practice. However, the primary reason for distinguishing design phases was to 

systematically identify shared understanding in each design phase. Second, it is difficult 

to identify the emergent states, such as distrust or conflict situations in a laboratory 

setting. Group members did not know each other prior to the study and they had no 

anticipation of future collaboration. This may have reduced participants’ motivation and 

willingness to actively engage in the conceptual design task. However, in order to 

increase participants’ motivations, extra compensation was rewarded to the best 

performing group.  

 

4.5 CONCLUSION 

This chapter examined factors affecting shared understanding in the PDCDT work system. Based 

on findings from observations of design sessions and thematic analyses of individual semi-

structured interviews, four primary themes that impact shared understanding in the PDCDT 

context were identified. In addition, four emergent states that developed as a result of the four 

primary themes were identified. The summary of results, which details difficulties, the causes of 

these difficulties, behavioral consequences, resolving strategies, and overall impact regarding the 

themes and sub-themes are described in Table 23. 
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Table 23. Summary of difficulties, causes, behavioral consequences, resolving strategies, and overall impact regarding themes and 
sub-themes. 

 

 

Themes Difficulties-in-achieving-shared-
understanding

Causes Behavioral-consequence Resolving-strategies Overall-impact

Awareness

•)Difficulty)of)knowing)distant)partner's)
attention
•)Difficulty)of)catching)distant)partner's)
attention
•)Difficulty)of)identifying)intended)recipient)
(not)knowing)who)this)person)is)talking)to)
•)Difficulty)of)knowing)other's)level)of)
understanding
•)Difficulty)of)identifying)the)source)of)
misunderstanding)
•)Inaccurate)understanding)of)what)other's)
are)working)on
•)Misunderstanding)of)work)allocation
•)Not)being)aware)of)other's)emotion

•)Nature)of)the)design)task)(constant)shift)
between)individual)thinking)and)knowledge)
sharing)to)other)group)members
•)Different)background)/)expertise
•)Time)pressure)
•)Different)task)interdepencies)
•)Inexplicit)consensus)process
•)Limitations)of)communication)technology

•)Communicating)only)to)coFlocated)partner
•)Hinders)equal)participation
•)SubFgroups)working)on)the)same)
deliverable

•)Explicitly)calling)out)names
•)Tone)of)voice)
•)Observing)other's)facial)expressions,)body)
language
•)Paralinguistic)cues
•)Explicit)questioning)and)answering
•)Providing)(analogous))examples
•)Sketching)ideas
•)Constant)checkFup)/)followFup
•)Providing)introductory)statements)before)
moving)to)the)next)phase)(task)

•)Non)equal)knowledge)/)information)sharing)
between)subFgroups
•)Lack)of)shared)understanding)among)subF
groups
•)Imepedes)communication)process)(longer)
time)
•)Incorrect)assumption)of)other's)level)of)
understanding
•)Work)can)be)done)inefficiently)
•)Longer)time)to)complete)a)task
•)Feeling)of)frustration
•)Conflict)may)arise
•)Less)group))cohesion)
•)Conflict)may)arise
•)Feeling)of)frustration

Interactivity

•)Difficulty)of)explaining)certain)
information/knowledge)(task)characteristic)
•)Information/knowledge)not)being)shared)
equally)to)all)group)members

•)Different)expectations)toward)coFlocated)
and)distant)partners)of)getting)resopnses
•)InterFsubFgroup)interactivity)increases)due)
to)the)need)of)cooperation)between)those)
who)have)complementary)roles)(e.g.,)leader)
and)detailed)designer;)leader)and)criticizer)
•)Limitations)of)communication)technology

•)Limited)information)/)knowledge)sharing)
between)subFgroups
•)Communicating)only)to)coFlocated)partner
•)Explicitly)lowering)voice)while)talking
•)Changing)eye)gaze)from)the)camer)to)coF
located)partner
•)Using)gestures)that)distant)members)cannot)
see)(outside)of)the)camera)angle)
•)Not)sharing)artifacts)(e.g.,)drawing)on)a)
paper)
•)Tendency)of)not)responding)to)distant)
partners)(although)they)were)listening)

•)Explicitly)asking)their)distant)partners)to)
share)information/knowledge
•)Informing)distant)partners)that)he/she)will)
initially)discuss)with)coFlocated)partner)
before)sharing)

•)Less)group)cohesion
•)Feeling)of)distrust)towards)distant)partners
•)Feeling)of)conflict)towards)distant)partners
•)In)case)of)high)level)of)intraFsubFgroup)
interactivity,)cohesiveness)between)subF
groups)increase
•)Group)members')skills)can)be)efficiently)
used)when)group)members)seek)help)
regardless)of)physical)separation)

Knowledge)
transferability

•)Not)being)able)to)see)body)gestures)when)
explaining)structural)properties)and)
behavioral)movements)of)a)design)solution
•)Not)being)able)to)see)the)process)when)
distant)partners)sketch)their)ideas)on)a)paper
•)Difficulty)of)coreferencing)(e.g.,)pointing)
specific)locations)on)a)design)solution)

•)Different)type)of)design)knowledge)need)to)
be)communicated)in)each)design)phase)(e.g.,)
design)knowledge)of)structure)and)behavior)
in)concept)generation)and)evaluation)phases)
•)Limitations)of)communication)technology

•)Communicating)only)to)coFlocated)partner
•)One)subFgroup)(who)is)trying)to)convey)
their)idea))leads)the)other)subFgroup)by)
suggesting)what)to)do)or)how)to)do)the)work

•)Explicit)questioning)and)answering)(e.g.,)
asking)whether)their)distant)partners)have)
understood)
•)Providing)(analogous))examples)to)describe)
behavior,)movement
•)Using)objects)to)simulate)beahvioral)
movements
•)Manipulating)webcams)to)ensure)that)
appropriate)content)is)being)shared)to)distant)
partners

•)Increased)intraFsubFgroup)communication
•)Feeling)of)frustration
•)Feeling)of)distrust)towards)distant)partners
•)Feeling)of)conflict)towards)distant)partners

Cohesiveness •)Lack)of)team)cohesion)(especially)between)
physically)separated)subFgroup)members)

•)Physical)separation)(team)formation)
•)Personality)differences
•)Limitations)of)communication)technology

•)Communicating)only)to)coFlocated)partners)
in)general
•)More)opened)to)discuss)less)concrete)ideas)
to)coFlocated)partners)

•)When)shared)understanding)is)established
•)Less)group)cohesion
•)Feeling)of)closeness)to)coFlocated)partner
•)Increased)intraFsubFgroup)communication



 

 121 

Although each factor was extensively investigated in the literature, there remains a lack 

of understanding in how these variables influence and interact with one another. In this 

regard, the variables were delineated in the IPO model of shared understanding (Figure 

18) to provide a holistic view, after which the associations of these variables were 

qualitatively described. A summary diagram of the associations among the variables is 

illustrated in Figure 32.  

Personality,

Task,

Team,forma1on,

Communica1on,
Technology,

Background,/,,
Major,

INPUT& PROCESS&

Themes& Emergent&States&

Awareness,

Interac1vity,

Knowledge,,
Transferability,

Cohesiveness,

Trust,

Collabora1on,
PaBern,

Role,Emergence,

Conflict,

 

Figure 32. Relationships among input-process variables of IPO model of shared 
understanding. 

These relationships are complicated because the level of shared understanding is 

determined by the complex interactions of these variables, which can change as the team 

moves through design phases. Thus, a further quantitative investigation of the 

relationships among the variables should be conducted. Nonetheless, findings from this 

study suggest which variables to examine, and more importantly, which are likely to 

contribute to developing meaningful hypotheses. For instance, the following hypothesis 

could be tested in future work: if the level of interactivity among group members is high, 

it will positively influence trust (high level of trust) and conflict (low level of conflict). 

Possible sources of difficulty can be further investigated by examining the input variables 

that influence interactivity. Therefore, the identified variables and their associations can 

be utilized as an explanatory model to describe the phenomena that occurs in PDCDTs.  
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Based on findings, a set of questionnaires that consists of items to measure the themes 

and emergent states was developed and validated (Chapter 6). This instrument was 

subsequently used to measure shared understanding in PDCDT settings that utilized 

different combinations of communication technologies (Chapter 7). 
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CHAPTER 5. COMMUNICATION PATTERNS OF PARTIALLY 

DISTRIBUTED CONCEPTUAL DESIGN TEAMS 

 

5.1 INTRODUCTION 

This chapter examines the communication patterns of partially distributed conceptual 

design teams (PDCDTs), where a “communication pattern” refers to the various ways 

that team members interact with each other and how often those interactions occur over 

time. This chapter describes three different analytical approaches to exploring these 

communication patterns resulting from Experiment 1. Each method offers a different 

perspective and illuminates distinct dimensions of these patterns. Collectively, they 

provide valuable insights into how the interactions within and across sub-groups change 

with design tasks and how individual roles and interpersonal dynamics affect those 

interactions. These patterns are particularly important in light of the theories associated 

with virtual collaboration described in Chapter 2. The chapter details the analytical 

procedures used to interpret the results of Study 2, which employed the data collected 

from Experiment 1 and presents the results and discussion. Despite the prevalence of 

global collaboration and the pressing need to overcome communication barriers in 

conceptual design tasks, relatively few studies have examined the communication 

patterns of distributed teams (Connaughton & Shuffler, 2007; Iacono & Weisband, 1997; 

Olson & Olson, 2000). Existing studies have investigated communication exchanges 

involving discussion forums, file exchanges, online chats, emails, and system log files 

[e.g., (Bos et al., 2006; Nguyen & Fussell, 2012; Panteli & Davison, 2005; Yoo & Alavi, 

2010)]. This study, however, focuses on verbal communication patterns among PDCDTs 

in relation to specific conceptual design phases and design topics, in order to clarify 

levels of interactivity—i.e., team members’ willingness to listen and respond to one 

another across those phases. These patterns are important because the level of 

responsiveness among team members has a significant impact on team dynamics as 

shown in Study 1 (Chapter 4) as well as other research. In general, studies have found 

that lack of response, unwillingness to listen and to provide feedback, or even delayed 

response may hinder a group’s interactivity (Bos et al., 2006; McGrath, 1990; Nguyen & 
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Fussell, 2012). For example, Iacono and Weisband (Iacono & Weisband, 1997) found 

that trust increases when team members engage in more continuous and frequent 

interactions. Similarly, Nguyen and Fussell (2012) recently reported that team members 

tend to feel frustration when their distant partners are not responsive.  

 

In partially distributed team (PDT) settings, communication patterns are also important 

for indicating when intra- or inter-sub-group communications actually occur. As 

explained in Chapter 4, intra-sub-group communication refers to communication only 

between co-located sub-group members, while inter-sub-group communication refers to a 

communication that occurs across sub-groups. Identifying intra-sub-group 

communication patterns is critical because it can clarify in-group dynamics, or 

conversely, point to a lack of knowledge sharing among sub-groups. In-group dynamics, 

also known as in-group favoritism, refers to increased interactions and favorable 

behaviors towards co-located members. When in-group dynamics are poor, PDTs are at 

risk for reduced knowledge and information sharing among sub-group members, as well 

as compromised team performance overall (Bos et al., 2009; Hiltz, Plotnick, & Ocker, 

2011; Plotnick et al., 2008). Despite these general trends, studies are less conclusive 

regarding the impact of inter- and intra-sub-group communications during product 

conceptual design. While frequent interaction among team members has a positive impact 

on team dynamics, several studies have argued that it may also negatively impact team 

performance in new product development teams, mainly due to distraction and creativity 

blocking (Baron, 1986). For instance, Lovelace (1986) suggested that for some 

innovators (e.g., scientists), team interactions might actually distract them from tasks that 

require concerted, uninterrupted effort. In other words, team members involved in 

conceptual design may be distracted by one another when they are developing ideas and 

concepts for a design solution. Frequent communication could cause attentional overload, 

which further leads to cognitive shortcuts due to limited attentional resources (Baron, 

1986; Shalley, 1995). Thus, Leenders and colleagues reported an inverse U-shaped 

relationship between frequency of intra-team communication and team creative 

performance, which implies that there is an optimal frequency of intra-team 



 

 125 

communication (i.e., team creativity is highest when intra-team communication is 

modest).  

 

Due to such mixed results, additional in-depth investigation is needed to examine the 

level of responsiveness and frequency of inter- and intra-sub-group communications in 

PDCDTs. To this end, the following three research questions guided this study.  

• RQ2.1: How do the frequencies of intra- and inter-sub-group communications 

differ in each design phase? 

• RQ2.2: What types of design topics constitute intra- and inter-sub-group 

communications? 

• RQ2.3: How do network diagrams differ among groups and design phases?  

 

5.2 ANALYSIS 

This section explains the video analysis, coding, and network analysis methods used to 

answer the above research questions. The video recordings of the design sessions from 

the first data collection (Experiment 1, §3.2) were used. Specifically, video recordings of 

the four design groups (four participants per group, separated into two dyad sub-groups) 

were analyzed to produce the following quantitative measures: (1) frequency counts of 

intra- and inter-sub-group communications, (2) design topics by utterances, and (3) 

network diagrams. 

 

Two coders independently conducted video coding with three goals: to identify (1) the 

speaker, (2) the addressee, and (3) the design topic of the utterance. The researcher 

initially developed the specific criteria for identifying these three components, which 

were explained to the coders prior to the coding exercise. However, coders were 

encouraged to change the initial codes as necessary. The coders used Transana, a 

qualitative data analysis tool, to simultaneously watch and control two recorded videos of 

dyad sub-groups (Figure 34). The final criteria for identifying the speaker and 

addressee(s), and the design topics are explained in the following sections (§5.2.1 and 

§5.2.2, respectively). The overall coding procedure is illustrated in Figure 33. 
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1.#Code#3#minutes#of#
video#segment# 2.#Arbitrate#code# 3.#Codes#(coding#criteria)#

are#refined#and#stabilized#

4.#Repeat#the#process#
(1~3)#unBl#no#major#
change#is#needed#for#

codes#and#coding#criteria#

5.#Increase#video#
segment##

(5,#10,#15#min#to#enBre#
video#clip)##

CODING'PROCEDURE'

6.#Arbitrate#code# Finalize#codes#

 

Figure 33. Video coding procedure. 

The coders independently coded three minutes of video segments and compared their 

initial codes. The unit of utterance was determined by the “turn-taking” of conversations; 

that is, each new speaker marked a new segment. Only the beginning few words of each 

utterance was transcribed as a marker to identify segments of utterances between the two 

coders (Figure 35), as well as to easily reference back to the video to clarify participants’ 

behaviors during the arbitration process. The researcher mediated any disagreements. The 

coders repeated this process, and then gradually extended the analysis segments from 3 

minutes to 5, 10, and 15 minutes. Code arbitration was conducted after coding each 

segment of the video. To reach consensus and to maintain consistency, the coders 

discussed and modified the decision criteria for each code over the course of several 

rounds of arbitration. Coders recoded segments when the arbitration process led to any 

substantive change in the decision criteria. When changes to coding rules were minimal 

or absent during arbitration, the coders coded one video clip at a time (about an hour) 

before next arbitration. This process was repeated for all the recorded design sessions. 

The inter-coder reliability was 82%, which means the reliability of coding was high 

(Krippendorff, 1980). The following sections define the codes in detail.  
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Figure 34. Screenshot of Transana, a qualitative data analysis software. 

5.2.1 Identifying speaker and addressee(s) 

In general, coders did not have much difficulty in identifying the speaker, but identifying 

the addressee was more complicated. In order to identify the addressee, paralinguistic 

cues were observed as follows. 

• Deictic expressions  

The use of deictic expressions represents one of the more reliable ways for identifying the 

intended recipient. For instance, a participant’s use of “you guys, we, them, they, us, she, 

and he" (or specifically calling out another member’s name) clearly provided evidence of 

whether the speaker was talking to co-located or distant partners.  

• Indicative gestures  

During the design task, participants frequently used indicative gestures to point out 

aspects of their sketches, which were drawn on paper. If a speaker changed the webcam 

angle or checked the video stream to ensure that his or her distant partners could see the 

sketch, as well as that person’s finger pointing, it was assumed that the speaker was 

intending to talk to distant partners. If a speaker used indicative gestures such that only a 

co-located partner could observe, it was assumed that the conversation was directed only 

to the co-located partner. 

• Eye gaze 

In distant communication, participants showed a tendency to look at the video stream 

when they wanted to talk to their distant partners. Therefore, it was assumed that a 

speaker intended to talk to a distant partner when he/she constantly looked at the video 
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stream of those distant partners. Conversely, it was assumed that a speaker intended to 

talk to a co-located partner if he/she looked at the co-located partner while talking. 

• Tone of voice 

A clear distinction in the tone of voice could be observed depending on the identity of the 

intended recipient. Specifically, it was assumed that the speaker intended to talk to a co-

located partner when that’s person’s voice tone was low. When his or her voice tone was 

normal, it was assumed that the conversation was directed either to a distant partner or to 

all group members. In such cases the decision was made by examining other supporting 

evidence, such as deictic expressions, eye gaze, or indicative gestures. For instance, for a 

situation when a person spoke in a normal voice tone, but used indicative gestures that 

could not be observed by distant partners (i.e., they were outside the camera angle), this 

was considered this an instance when the person was talking only to a co-located partner.  

• Body gestures and physical objects 

Participants frequently used body gestures and other physical objects to explain the 

movement of their design solutions. For example, a participant used her chair to represent 

a wheelchair and a pen to represent a ramp in order to explain the motion of the ramp in 

relation to the motion of the wheelchair. In such cases, it was assumed that the speaker 

intended to talk to all of her group members when she adjusted the webcam angle to 

ensure that her distant partners could see. In contrast, if the speaker did not adjust the 

webcam angle or check the video stream, it was assumed that the conversation was 

directed only to a co-located partner. Since these behaviors occurred simultaneously, the 

coders selected the final codes based on a combination of evidence to support the 

decision.  

 

A coding template was used, which includes a time stamp, code, and utterances. Figure 

35 illustrates a sample coding excerpt.  
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TIME CODE UTTERANCES
34:54:00 CDS No+it's+not+a+sticky+thing

DCS a+balance
CDB So+here's+the+wheel+chair,+like+a+car+jack+and+it+will+lift+you+up…+It+would+have+to+be+some+like..
DCS some+slidy+thing?
CDB Yeah+yeah.+It+would+move+you+over+and+this+will+not+be+on+the+back
DCS So,+it's+kind+of+the+same+concept+as+his+except+his+claw+is+on+the+front

35:44:00 CDB Yeah…+It's+coming+down+and+there+is+like+a+little+escalator.
DCD I+guess+it+could+work

36:06:00 CBB Mine+was+same+thing+as+your+except+my+claw+is+on+the+front…+there+is+no+popping+wheelies
ACB Yeah,+we+kind+of+talking+about+something+simliar  

Figure 35. Snippet of coding. 

 

Coders were asked to enter time stamps every 3~5 minutes. Since there were two video 

clips for each group (one for each sub-group, see Figure 34), the two video clips were 

synchronized so that only one time stamp could be used. However, when two utterances 

occur simultaneously (mostly in each sub-group), the coders were asked to make a note. 

Letter codes from A through D were used to indicate each participant in a group. The first 

letter of the code indicates the speaker, the second letter indicates the addressee 

(individual, sub-group, or whole group), and the third letter indicates design topics 

(explained in §5.2.2). The first few words of the utterance were then transcribed as a 

marker. Table 24 lists the coding scheme for speaker and addressee(s). For example, the 

first code in Figure 3 is “CDS,” which means Participant C was the speaker and 

Participant D was the addressee. Therefore, from the beginning of the excerpt until time 

stamp 36:06:00, Participants C and D were talking to each other, which indicates intra-

sub-group communication.  

Table 24. Speaker-addressee codes and descriptions. 

Speaker 
code Description Addressee(s) 

code Description 

A Participant A speaking A Message directed to participant 
A 

B Participant B speaking B Message directed to participant 
B 

C Participant C speaking C Message directed to participant 
C 

D Participant D speaking D Message directed to participant 
D 



 

 130 

  1 Message directed to sub-group 1 
(participants A & B) 

  2 Message directed to sub-group 2 
(participants C & D) 

  E Message directed to all group 
members 

 

5.2.2 Identifying design topics 

Six types of design topics were identified: (1) constraint/requirement/user, (2) design 

structure, (3) design behavior, (4) design process, (5) design value, and (6) other. This 

coding scheme was initially based on Function-Behavior-Structure (FBS) design 

ontology (Gero & Kannengiesser, 2007), as well as the categorization used in Chapter 4. 

The design structure and behavior used in this study is equivalent to the structure and 

behavior of FBS design ontology. However as described in Section 4.3.5, additional 

design topics were added to comprehensively capture different types of utterances 

associated with design task. Specifically for this study, the categorization was slightly 

changed from the categorization used in Chapter 4. All the changes were initially 

suggested by the coders and were decided after thorough discussion during the arbitration 

sessions. While the focus in Chapter 4 was to classify different types of design related 

knowledge, this chapter highlights any kind of utterances that may occur during 

conceptual design task. Recall that the categorization in Chapter 4 does not include 

“design process,” which refers to participants discussing or suggesting how to do the 

work. In other words “design process” is not associated with the actual designing, thus 

this type of utterances would be categorized as “other” in Chapter 4. However, design 

process was added in this study, in fact design process constituted large amount of the 

total utterances throughout the design phases (Figure 37). Another modification was 

made to design function (from the categorization in Chapter 4). Design function was 

excluded because function related utterances frequently accompanied design structure or 

behavior. The coders reported confusion among these design topics and thus function 

related utterances were either coded as structure or behavior, depending on the content of 

the utterance. Lastly, Constraint/requirement/user type was added. The original FBS 

scheme would consider this type as “requirement.” However, to avoid confusion and to 



 

 131 

be more specific, such coding name was used. The identified design topics and 

descriptions are described in Table 2.  

Table 25. Codes and descriptions of design topics 

Design Topic Code Description 

Constraint/ 
requirement/user 

C 
Constraints and requirements presented in the design 
brief. Description of the potential users of the design 
product. 

Design structure S 
Physical form factor, such as shape, location, weight, and 
description of constituting elements and their relationships 
of design solutions. 

Design behavior B Physical movement of a design or components of the 
design. 

Design process P 
Suggesting, asking how to do the work. The procedure or 
approach to complete a task. Checking or asking current 
status, level of understanding. 

Design value V Aspects of what the design should achieve, such as 
aesthetics, safety, ergonomics, and cost. 

Other O Any utterance that is not related to the task. 
 

As noted in Section 5.2.1, the final letter of the code represents the design topic, using the 

letters shown in Table 2. For instance, the first code in Figure 35, “CDS,” means that 

Participant C talked to Participant D regarding the topic of design structure. As explained, 

a segment is determined by turn-taking in conversation. Therefore, an utterance—and 

especially a longer utterance—could contain more than one design topic. However, only 

one code per design topic was assigned to each segment, based on the topic that best 

represented the entire utterance. For example, if a person was observed to explain a 

design structure for at least half of a long utterance, that utterance was coded as “design 

structure.” Admittedly, capturing the details of a design topic is challenging in a single 

utterance; nonetheless, this coding methodology was selected because the primary 

condition of interest was the interaction among speakers. In other words, the design topic 

code represented a secondary characteristic that provided insight into the dominant focus 

of the interaction, but was not the primary focus. Future research could explore the full 

range of topics in an utterance in more detail.  
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5.2.3 Network analysis 

The codes obtained from video analyses were then used to generate frequency counts of 

speaker and addressee(s). Using this data, network analysis was conducted to visualize 

interaction patterns among group members. An advantage of network analysis is that the 

actual social relationships among group members can be observed regardless of 

participants’ physical separation.  

 

The network analysis procedure is illustrated using the initiation phase of Group 3 

(Figure 36). First, frequency counts for each speaker/addressee combination were 

generated, which yielded 20 combinations of speaker and addressee(s), as listed in Figure 

36(a). Second, the raw addressee frequency counts were reorganized into a matrix, as 

illustrated in Figure 36(c). These addressee frequency counts consist of all utterances 

directed toward a given addressee, including one-to-one and one-to-many alternatives. 

That is, the counts for addressee A in Sub-group1 include utterances directed to B, 

utterances to sub-group2, and utterances to everyone. In this matrix, the number of 

utterances for multiple addressees (e.g., A-E, B-1, and C-2) was added to each of the 

corresponding single addressees. Similarly, C-1 indicates that participant C intended to 

talk to Sub-group 1 (Participants A and B); thus, the number of utterances for C-1 was 

added to the addressee counts for both C-A and C-B. The calculation equation for each 

addressee is shown in Figure 4(b) and the results are shown in Figure 4(c). Third, 

closeness between group members was calculated based on the extent to which two 

participants addressed each other as a fraction of the total number of addressees. For 

example, the closeness between Participants A and B was calculated by adding AB (71) 

and BA (63) from the matrix (Figure 36(c)), which yielded 134 addressees, and then 

dividing by the total number of addressees in the design phase (for this particular 

initiation phase, 549 addressees). These resulting fractions were then used to represent 

closeness between members in the network diagram [Figure 36(e)]. In case of 

Participants A and B, the resulting fraction would be 0.24 (134/549).  
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(a) 

Speaker–
addressee(s) Calculation 

A–B AB+AE 
A–C AC+A2+AE 
A–D AD+A2+AE 
B–A BA+BE 
B–C BC+B2+BE 
B–D BD+B2+BE 
C–A CA+C1+CE 
C–B CB+C1+CE 
C–D CD+CE 
D–A DA+D1+DE 
D–B DB+D1+DE 
D–C DC+DE 

! (b) 

Addressee(s) 

 
A B C D Total 

A - 71 43 23 137 
B 63 - 46 28 137 
C 56 47 - 63 166 
D 25 24 60 - 109 

Total 144 142 149 114   
!

Sp
ea

ke
r 

(c) 

Speaker-
addressee 

# of 
utterances % 

AB (BA) 134 0.24 
AC (CA) 99 0.18 
AD (DA) 48 0.09 
BC (CB) 93 0.17 
BD (DB) 52 0.09 
CD (DC) 123 0.22 

Total 549 1.00 
! (d) 

(e) 

B 

A 

C 

D 

0.24%

0.09%

0.17%

0.18%
0.09%

0.22%

!

!

Speaker–
addressee(s) 

# of 
utterances 

A-B 57 
B-A 45 
C-D 43 
D-C 47 
A-C 23 
C-A 23 
B-C 24 
C-B 14 
B-D 6 
D-B 5 
A-D 3 
D-A 6 
A-2 6 
B-2 4 
C-1 13 
D-1 6 
A-E 14 
B-E 18 
C-E 20 
D-E 13 

Fraction 

 

Figure 36. (a) Raw frequency counts of each speaker–addressee(s), (b) reorganization of 
frequency counts with multiple addresses merged into their corresponding speaker–

addressee, (c) equations used to calculate each cell of (b), (d) fractions without directions 
to calculate closeness, and (e) network diagram. 

 

Four network diagrams were generated for each group using a social network analysis 

software, Gephi 0.8.1, in which each diagram represented a design phase (initiation, 

concept generation, concept evaluation, and documentation) to capture the dynamic 

property of communication patterns among group members. The nodes represent group 

members, shown as letters A-D in the example but as participant numbers in Section 5.3 

to distinguish among experimental groups. In both instances, darker color nodes represent 

Sub-group 1 members, and lighter patterned nodes indicate Sub-group 2 members. The 

nodes are connected with edges or arcs, where shorter distance edge represents more 

communication, and thus closer connections. The size of the arrowhead represents the 

frequency of communication towards the indicating node; a larger arrowhead means 

more communication to that group member. The network diagrams illustrate the 

interaction patterns at both the individual (e.g., who is talking frequently with whom) and 

the sub-group (e.g., closeness between sub-groups) levels, thereby characterizing overall 

group dynamics. 
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5.2.4 Identifying roles  

Five different participant roles were identified based on observation and individual semi-

structured interviews. No specific role was assigned to any participant—meaning that 

these roles emerged organically. The roles sometimes changed over time, and not all 

roles emerged in every group. Although it is possible to capture and identify role 

emergence and change based on the network diagrams, more specific contextual 

information was required to accurately classify a specific type of role among the 

following five roles: (1) leader, (2) criticizer, (3) boundary spanner, (4) detailed designer, 

and (5) supporter (Table 26). Specifically, the identified roles were confirmed by 

comparing results from the semi-structured interview results, since one of the questions 

specifically asked participants to give his or her perception of every group member’s role. 

Table 26. Types of roles and descriptions. 

Types of 
roles Description Participant # 

(Group #) 

Leader 

• Center of information and communication 
flow 

• Generates ideas, with his or her idea 
typically becoming the final design solution 

• Frequently suggests how to do the work  

P1 (G1), P6 (G2), P9 
(G3), P13 (G4), P14 

(G4) 

Criticizer • Actively provides comments and critiques 
on design ideas or processes 

P3 (G1), P11 (G3), 
P15 & P16 (G4) 

Boundary 
spanner 

• Communicates on behalf of a co-located 
partner P6 (G2), P12 (G3) 

Detailed 
designer 

• Has good drawing skills 
• Spends large amount of time on drawing  

P9 (G3), P15 (G4) 

Supporter • Helps other group members to complete 
work P4 (G1), P14 (G4) 

 

5.2.5 Group performance evaluation 

Group performance was measured in order to examine the impact of intra- and inter-sub-

group communication on group performance. Each group was asked to submit two 

deliverables, which were detailed conceptual sketch and use-case scenario. These two 

deliverables from each group were evaluated by three graduate students (two mechanical 

engineering and one industrial and systems engineering students) using the rubric for 

design product developed by Sims-Knight and colleagues (2005). The rubric consisted of 
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7 criteria, which included creativity, use of abstractions, design development, 

completeness, correctness, system cohesion, and coupling. The last criterion ‘coupling’ 

only applies to software design, therefore was excluded from this study. The explanations 

for each criterion can be found in Appendix H. The responses were obtained on a 5-point 

Likert-type scale of 1 indicating ‘emerging’, 3 indicating ‘proficient’, and 5 indicating 

‘distinguished.’  

 

5.3 RESULTS 

5.3.1 Frequency of intra- and inter-sub-group communication 

Based on analyses of the frequency of intra- and inter-sub-group communications as 

described in Section 5.2.1, the following results were produced: percentage of 

occurrences of intra- and inter-sub-group communications by design phase, and 

percentage of occurrences of intra-sub-group communication by sub-groups.  

 

Table 27 reports the occurrences of intra-sub-group communication by design phases. 

These percentages were calculated by dividing the total number of intra-sub-group 

communications in a phase by the total number of utterances in that phase multiplied by 

100. In general, intra-sub-group communication occurred quite frequently throughout 

each design phase. It occurred most frequently in the documentation (M=55%), followed 

by concept generation (M=40%), initiation (M=38%), and concept evaluation (M=29%) 

phases, with an exception in Group 4 initiation and concept generation phases (Table 27). 

In Group 4, 39% of intra-sub-group communication occurred in initiation, whereas 38% 

occurred in concept generation. Likewise, intra-sub-group communication in initiation 

phases of Groups 2 and 3 showed small differences to those of concept generation (2% 

difference). When examined by groups, Group 1 showed the lowest overall percentage of 

intra-sub-group communication (20%), followed by groups 4 (37%), 3 (49%), and 2 

(58%).  
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Table 27. Occurrences of intra-sub-group communication by group by percentage. 

 
Initiation Concept 

generation 
Concept 

evaluation 
Documentat

ion 

Total % of 
intra-
comm. 

Group 1 13% (12) 18% (64)  18% (56) 27% (70) 20% 
Group 2 51% (59) 53% (112) 34% (43) 70% (284) 58% 
Group 3 49% (192) 51% (265) 37% (34) 47% (95) 49% 
Group 4 39% (61) 38% (144) 26% (138) 76% (79) 37% 

Mean 38% (81) 40% (146) 29% (67) 55% (132) 41% 
SD 17.5 16.1 8.5 22.5 16.4 

*Numbers in parenthesis indicate the total number of intra-sub-group communication.  

 

Some differences in the amount of intra-sub-group communication were identified 

between sub-groups. A larger difference in the percent occurrence of intra-sub-group 

communication between sub-groups indicates that one sub-group talked only among 

themselves more frequently than their distant counterparts. The percent occurrence of 

intra-sub-group communication (# of intra-sub-group communication divided by total 

utterances times 100), was calculated for each sub-group as reported in Table 4.  

Table 28. Percent occurrence of intra-sub-group communication by sub-group. 

 Intra-
communicaton 

sub-group 1 

Intra-
communication 

sub-group 2 
Difference Inter-

communication 

Group 1 14% 6% 8% 80% 
Group 2 32% 26% 6% 42% 
Group 3 27% 22% 5% 51% 
Group 4 21% 17% 4% 63% 

 

Although the absolute value of the difference is comparable to the other groups, in Group 

1 Sub-group 1 members discussed issues among themselves at double the rate than they 

did with their distant counterparts. Other groups showed similar marginal differences 

between sub-groups (4~6% difference). But because the overall intra-sub-group 

communication was higher, the difference between groups is a lower fraction. 

 

Based on an analysis of intra- and inter-sub-group communications, the former mode 

occurred frequently throughout each design phase. However, intra-sub-group 
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communication occurred the most during documentation, followed by concept 

generation. In addition, some differences in intra-sub-group communication were 

identified between sub-groups. As noted, the frequency analysis of utterances revealed 

certain interaction patterns, which raises the following questions: Why did intra-sub-

group communication occur more frequently in specific design phases. What information 

did sub-group members discuss amongst themselves that they chose not to share with 

their distant members? What is the impact of the percent differences in intra-sub-group 

communication between sub-groups? And why did those differences occur? It is difficult 

to answer these questions from the frequency analysis results alone. Therefore, to further 

investigate the reasons for these results, an analysis of design topics and network 

diagrams was conducted.  

 

5.3.2 Design Topics of Intra-sub-group Communication 

Analyzing the dominant design topic associated with each utterance yields the following 

results: (1) percent occurrence of design topics by design phase, (2) percent occurrence of 

design topics in intra-sub-group communication by sub-groups, and (3) percentage 

differences of design topics in intra-sub-group communication by sub-groups.  

 

The prominence of each design topic differed throughout the design phases, as illustrated 

in Figure 37. The values shown in this figure were calculated by dividing the total 

number of utterances for each design topic in a phase by the total number of utterances in 

that phase, averaged across all groups.  
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Figure 37. Percent occurrence of design topics by design phase. 

During the initiation phase more than half of all the utterances were related to constraints, 

requirements, and users (57%). The design topics associated with structure and behavior 

increased significantly during the concept generation phase (35% and 22%, respectively), 

marginally decreased during the concept evaluation, and decreased further during the 

documentation phases. Participants consistently discussed the design process through 

concept evaluation (M=27%), with a substantial increase observed in the documentation 

phase (66%). Design value peaked during the concept evaluation phase (13%); only few 

design value-related utterances were found in other design phases (M= .65%).  

 

These results were somewhat anticipated since participants were asked to create 

outcomes for each design phase; this requirement may have encouraged them to focus on 

specific design topics. For example, during the concept generation phase, each group was 

required to generate at least two design ideas. To satisfy this requirement, participants 

had to discuss design topics according to structure and behavior since these two topics are 

specifically associated with a design solution, as explained in Table 25. Likewise, value 

needs to be discussed during concept evaluation to compare design alternatives by each 

evaluation criterion (e.g., safety, ergonomics, and cost). A significant increase in design 
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process discussions during the documentation phase was also expected, as participants 

had to strategize in developing the deliverables of their selected design solution. 

 

To better understand intra-sub-group communication, the percent occurrence of design 

topics involving intra-sub-group communication was calculated (Figure 38).  
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Figure 38. Percent occurrence of design topics in intra-sub-group communication by sub-
group. 

Overall, a significant proportion of intra-sub-group utterances were associated with 

process for all sub-groups, followed by structure, behavior, constraint/requirement/user, 

and value. That is process-, structure-, and behavior-related utterances dominated intra-

sub-group discussions. In fact, these design topics constituted more than 70% of all the 

intra-sub-group communications.  

 

Since utterances associated with design process constituted a large proportion of all intra-

sub-group communications, this implies that participants frequently discussed or asked 

their co-located partner questions regarding procedures and approaches for completing a 

task. Design process also includes checking another’s status or confirming another’s level 

of understanding, which also explains the significant increase in design process during 

the documentation phase (Figure 37), in which group members often suggested ways to 

allocate the work between and within sub-groups. They also discussed what information 

should be included in their final outputs. Thus, the content of conversations was mostly 
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centered on how to do the work rather than the actual design. In general, frequent 

utterances having to do with design process enabled groups to smoothly collaborate or 

transition to different sub-tasks or design phases.  

 

The design topics of structure and behavior, the second and third most prominent intra-

sub-group topics, were represented by utterances related to both the physical and 

behavioral properties of a design solution. Participants often discussed or explained 

design solutions to their co-located partner.  

 

The differences in the percent occurrences of intra-sub-group communications by design 

topics between sub-groups were calculated and are reported in Table 29. A larger percent 

difference of a design topic in intra-sub-group communication between sub-groups 

signifies that a sub-group conversed more on a given topic by themselves, when 

compared to their distant sub-group. This difference also reveals sub-group members’ 

extent of participation and contribution in producing design solutions. In general, a 

smaller difference of intra-sub-group communication between sub-groups indicates 

equivalent participation and contribution and vice versa.  

Table 29. Percent differences in intra-sub-group communication by design topics by sub-
groups. 

 Difference between sub-groups (%) 
Design topic Group 1 Group 2 Group 3 Group 4 Mean (SD) 
Constraint / 

requirement / users 12% 3% 6% 6% 6.7% (3.7) 

Structure 18% 9% 10% 4% 10.2% (5.7) 

Behavior 7% 17% 6% 11% 10.2% (4.9) 

Process 12% 12% 8% 1% 8.2% (5.1) 

Value 1% 1% 2% 0% 1% (0.8) 

Mean (SD) 10% (6.3) 8.4% (6.5) 6.4% (2.9) 4.4% (4.3)  

 

As reported in Table 29, Group 4 showed the lowest mean difference of percent 

occurrence of intra-sub-group communication between sub-groups (mean 

difference=4.4%), followed by Group 3 (6.4%), Group 2 (8.4%), and Group 1 (10%). In 
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the case of Group 1, the percent occurrence of design topics related to behavior and 

structure were more than twice as high in Sub-group 1 compared to Sub-group 2 

(behavior: 14% and 7%, structure: 35% and 17%, respectively). The remaining groups 

also showed a similar pattern, although with less magnitude. Interestingly, when the 

mean by each design topic was examined (last column in Table 29), the design topics of 

structure and behavior showed the most differences among all the design topics (both 

10.2%). This finding implies that, in general, all four groups showed a pattern wherein 

sub-group members preferred to talk between themselves about design solutions rather 

than talking with their distant sub-group members. A possible reason for this finding is 

that it may be more difficult to explain the structural and behavioral characteristics of an 

idea to distant partners; thus, participants tended to favor explaining their ideas to their 

co-located partners. It should be noted that limitations in communication technology to 

convey structure and behavior -related explanations might also account for this 

preference. Therefore, using a more advanced communication technology could reduce 

the difficulty of communicating the design topics of structure and behavior. Role 

emergence can be considered another possible reason behind this finding, which is 

explained in the next section (§5.3.3). 

 

5.3.3 Network Diagrams 

5.3.3.1 Inter-Sub-group dynamics (closeness between sub-groups) 

The network diagrams created for this study visually illustrate distant between sub-

groups, which is reflected in as the fraction of utterances addressed to distant partners 

(calculated as described in §5.2.4, based on the number of addresses) as illustrated in 

Figure 39.  
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Figure 39. Network diagrams for each group by design phase. 
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The shape of network diagrams can be categorized into three: triangular and rectangular 

shapes. The triangular shaped networks represent that one group member is more closely 

positioned at the center of the network, meaning that he/she is more closely 

communicating with other group members. Group 1 can be an example of a triangular 

shaped network. As illustrated in Figure 39(a), P1 is inside the triangle shaped network 

and functions as the center of information or communication flow among group 

members. A rectangular shaped network represents when sub-group members are 

(almost) equally distant towards other sub-group members. This indicates that none of the 

group members was particularly more active in initiating or leading the communication. 

A network diagram for Group 4 in documentation phase can be considered as an example 

of rectangular shape.  

 

In the case of Group 3, sub-groups were relatively distant throughout the design task 

[Figure 39(c)]; each sub-group worked more closely with their co-located partners than 

with distant sub-group members. Groups 2 and 4 showed similar patterns during the 

documentation phases for these groups [Figure 39(b) and (d)–documentation phase]. Sub-

groups in Groups 2 and 4 worked fairly independently during the documentation phase in 

comparison to other design phases. Most sub-groups allocated the deliverables that they 

had to complete during the documentation phase, and thus the task interdependency 

between two sub-groups diminished. According to Thompson (1967), there are three 

types of task interdependencies: pooled, sequential, and reciprocal. Working on two 

different outputs during the documentation phase can be considered as pooled 

interdependence, which is the loosest form of the three types—meaning that it does not 

require much communication between two parties.  

 

Tight inter-sub-group collaborations were also identified in Group 1 (P1 and P3) and 

Group 4 (P13 and P15), though in both cases the closeness is one-to-one rather than 

group-to-group. In general, group members’ roles were essential for explaining such 

phenomena. As explained previously, P1 and P13 were group leaders, while P3 and P15 

were criticizers and detailed designers. Their roles complemented each another to 

successfully complete the design task; they also communicated closely with each another 
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despite their physical separation. This finding indirectly indicates that roles can 

significantly influence communication patterns within a group, which overcome any 

geographic divisions among team members.  

 

5.3.3.2 Roles 

As explained in Section 5.2.4, five different roles (leader, criticizer, boundary spanner, 

detailed designer, and supporter) were identified from observation and participants’ 

responses from semi-structured interviews. This section provides explanations regarding 

how those identified roles are illustrated in the network diagrams. The five roles did not 

emerge in all groups and roles sometimes organically changed over time.  

 

First, the findings showed that leaders emerged in all groups. Group leaders were at the 

center of the information or communication flow, meaning that information was initiated 

by or diffused through the group leader. Thus, nodes that represented group leaders 

tended to be positioned at the center of a network diagram, yet still close to all the other 

nodes. As listed in Table 26, Participants 1 (Group1), 6 (Group 2), 9 (Group 3), 13 and 14 

(Group 4) were all considered to be leaders of their group. The leaders were also located 

at the center of the network diagrams (Figure 39). In the case of Group 1, Participant 1 

(P1, leader) behaved as a leader throughout the design task. In contrast, Participant 6 

(P6), who was generally viewed as the leader of Group 2, did not assume that role during 

the documentation phase; instead, the two sub-groups worked independently on the 

deliverables, which is illustrated in the network diagram as a larger distance between the 

two sub-group members [Figure 39(b)–documentation]. Unlike the leaders of Groups 1 

and 2, P9 is not shown as being situated at the center of the network diagrams, mainly 

because P9 functioned as a leader and a detailed designer for her group. Since detailed 

designers generally spend a lot of time sketching ideas, they are less likely to be at the 

center of communication. They still, however, tend to remain active throughout the 

design task. Interestingly, in Group 4, P14 generally led the group by actively suggesting 

what they should do. However, P13 emerged as the group leader during the concept 

generation phase as evidenced by the fact that not only did he suggest taking 10 minutes 

of individual time to generate ideas, but his idea was also selected as Group 4’s final 
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design. This role change is also illustrated in the network diagrams; in Figure 39(d)–

initiation, P14 is located closest to all the other nodes, but it then changes to P13 in the 

concept generation phase.  

 

The second role, criticizers, corresponds to group members who actively provided 

comments and critiques on other members’ design ideas. Participant 3 in Group 1, P11 in 

Group 3, and P15 and P16 in Group 4 were considered as criticizers of their group. As 

illustrated in the network diagram, criticizers are generally closely connected to the 

leaders because they frequently asked questions and provided comments regarding the 

design ideas generated by their leaders, as reflected in the proximity of the leader and 

criticizer roles. For instance, in Figure 39(a)–concept generation and concept evaluation, 

the communication between P1 (leader) and P3 (criticizer) constituted nearly half of the 

overall communication that occurred in each phase (0.39 and 0.41, respectively). 

Interestingly, criticizer did not emerge in Group 2 (Figure 39(b)). In Group 2, In Group 2, 

P6 led the group from the beginning until the end of the design session. In addition, 

criticizer role did not emerge in every design phase. For instance, there was no criticizer 

in documentation phases of Groups 2–4. This is because group members allocated the 

work in documentation phase. However, in Group 1, Sub-group1 produced both 

deliverables, and P3 in Sub-group2 actively commented on their deliverables.  

 

The third role, boundary spanner, refers to the team member who served as the 

gatekeeper of incoming and outgoing information for his or her sub-group (Allen, 1977; 

Lovelace, 1986; Tushman & Scanlan, 2007). Boundary spanners actively shared ideas or 

comments communicated with his/her sub-group members to distant partners. 

Simultaneously, distant partners also showed a tendency of frequently communicating to 

boundary spanners instead of directly communicating to the boundary spanner’s co-

located partner. In the network diagram, boundary spanners are represented by P6 in the 

concept generation phase [Figure 39(b)–concept generation], or by P11 in the initiation 

phase [Figure 39(c)–initiation]. Boundary spanners had strong ties with their co-located 

partners and with the other sub-group, but the co-located partners had weak ties to their 

distant sub-group members. In general, boundary spanners are able to efficiently 
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communicate with their distant counterparts. In this study, the role of boundary spanner 

emerged in cases when his/her co-located partner seemed to be passive in explaining their 

ideas or commenting on other member’s ideas. For example, P5 in Group 2 rarely talked 

to her distant partners, while the communication between P5 and P6 constituted about 

30% of the entire communication that occurred in Group 2. Even though boundary 

spanners often exhibited the behavioral traits of group leaders in the network diagram, 

there is a distinction between the two. Leaders not only find themselves at the center of 

communication, they also make decisions, allocate work, and, most importantly, generate 

ideas. Participant 11 in Group 3 is another example of a boundary spanner. This became 

evident in the initiation and concept evaluation phases [Figure 39(c)]. Much of the 

communication from P11’s distant partners was directed to P11, and she also actively 

responded to or communicated with her distant partners. Simultaneously, P11 remained 

close to her co-located partner P12 through information sharing. Similar to criticizer, 

boundary spanner did not emerge in every group as well as in every design phases. For 

instance, there was no boundary spanner in Group 1. Although P1 actively communicated 

with her distant partners than her co-located partner (P2), she was not considered as a 

boundary spanner because P1 was closer to her distant partners than to her co-located 

partner.  

 

The fourth role, detailed designer, represents the person who directs his or her effort 

toward sketching out the details of the design. These people also communicate closely 

with their group leaders, since detailed designers must fully understand the ideas 

generated by their group leaders if they are to be able to sketch it. P15 in Group 4 

exemplified a good detailed designer. P13, who was the leader of Group 4, was not adept 

at drawing—but he was aware that P15 had that skill. Thus, P13 tried to explain his idea 

to P15, who then sketched it out. The relationship between detailed designer and leader to 

some extent resembles the relationship between criticizer and leader in terms of the 

closeness in network diagrams. In fact, the communication between P15 and P13 

constituted about 40% of the entire communication that occurred during the concept 

evaluation phase [Figure 39(d)–concept evaluation]. Interestingly, P13 and P15 were 

distant partners, and thus their communication can be an example of inter-sub-group 
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communication. Despite the difficulty of explaining ambiguous ideas to distant partners, 

P13 and P15 managed to communicate with each other, as their roles seemed to be 

complementary. P9 in Group 3 also functioned as a detailed designer as well as a leader. 

Thus, P9 was capable of sketching her ideas without getting help from other group 

members. Thus, concept generation phase in Group 3 is more rectangular shape, while 

Group 4 showed more triangular shape.  

 

The fifth and final role observed among team participants is supporter. Supporters 

generally do not actively participate in generating or evaluating ideas; instead, they 

observe and listen to other members and take on supporting tasks. P4 in Group 1 and P14 

in Group 4 were considered as supporters of their group [Figure 39(a) and (d)]. 

Supporters tended to be further away from the center of the network, and exhibited the 

weakest tie among members. P4 in Group 1 actively commented and asked questions in 

the initiation phase, yet functioned as a supporter from concept generation phase by 

searching the web to collect information regarding wheelchair specifications as well as 

taking notes. P14 in Group 4 initially led the group in initiation phase, but started to 

function as supporter in concept generation phase. She also searched the Internet to 

gather information, calculated wheelchair dimensions, and also took notes during concept 

evaluation phase. In fact, P14’s notes were used in developing the two deliverables (use 

case scenario and detailed conceptual sketch). Interestingly, group members who had the 

weakest tie in network diagrams were not always considered as supporters. For example, 

P2 in Group 1 showed weak tie among other group members. However, P2 was not 

categorized as a supporter, mainly because she did not actively participated throughout 

the entire experiment. This cannot be identified merely by examining the strength of ties 

in network diagrams, but should be accompanied by qualitative analysis methods, such as 

observation or interviews.  

 

5.3.4 Group Performance  

As explained in Section 5.2.5 group performance was measured in order to examine the 

impact of intra- and inter-sub-group communication on group performance. Table 30 

reports the results of performance ratings based on the two outputs (conceptual sketch 
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and use-case scenario) submitted by each group. The scores presented in each evaluation 

criterion correspond to the total sum of ratings assessed by three evaluators. The highest 

possible score for each criterion was 15, which makes the highest possible total score 90. 

As reported in Table 30, Group 4 received the highest score (68), followed by Groups 3 

(67), 1 (61), and 2 (60). The associations among intra- and inter-sub-group 

communication and performance results are explained in the discussion section.  

Table 30. Performance rating. 

Evaluation criteria Group 1 Group 2 Group 3 Group 4 
Creativity 11 9 12 10 

Use of abstractions/ 
models/ diagrams 9 9 13 12 

Design development 9 11 12 11 

Completeness 12 10 11 10 
Correctness 10 9 9 12 

System cohesion 10 12 10 13 
Total 61 60 67 68 

 

5.4 DISCUSSION 

This chapter detailed the three analytical strategies (frequency counts of intra- and inter-

sub-group communication, identifying design topics, and identifying roles by network 

diagrams) that were used to examine communication patterns in partially distributed 

teams. These analyses were applied to PDCDTs in order to demonstrate the utility of the 

methods—each of which examined different perspectives that might help explain the 

complex nature of communication in PDCDTs. The results obtained from the frequency 

of intra- and inter-sub-group communication revealed the extent to which sub-groups 

worked independently. The findings also clarified the specific phase during which intra-

sub-group communication occurred most frequently. In particular, the results obtained 

from coding revealed the content of communication, as well as the most critical types of 

design topics that impacted communication patterns and performances. These findings 

can be utilized to identify in-group dynamics and examine the extent of knowledge 

sharing between sub-groups. The results produced from network diagrams revealed the 

emergence of roles, how roles changed over time, and how group members interacted. It 



 

 149 

is expected that these three approaches can be integrated to produce a more holistic and 

in-depth understanding of communicative behaviors in PDCDTs.  

 

The overall findings revealed that different communication patterns emerged as group 

members engaged in different types of tasks during the different design phases. The 

overall frequency of intra- and inter-sub-group communications, as well as the frequency 

of design topics in intra- and inter- sub-group communications, varied as groups 

progressed throughout the design task with some interesting patterns. At the same time, 

roles emerged organically, and sometimes shifted over the course of design process.  

 

First, intra-sub-group communication occurred the most in documentation and concept 

generation phases. As described in Study 2 (Chapter 4), in documentation phase group 

members allocated the work, such that one sub-group would be responsible for the 

conceptual sketch, while the others would be responsible for the use-case scenario. Thus, 

intra-sub-group communication was necessary to complete each outcome by sub-groups. 

Intra-sub-group communication frequently occurred during the concept generation phase 

(M=40%), meaning that less than half of all the utterances that occurred in this phase 

were not shared to distant partners. As shown in Figure 37, the design topics of structure 

and behavior constituted about 70% of communication in concept generation. As 

explained previously (Table 25), the design topics of structure and behavior refer to 

utterances associated with a design solution. Thus, a likely rationale for the frequency of 

intra-sub-group communication during this phase may be associated with the difficulty of 

explaining or describing design solutions to distant members—especially since the 

structural and behavioral aspects of a design solution can be ambiguous and require the 

conveyance of accurate spatial and procedural information. As Clark and Brennan (1991) 

explained via the principle of least collaborative effort, participants may have naturally 

chosen a strategy that required the least amount of effort with the greatest likelihood for 

successful knowledge conveyance by initially communicating an idea to their co-located 

partner. This behavior was particularly evident with respect to the design topics of 

structure and behavior, as participants qualitatively reported that these two types of 

design knowledge required more effort for successful knowledge transfer (Lee, Paretti, & 
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Kleiner, 2012). Interestingly, the design topics of structure and behavior also dominated 

in concept evaluation phase (Figure 37), yet intra-sub-group communication decreased 

when compared to concept generation phase (from 49% to 29%). One explanation to such 

result is that group members may have already established certain level of shared 

understanding regarding their design ideas in concept generation phase, so that 

communication to distant partners seemed to be easier in concept evaluation phase when 

compared to concept generation phase. These findings point to the importance of 

communication technology for PDCDTs. Since different types of information or 

knowledge require different levels of communication effort, less percent difference of 

intra-sub-group communication regarding structure and behavior between sub-groups 

would be expected if a communication technology were capable of transferring structural 

and behavioral types of knowledge in an efficient way. As explained in the Literature 

Review chapter (Chapter 2), this finding is to some extent explained by theories 

associated with computer-mediated communication, such as media synchronicity or task-

technology fit (Dennis et al., 2008; Zigurs & Buckland, 1998). Both theories emphasize 

the match between the functionalities provided by communication technology and 

communication needs from the tasks that team members must perform. In case of 

conceptual design task, communication technology must be capable of providing features 

such that structure and behavior types of design knowledge can be efficiently 

communicated between distant partners. Thus, if a given technology does not support 

successful transfer of the types of information or knowledge that need to be shared across 

sub-groups, PDCDT communication patterns may change (e.g., co-located partners 

communicating only with each other).  

 

Second, differences in percent occurrence of intra-sub-group communication by design 

topics between sub-groups were identified, as reported in Figure 38 and Table 29. A 

larger percentage difference indicates that a sub-group discussed a specific design topic 

only amongst themselves more frequently than the other sub-group. As illustrated in 

Figure 38, sub-groups showed a significant difference in the percent occurrence 

associated with the design topics of structure and behavior. Recall that design topics of 

structure and behavior are associated with design solutions, thus larger percentage 
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difference of intra-sub-group communication between sub-groups implies that one sub-

group talked about design solutions more to themselves when compared to the other sub-

group members. It is important to note that their primary objective was to develop a 

design solution, thus structure and behavior related utterances can be considered as one of 

the most important utterances to complete the task. Particularly, in Group 1, Sub-group 1 

talked 18% more about the structure-related design topics than Sub-group 2 members. 

Likewise, Sub-group 1 members in Group 2 talked approximately 17% more about the 

behavior-associated design topics than their distant counterparts. This result is 

particularly critical since it has the potential to negatively impact in-group dynamics (i.e., 

create in-group favoritism) or create a lack of knowledge sharing behaviors in partially 

distributed team settings. When such negative incidents occur, it restricts distant group 

members from commenting and critiquing design ideas. More importantly, the distant 

partners may also feel distrust, and conflict as reported in Study 1 (Chapter 4, Excerpts 

#27 and #28). 

 

To further examine how the results impacted group performance, these results were 

interpreted with the performance measures shown in Table 30 to identify likely impacts. 

One of the most significant differences identified between relatively high- and low-

performing groups was the difference in the breakdown of design topics during intra-sub-

group communications. Groups 1 and 2, which performed poorly among the four groups, 

showed large differences in the percent occurrence of the overall design topics (10% and 

8.4%, respectively). In contrast, Groups 3 and 4 (the relatively high performing groups) 

showed much smaller percent differences (6.4% and 4.4%, respectively). The design 

topics of structure and behavior showed the largest percent difference among all the 

design topics (both 10.2%). As explained above, these design topics are associated with 

design solutions, which are the core of conceptual design work. Although additional 

research is needed to elucidate the impact of intra-sub-group communication on 

performance, the findings indicate some negative potential outcomes. In particular, a 

significant level of percent difference in the design topics of structure and behavior 

between sub-groups points to diminished overall group performance in PDCTSs.  
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Third, it was evident that every sub-group that demonstrated a higher frequency of intra-

sub-group communication (Table 28) included a group leader(s) (leaders indicated as 

stars in Figure 39). One possible interpretation for this finding is that leaders generated 

design ideas, and thus a significant amount of utterances were associated with the design 

topics of structure and behavior. Moreover, since these design topics were relatively 

difficult to communicate to distant partners, more frequent intra-sub-group 

communication was necessary. In contrast, sub-groups that did not include an obvious 

group leader exhibited a relatively higher percentage of design process-related utterances. 

This finding could be due to the fact that a “leaderless” design process requires co-

located members to interact more frequently in order to confirm project status and level 

of understanding. Interestingly, in Group 4 [Figure 38-(d)], despite the fact that the group 

leader was in Sub-group 1, Sub-group 2 discussed behavior-related design topics at twice 

the rate of their distant sub-group members (22% and 11%). Likewise, there was a 

relatively marginal difference in the amount of discussion related to structure between the 

two sub-groups (4% difference). In Group 4, despite the fact that Sub-group 1’s group 

leader generated an idea, a Sub-group 2 member (P15, detailed designer and criticizer) 

worked closely to understand the details of the idea so that he could sketch out the 

solution. This result shows the positive aspects of inter-sub-group communication. 

However, it is difficult to conclude that frequent inter-sub-group communication has a 

positive impact on performance. For instance, Group 1 showed the highest percentage of 

inter-sub-group communication (80%, Table 28), yet scored the lowest. This result was 

rather unexpected since studies have reported the potential negative impacts of frequent 

intra-team communication on product design (Leenders, van Engelen, & Kratzer, 2003). 

Similar to the conclusions derived for intra-sub-group communication, more careful 

examination is needed in this area. Nonetheless, one possible interpretation for the 

finding is that intra-sub-group communication can have a positive impact on performance 

when tight collaboration occurs between two distant members whose roles are 

complementary. An alternative interpretation is that the frequency of intra-sub-group 

communication may have a relatively marginal influence on overall performance, while 

the differences in design topics in intra-sub-group communication has a more noticeable 

impact on performance. 
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5.5 LIMITATIONS 

Several limitations must be discussed in connection with this research. First, this study 

used a laboratory cohort of 16 individuals to generate findings. While the results 

generated some important insights in terms of understanding the analysis methods 

applied in this study, caution should be used in applying the results to PDCDTs. Future 

studies involving more sites or more group members should be conducted to test the 

findings. Another significant limitation is that this study’s participants did not know each 

other prior to taking part in this research—nor were they likely to collaborate in any way 

in the future. Thus, distributed teams comprised of members who know each other well—

or who have a past or likely future history of collaboration—may perform differently. 

Nonetheless, the results detailed herein may shed some light on newly formed distributed 

teams. Third, while coding the utterances, the length of utterances was not considered. 

This means that each utterance yielded one code regardless of its length. In this study, 

segmentation of utterances was based on turn-taking of conversation. Although this 

strategy is commonly used in conversation analysis, it is recommended to segment 

utterances by its content for future studies. Fourth, the identified design topics and roles 

may differ across different domains. In other words, the design topics identified in this 

study may only apply to the conceptual design domain; therefore, modification may be 

necessary when using the second analysis method. Lastly, only one communication 

technology condition was utilized in this study, making it essential to apply different 

analytical strategies in different communication technology settings to increase the 

validity of findings.  

 

5.6 CONCLUSIONS 

This study conducted an in-depth investigation of the communication patterns of 

PDCDTs by (1) examining the frequency of intra- and inter-sub-group communication, 

(2) identifying and quantifying design topics, and (3) investigating the emergence and 

influence of member roles over the course of the conceptual design task (designing a 

wheelchair ramp for a paraplegic). The findings revealed that intra- and inter-sub-group 
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communications had both positive and negative impacts on group performance. However, 

one of the most critical factors for determining these influences was the discrepancy in 

the percent occurrence of design topics by design phase—and particularly for the design 

topics of structure and behavior between sub-groups. Specifically, performance was 

shown to degrade when the percent difference was larger between sub-groups. This result 

was also influenced by the different member roles that emerged throughout the design 

process, which were subsequently identified by network analysis. Although group leaders 

tended to direct and discuss design solutions more than other members, they also did so 

more with their co-located partners due to difficulties in communicating structural and 

behavioral characteristics of design solutions with distant partners. Based on this and 

other role-related findings, role emergence was confirmed to influence intra- and inter-

sub-group communication patterns. For example, the presence of a geographically 

distributed leader and drawer tended to increase inter-sub-group communication, and thus 

may positively impact performance. In terms of design implications, communication 

technologies that are capable of conveying structural and behavioral aspects of design 

should be used between sub-group members that have complimentary roles, such as idea 

generator and detailed designer.  
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CHAPTER 6. DEVELOPMENT AND VALIDATION OF AN 

INSTRUMENT TO MEASURE SHARED UNDERSTANDING IN 

PARTIALLY DISTRIBUTED CONCEPTUAL DESIGN TEAMS 
 

6.1 INTRODUCTION 

This chapter describes the development and validation of an instrument for measuring 

shared understanding in the context of partially distributed conceptual design teams 

(PDCDTs). In Chapter 4, shared understanding was conceptualized and the input-

process-output (IPO) model of shared understanding was developed as a theoretical 

foundation for this study. This chapter describes questionnaire items developed to 

measure the four factors (awareness, interactivity, knowledge transferability, and 

cohesiveness) that have a direct impact on shared understanding (Figure 40).  

Awareness(

Interac,vity(

Knowledge((
Transferability(

Cohesiveness(

Shared'
Understanding'

 

Figure 40. Factors to measure shared understanding in PDCDTs. 

 

6.2 METHOD 

The procedure to develop and test the instrument included four steps (Sharma, Bearden, 

& Netemeyer, 2003): (1) define constructs and determine domain content, (2) develop 

measurement items and determine the appropriateness of the items, (3) conduct studies to 

test the instrument, and (4) modify and finalize the instrument. The constructs were 

defined and domain content determined through Study 1, resulting in four factors: 

awareness, interactivity, knowledge transferability, and cohesiveness. Each factor has 

sub-categories that were used to develop questionnaire items by drawing on existing 
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literature (§6.2). To test the instrument, first face and content validity of the initial 

questionnaire item were evaluated by groups of people who had expertise in the domain 

and modified accordingly, as described in Section 6.3.4. Data were then collected using 

the modified instrument. A total of 64 participants were recruited and randomly assigned 

to form 4-person groups (two dyad sub-groups, total 16 groups). The study used the same 

conceptual design task used in Study 1 (Chapter 4). As described in Chapter 3 

(Experiment 2, §3.3) the shared understanding questionnaire was administered twice: (1) 

after the concept generation phase, and (2) upon completion of the design task. This 

design was intended to capture the dynamic aspect of shared understanding. The 

collected data were then used to test the reliability and validity of the instrument (§6.3). 

The instrument was then modified based on test results to ensure reliability and validity. 

  

6.3 INSTRUMENT DEVELOPMENT 

A literature survey was conducted to better understand and situate the four factors 

(awareness, interactivity, knowledge transferability, and cohesiveness) that constituted 

shared understanding in the corresponding IPO model. Existing questionnaires were 

identified from the literature, and then items were modified or added to reflect the 

PDCDT setting. The following sections describe in detail how each section of 

questionnaire was developed. 

 

6.3.1 Awareness Questionnaire 

For this study, awareness is defined as the moment-to-moment perception of necessary 

elements, comprehension of their meanings, and projection of team members’ status (See 

Chapter 4, §4.3.3). The awareness construct has been widely used in collaboration 

research, yielding various types such as collaboration awareness (Lauwers & Lantz, 

1990), peripheral awareness (Benford, Bowers, & Fahlén, 1994; Bly, Harrison, & Irwin, 

1993; Gaver, 1992), background awareness (Bly et al., 1993), passive awareness 

(Dourish & Bellotti, 1992a; 1992b), mutual awareness (Benford et al., 1994; Pedersen & 

Sokoler, 1997; Schmidt, 1994), and workspace awareness (Gutwin, 1999; Gutwin & 

Greenberg, 2002). These variations signify the equivocality and ambiguity of the concept. 
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As Schmidt (2002) pointed out, awareness is only meaningful if it refers to the awareness 

of something, which is equivalent to ‘necessary elements’ in the awareness definition. 

Thus, awareness must be measured based on the type of awareness required for a specific 

context. In this regard, four types of awareness were identified in the PDCDT setting 

based on the analysis conducted for Experiment 1: (1) awareness of other’s attention, (2) 

awareness of other’s level of understanding, (3) awareness of what other’s are working 

on (design task), and (4) awareness of other’s emotion (Table 31).  

Table 31. Types of awareness. 

Type Definition 

Attention The extent to which one is aware of another’s attention, and the amount of 
effort required to catch another’s attention 

Level of 
understanding The extent to which one is aware of others members’ level of understanding 

Design task The extent to which one is aware of what others are working on associated 
with the design task 

Emotion The extent to which one is aware of others’ feelings 

 

Because each group included four members, each questionnaire item was asked three 

times to capture each participant’s awareness of each of the other three group members. 

For each type of awareness, the first question was directed towards a respondent’s co-

located partner, while the following two questions were directed towards the respondent’s 

distant partners. The full list of questions is provided in Table 32. Distinguishing each 

group member was necessary to reflect the partially distributed team setting.  

Table 32. Awareness questionnaire. 

Awareness 
type Code Item 

Attention 

AC1 I was able to catch my co-located partner’s attention. 
AD1 I was able to catch my distant partner’s ____________ attention. 
AD1 I was able to catch my distant partner’s ____________ attention. 
AC2 I was aware of my co-located partner’s attention. 
AD2 I was aware of my distant partner’s ____________ attention. 
AD2 I was aware of my distant partner’s ____________ attention. 

Level of 
Understanding 

AC3 I was aware of whether my co-located partner understood my 
explanation. 

AD3 I was aware of whether my distant partner ____________ understood 
my explanation. 
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AD3 I was aware of whether my distant partner ____________ understood 
my explanation. 

Design Task 

AC4 I was aware of what my co-located partner was working on. 

AD4 I was aware of what my distant partner ____________ was working 
on. 

AD4 I was aware of what my distant partner ____________ was working 
on. 

Emotion 
AC5 I was aware of my co-located partner’s feelings. 
AD5 I was aware of my distant partner’s ____________ feelings. 
AD5 I was aware of my distant partner’s ____________ feelings. 

Note: Coding scheme ‘A’ indicates awareness, ‘C’ indicates co-located, ‘D’ indicates distant. Blank lines 
were used to write distant partners’ names. 
 
The questionnaire has 15 items; 5 questions were directed towards the co-located partner, 

and the remaining 10 questions were directed towards distant partners. Responses were 

collected using a 7-point Likert-type scale with each number labeled as follows: 1: 

strongly disagree, 2: disagree, 3: somewhat disagree, 4: neutral, 5: somewhat agree, 6: 

agree, and 7: strongly agree. A 7-point scale was used to provide consistency with the 

response scales used in other instruments utilized in this study. 

  

6.3.2 Interactivity Questionnaire 

Prior research provides multiple definitions for interactivity, with differences associated 

primarily with the different entities involved in the interaction. For instance, McMillan 

(2005) offered an interactivity typology that included user-to-user, user-to-system, and 

user-to-documents. Similarly, Strommer-Galley (2004) divided interactivity into two 

categories: (1) interactivity between people, and (2) interactivity between people and 

technology. In computer-mediated communication, Rafaeli and Sudweeks (1997) defined 

interactivity as the extent to which messages relate to each other. In general, this study 

follows Rafaeli’s definition of interactivity. However, while Rafaeli’s definition focuses 

on information and message content, interactivity in this study focused more on 

willingness to listen and to respond to one another. Thus, interactivity is defined as 

communication patterns that characterize team members’ degree of interaction as 

determined by participants’ willingness to listen and to respond.  
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In PDCDTs, interactivity can be divided into intra- and inter-sub-group interactivity 

(Table 33). A high level of intra-sub-group interactivity is achieved when group members 

are very willing to listen and respond to their co-located partners. In contrast, a high level 

of inter-sub-group interactivity is achieved when group members are very willing to 

listen and respond to their distant partners.  

Table 33. Types of interactivity 

Type Definition 

Intra-sub-team The degree to which members within a sub-team are responsive to one 
another (i.e., willing to listen and to respond to co-located partners) 

Inter-sub-team The degree to which members across sub-teams are responsive to one another 
(i.e., willing to listen and to respond to distant partners) 

 

The interactivity questionnaire was based on the Relational Communication Scale (RCS) 

developed by Burgoon and Hale (1987). The RCS was selected because it includes 

questions that probe the two characteristics of interactivity (willingness to talk and to 

respond). Specifically, as shown in Table 34, the interactivity questionnaire items asked 

participants’ perceptions of (1) their own willingness to listen to others (IC1, ID1 in 

Table 34), (2) their perception of other’s willingness to listen to them (IC2, ID2), (3) their 

willingness to respond to others (IC3, ID3), and (4) their perception of other’s 

willingness to respond to them (IC4, ID4). As with awareness, each question was asked 

three times, such that the first question was directed towards respondent’s co-located 

partner followed by two questions that were directed towards each distant partner (Table 

34).  

Table 34. Interactivity questionnaire. 

Interactivity 
Type Code Item 

Intra-sub-team 

IC1 I was willing to listen to my co-located partner. 
IC2 My co-located partner was willing to listen to me. 
IC3 I was willing to respond to my co-located partner. 
IC4 My co-located partner was willing to respond to me. 

Inter-sub-team 

ID1 I was willing to listen to my distant partner ____________. 
ID1 I was willing to listen to my distant partner ____________. 
ID2 My distant partner ____________ was willing to listen to me. 
ID2 My distant partner ____________ was willing to listen to me. 
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ID3 I was willing to respond to my distant partner ____________. 
ID3 I was willing to respond to my distant partner ____________. 

ID4 My distant partner ____________ was willing to respond to 
me. 

ID4 My distant partner ____________ was willing to respond to 
me. 

Note: Coding scheme ‘I’ indicates interactivity, ‘C’ indicates co-located, ‘D’ indicates distant. Blank lines 
were used to write distant partners’ names. 
 
The interactivity questionnaire consisted of 12 questions in total. Four questions asked 

about the co-located partner, and the remaining eight questions asked about distant 

partners. The responses were obtained using a 7-point Likert type scale, which is 

consistent with the original RCS.  

 

6.3.3 Knowledge Transferability Questionnaire 

As reported in Chapter 4, knowledge transferability refers to the amount of effort 

required to successfully transfer different types of design knowledge to recipients. Six 

types of design knowledge were identified in Study 1: (1) function, (2) structure, (3) 

behavior, (4) process, (5) concept, and (6) value. These types were based on the function-

behavior-structure (FBS) design ontology in cognitive science (Gero & Kannengiesser, 

2007), along with additional knowledge types intended to emphasize the communication 

aspect of design. The definitions for each type of design knowledge are presented in 

Table 35.  

Table 35. Types of design knowledge. 

Type Definition 

Function Objective of a design solution or components of the design 
Structure Structural components, their properties and relationships of a design solution 

Behavior Movement of a design or components of the design 

Procedure Procedure of operating the design 
Concept 

(mechanism) Theoretical principles or mechanisms that are applied to a design 

Value  Quality of a design solution 
 

The knowledge transferability questionnaire examines a speaker’s perceived level of 

difficulty in explaining each type of design knowledge to co-located and distant partners. 
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To do so, the questions probed the amount of effort required in each case. Unlike 

awareness or interactivity questionnaires, in knowledge transferability question was 

asked only twice: regarding co-located and regarding distant group members (Table 36). 

Perceptions of knowledge transfer to distant members were not segregated by person, 

because the purpose of the questionnaire was to identify participants’ general experience 

with the amount of effort required to transfer different types of knowledge in different 

communication contexts (co-located or distant), independent of individuals. This 

approach is necessarily limited in that each participant had only one co-located partner, 

but it does allow for a more general response for distant partners.  

Table 36. Knowledge transferability questionnaire. 

Knowledge 
Type Code Item 

 KC1 It was easy to explain what the design solution achieves to my co-
located partner. 

Function KD1 It was easy to explain what the design solution achieves to my 
distant partners. 

Structure 

KC2 It was easy to explain what the design solution looks like (e.g., 
shape, length, angle) to my co-located partner. 

KD2 It was easy to explain what the design solution looks like (e.g., 
shape, length, angle) to my distant partners. 

KC3 It was easy to explain where the parts and pieces of the design 
solution are attached to my co-located partner. 

KD3 It was easy to explain where the parts and pieces of the design 
solution are attached to my distant partners. 

Behavior 
KC4 It was easy to explain how the design solution moves to my co-

located partner. 

KD4 It was easy to explain how the design solution moves to my distant 
partners. 

Procedure 
KC5. It was easy to explain the procedure of how to operate the design 

solution to my co-located partner. 

KD5. It was easy to explain the procedure of how to operate the design 
solution to my distant partners. 

Concept 
KC6. It was easy to explain the mechanism (e.g., pulley, hydraulic, spring, 

lever systems) of the design solution to my co-located partner. 

KD6. It was easy to explain the mechanism (e.g., pulley, hydraulic, spring, 
lever systems) of the design solution to my distant partners. 

Value 

KC7 
It was easy to explain the values (e.g., safety, ergonomics, 
aesthetics, costs, etc.) regarding the design solution to my co-located 
partner. 

KD7 
It was easy to explain the values (e.g., safety, ergonomics, 
aesthetics, costs, etc.) regarding the design solution to my distant 
partners. 
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A total of 14 items were asked; seven questions measured the difficulty in explaining 

knowledge to the co-located partner, and seven measured the difficulty in explaining 

knowledge to the distant partners. The responses were obtained using a 7-point Likert-

type scale, which is equivalent to those used in the awareness and interactivity 

questionnaires.  

 

6.3.4 Cohesiveness Questionnaire 

As defined in Study 1 (Chapter 4, §4.3.6), cohesiveness refers to group members’ 

perceptions of closeness to the group as a whole and to other members. As implied in the 

definition, the factor constitutes two different levels: (1) group and (2) individual level. 

To measure the concept along those two levels, two existing instruments were used. The 

first six questions were adapted from the Group Environment Questionnaire (GEQ) to 

measure group level cohesiveness (Widmeyer, Brawley, & Carron, 1985). For this study, 

the group task-related questions of GEQ were used with some minor modifications to 

reflect the partially distributed team setting (Table 37, C1-C5). Unlike other previously 

explained questionnaires (awareness, interactivity, and knowledge transferability), the 

response scale for the items did not distinguish between co-located or distant group 

members because the term “cohesiveness,” as used in the original instrument (GEQ), 

views the entire group as one unit, and does not assess individuals’ perceptions of 

closeness towards any one group member.  

 

To measure the individual level cohesiveness, the Inclusion of Self in Other instrument 

was used (Aron et al., 1992). The instrument uses two Venn diagrams (Table 37, 

Questions 6-8) to represent the degree of closeness between group members. Similar to 

the awareness and interactivity questionnaires, an item was asked three times to capture 

each group member’s perception of closeness towards each of the other three group 

members. 

Table 37. Cohesiveness instrument. 

Code Item 

C1. Our team is united in trying to reach its goals for performance. 
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C2. We all take responsibility for any loss or poor performance by our team. 

C3. Our team members have conflicting aspirations for the team’s performance. 

C4. If members of our team have problems during the task, everyone wants to help them 
so we can move forward. 

C5. Our team members do not communicate freely about each member’s responsibilities 
during the task. 

C6. 

Please circle the number below which best describes your relationship with your co-
located partner.  

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

1! 2! 3! 4!

5! 6! 7!  

C7. 

Please circle the number below which best describes your relationship with your 
distant partner ______________. 

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

1! 2! 3! 4!

5! 6! 7!  

C8. 

Please circle the number below which best describes your relationship with your 
distant partner ______________. 

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

1! 2! 3! 4!

5! 6! 7!  
Note: Blank line in C7 and C8 were used to write distant partners’ names. 

Collecting both group and individual level cohesiveness measures provides a mechanism 

to explain team dynamics in more detail. For example, cohesiveness influences 

interactivity, as illustrated when one participant explained that she could express less 

concrete ideas to her co-located partner because she felt closer to this partner (Excerpt 

#54, Chapter 4). Thus, to identify instances of differential cohesiveness (i.e. being closer 
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to some group members over others), it was necessary to obtain individual level of 

perceived closeness.  

 

In sum, there were a total of eight items in the cohesiveness questionnaire; five items 

were adapted from the GEQ questionnaire, and the remaining three items were adapted 

from the Self in Other instrument. The items drawn from GEQ questionnaire used a 9-

point Likert-type scale (1 indicating strongly disagree and 9 indicating strongly agree) to 

be consistent with the original questionnaire. The Self in Other instrument used the 7-

point Likert-type scale, with 1 indicating no overlap and 7 indicating the most overlap. 

This rating scale is equivalent to those used in the original Self in Other instrument.  

 

6.4 INSTRUMENT VALIDATION METHODS 

This section describes the process used to evaluate the reliability and validity of the 

questionnaires described in the previous section. The awareness, interactivity, knowledge 

transferability, and cohesiveness questionnaire were compiled into a single instrument to 

measure shared understanding. Table 38 summarizes the validation process.  

Table 38. Statistical analysis methods used. 

Step Purpose Analysis methods 

1 Test the differences between co-located & 
distant questionnaire items • Exploratory factor analysis (EFA) 

2 Test the Normality assumption • Shapiro–Wilk test 

3 Provide descriptive statistics for both co-
located and distant questionnaires 

• Mean 
• Standard deviation 
• Skewness 
• Kurtosis 

4 Test Reliability • Cronbach’s α 

5 Test face and content validity • Review by experts, graduate students, 
and undergraduate students 

6 Test the adequacy for factor analysis 
• Correlation matrix 
• Kaiser-Meyer-Olkin (KMO) measure of 

sampling accuracy 

7 
Construct validity 1– test the convergent 
validity for both co-located and distant 
questionnaires 

• Exploratory factor analysis–4 factor 
model 

8 
Construct validity 2– test the discriminant 
validity for both co-located and distant 
questionnaires 

• Confirmatory factor analysis–
comparison between 1 factor and 4 
factor models 
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9 
Construct validity 3– test the discriminant 
validity for both co-located and distant 
questionnaires 

• Average Variance Extracted (AVE) 
estimates 

10 Criterion validity for both co-located and 
distant questionnaires 

• Correlation analysis between 
constructs, and trust and conflict 
measures 

 

Step 1 was designed to test whether co-located and distant questionnaire items should be 

treated as a single instrument or two different instruments. Hypothetically, the 

participants’ perceptions of awareness, interactivity, knowledge transferability, and 

cohesiveness towards their co-located partner were expected to differ from those towards 

their distant partners. Thus, it was reasonable to treat co-located and distant questions as 

two separate instruments. To test the argument, a two-factor exploratory factor analysis 

was conducted for each construct (co-located and distant). This argument was supported 

since the factor loadings of the exploratory factor analysis results showed a clear 

distinction between co-located and distant questionnaire items (§6.4.1). Thus, the 

remaining analyses treated co-located and distant shared understanding data separately.  

 

The normality assumption was tested for each construct (Step 2) using the Shapiro–Wilk 

test for both co-located and distant shared understanding questionnaires (C-SUQ and D-

SUQ, respectively) (§6.4.2). In Step 3, descriptive statistics such as mean, standard 

deviation, skewness, and kurtosis were calculated for both C-SUQ and D-SUQ (§6.4.2). 

Skewness and kurtosis were calculated because none of the data satisfied the normality 

assumption from Step 2. In Step 4, the reliability of the instrument was tested for each 

construct by computing Cronbach’s alpha (α) (§6.4.3).  

 

In the final six steps, four types of validity were tested: face, content, construct, and 

criterion validity as listed in Table 39.  

Table 39. Types of validity (Gravetter & Forzano, 2011). 

Validity Type Description 

Face The appearance of an instrument, such as ease of use, clarity, and 
readability 

Content Instrument’s representativeness of the topic regarding the domain, 
including credibility, breadth of knowledge, and relevance  
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Construct 
The degree to which an operational measure correlates with the theoretical 
concept investigated; i.e., whether an instrument actually measures what it 
is supposed to measure  

Criterion 
The accuracy of an instrument based on comparisons to a previously 
established valid instrument, or correlations of an instrument to other 
external criteria identified as the gold standard  

 

Face and content validity of the instrument were tested by groups of experts (five 

Virginia Tech professors from the Departments of Industrial and Systems Engineering, 

Engineering Education, and Mechanical Engineering), graduate students, and 

undergraduate students in Step 5 (§6.4.4). In Step 6, prior to testing the construct validity, 

the correlation among the constructs was examined, followed by the Kaiser-Meyer-Olkin 

(KMO) measure of sampling accuracy to test the adequacy of conducting factor analysis 

(§6.4.5.1).  

 

To test the construct validity, convergent and discriminant validity were assessed 

(Campbell & Fiske, 1959). Construct validity refers to the degree to which an instrument 

does, in fact, measure the theoretical constructs that it is supposed to measure. To 

evaluate the construct validity of the instrument, convergent and discriminant validity 

were tested. Convergent validity examines whether questionnaire items that measure the 

same construct are, in fact, related; discriminant validity tests whether questionnaire 

items that measure different constructs are unrelated (Campbell & Fiske, 1959). In Step 

7, convergent validity was tested for both C-SUQ and D-SUQ using exploratory factor 

analysis (§6.4.5.2 and §6.4.5.3). Likewise, in Step 8, discriminant validity was tested for 

both C-SUQ and D-SUQ using confirmatory factor analyses (§6.4.5.4). In addition, 

average variance extracted (AVE) estimates were calculated and compared with shared 

variances to test the discriminant validity of the questionnaire in Step 9 (§6.4.5.5).  

 

Lastly, in Step 10, criterion validity was tested by examining correlations among the four 

factors versus trust and conflict. As explained in Study 1 (Chapter 4), trust and conflict 

were identified as emergent states and are considered to be highly correlated with the 

level of shared understanding. Thus, it was reasonable to examine the correlations among 

the four factors and the emergent states to test the criterion validity. 
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A statistical software package, SAS 9.0, was used only for confirmatory factor analysis. 

The remaining statistical analyses were conducted using JMP 10.0. Statistical 

significance was determined at the alpha level of .05. All the factor analyses used 

varimax rotation method. The subsequent sections report the results.  

 

6.5 INSTRUMENT VALIDATION RESULTS 

6.5.1 Distinction between Co-located & Distant Questionnaire Items (Step 1) 

An exploratory factor analysis was conducted for each construct to determine whether the 

reliability and validity of the co-located and distant shared understanding questionnaire 

items should be analyzed as two different instruments. The first five questions in the 

cohesiveness questionnaire were not included in this analysis, since these items were 

associated with a whole-group construct. A two-factor exploratory factor analysis was 

conducted to identify the distinction between co-located and distant questionnaire items. 

The results are reported in Table 40. 

Table 40. Exploratory factor analyses results for awareness, interactivity, and knowledge 
transferability instruments.  

Item Awareness Factor 1  
(Distant) 

Factor 2 
(Co-located) 

AC1 Able to catch co-located partner’s attention  .640 
AD1 Able to catch distant partner 1’s attention .771  
AD1 Able to catch distant partner 2’s attention .768  
AC2 Co-located partner’s attention  .823 
AD2 Distant partner 1’s attention .767  
AD2 Distant partner 2’s attention .749  
AC3 Co-located partner’s level of understanding  .787 
AD3 Distant partner 1’s level of understanding .793  
AD3 Distant partner 2’s level of understanding .746  
AC4 What co-located partner was working on  .813 
AD4 What distant partner 1 was working on .652  
AD4 What distant partner 2 was working on .665  
AC5 Co-located partner’s emotion  .757 
AD5 Distant partner 1’s emotion .658  
AD5 Distant partner 2’s emotion .621  

Item Interactivity Factor 1 
(Distant) 

Factor 2 
(Co-located) 

IC1 Willingness to listen to co-located partner  .630 
ID1 Willingness to listen to distant partner 1 .822  
ID1 Willingness to listen to distant partner 2 .778  
IC2 Co-located partner’s willingness to listen  .891 
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ID2 Distant partner’s willingness to listen 1 .631 .515 
ID2 Distant partner’s willingness to listen 2 .644 .599 
IC3 Respond to co-located partner  .759 
ID3 Respond to distant partner 1 .860  
ID3 Respond to distant partner 2 .839  
IC4 Co-located partner’s response  .720 
ID4 Distant partner 1’s response .714  
ID4 Distant partner 2’s response .499  

Item Knowledge transferability Factor 1 
(Distant) 

Factor 2 
(Co-located) 

KC1 Design function  .824 
KD1 Design function .798  
KC2 Design structure  .881 
KD2 Design structure .865  
KC3 Design composition  .873 
KD3 Design composition .894  
KC4 Design behavior  .850 
KD4 Design behavior .909  
KC5 Design procedure  .812 
KD5 Design procedure .792  
KC6 Design concept  .865 
KD6 Design concept .671  
KC7 Design values  .685 
KD7 Design values .480  

Item Cohesiveness Factor 1 
(Distant) 

Factor 2 
(Co-located) 

C5 Closeness towards co-located partner .425  
C6 Closeness towards distant partner .816  
C7 Closeness towards distant partner .807  

Note1: AC=awareness co-located, AD=awareness distant, IC=interactivity co-located, ID=interactivity 
distant, KC=knowledge transferability co-located, KD=knowledge transferability distant. 
Note2: Factor loadings less than .40 are not included in this table. 
Note3: Highlighted row indicates co-located questionnaire items. 
 

The factor loadings indicated a clear distinction between co-located and distant 

questionnaire items of awareness and knowledge transferability questionnaires. However, 

ID2 in the interactivity questionnaire cross-loaded onto both factors (co-located and 

distant), meaning that the responses of ID2 correlated with both co-located and distant 

interactivity responses, whereas it should only correlate to distant interactivity responses. 

ID2 asked participant’s perception of their distant partners’ willingness to listen. One 

explanation for the cross-loading is that it may be difficult to identify distant partners’ 

willingness to listen. Such reason may have reduced the distinction between co-located 

and distant responses. Another exception was found in cohesiveness items. All 

questionnaire items loaded onto one factor (distant partners). However, the factor 

loadings showed notable differences between co-located (C5) and distant (C6 and C7) 
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responses, meaning that there is some distinction between co-located and distant 

responses.  

 

Because all the remaining items showed clear differences between the co-located and 

distant questionnaires, it is reasonable to treat the shared understanding questionnaire into 

co-located and distant questionnaires. Therefore, for further analyses, the shared 

understanding questionnaire was separated into two instruments: (1) co-located shared 

understanding questionnaire (C-SUQ), and (2) distant shared understanding questionnaire 

(D-SUQ).  

 

6.5.2 Normality Test & Descriptive Statistics (Steps 2-3) 

The mean, standard deviation, Shapiro-Wilk W statistics, skewness, and kurtosis for the 

co-located and distant shared understanding questionnaire responses are reported in Table 

41 and Table 42, respectively. The normality assumption was tested for both C-SUQ and 

D-SUQ using Shapiro-Wilk test. As shown in these tables, all the p-values were below 

.005, meaning that none of the data were from normal distributions. Therefore, skewness 

and kurtosis were computed. According to Curran, West, and Finch (1996), if the 

absolute value of skewness is less than 2.0 and kurtosis is less than 7.0, it is safe to use 

maximum likelihood estimates for factor analysis. Skewness and kurtosis describe the 

shape of the observed data around the mean. Specifically, skewness measures the degree 

of asymmetry. A positive skewness indicates a longer right tail of the probability density 

function, meaning that most values are concentrated on the left side of the mean. 

Conversely, negative skewness denotes a longer left tail of the distribution, and thus most 

data points are concentrated on the right side of the mean. Kurtosis measures whether the 

data are peaked or flat in relation to the normal distribution. A high kurtosis indicates fat 

tails with a low or even distribution, whereas a low kurtosis corresponds to skinny tails 

with values more centered towards the mean.  

Table 41. Descriptive statistics and data normality of co-located shared understanding 
questionnaire. 

Item Mean 
(N=128) 

Standard 
Deviation 

Shapiro-Wilk W 
statistics (p-value) Skewness Kurtosis 



 

 170 

AC1 6.453 .986 .569 (<.0001) -3.261* 14.210* 
AC2 6.191 1.175 .695 (<.0001) -1.858 3.141 
AC3 5.976 1.232 .755 (<.0001) -1.800 3.741 
AC4 6.125 1.235 .697 (<.0001) -2.148 5.288 
AC5 5.656 1.318 .843 (<.0001) -1.140 .955 
IC1 6.695 .582 .568 (<.0001) -2.020* 4.159 
IC2 6.601 .756 .575 (<.0001) -2.402* 6.438 
IC3 6.656 .657 .565 (<.0001) -2.540* 8.656* 
IC4 6.476 .904 .622 (<.0001) -2.327* 6.387 
KC1 6.140 1.127 .696 (<.0001) -2.290* 6.935 
KC2 5.984 1.150 .766 (<.0001) -1.830 4.695 
KC3 6.000 1.183 .768 (<.0001) -1.793 4.433 
KC4 6.023 .999 .793 (<.0001) -1.488 3.274 
KC5 6.031 1.071 .771 (<.0001) -1.778 4.657 
KC6 5.921 1.246 .796 (<.0001) -1.462 2.337 
KC7 6.132 1.096 .763 (<.0001) -1.468 1.946 
C1 7.890 1.095 .831 (<.0001) -1.275 2.513 
C2 7.312 1.494 .887 (<.0001) -.680 -.422 
C3 6.820 2.105 .858 (<.0001) -1.065 .315 
C4 6.929 1.823 .891 (<.0001) -.938 .541 
C5 6.382 2.245 .894 (<.0001) -.553 -.909 
C6 4.153 1.189 .968 (<.0046) -.474 .304 

Note: AC=awareness co-located, IC=interactivity co-located, KC=knowledge transferability co-located, 
C=cohesiveness. 
* Indicates values that do not satisfy Curran et al.’s recommendations. 
 

Table 42. Descriptive statistics and data normality of distant shared understanding 
questionnaire. 

Item Mean 
(N=128) 

Standard 
Deviation 

Shapiro-Wilk W 
statistics (p-value) Skewness Kurtosis 

AD1 5.585 1.224 .893 (<.0001) -.962 1.182 
AD2 5.406 1.141 .933 (<.0001) -.411 -.232 
AD3 5.355 1.205 .923 (<.0001) -.725 .521 
AD4 4.585 1.478 .949 (<.0001) -.378 -.460 
AD5 4.867 1.316 .953 (.0003) -.145 -.621 
ID1 6.539 .730 .671 (<.0001) -1.552 1.958 
ID2 6.179 .995 .789 (<.0001) -1.160 .601 
ID3 6.304 .982 .735 (<.0001) -1.481 1.715 
ID4 5.988 1.123 .831 (<.0001) -.922 -.061 
KD1 4.867 1.476 .910 (<.0001) -.677 -.156 
KD2 4.585 1.471 .923 (<.0001) -.487 -.536 
KD3 4.460 1.556 .913 (<.0001) -.549 -.566 
KD4 4.718 1.484 .901 (<.0001) -.589 -.534 
KD5 4.859 1.384 .909 (<.0001) -.593 -.272 
KD6 4.773 1.583 .916 (<.0001) -.598 -.370 
KD7 5.593 1.449 .822 (<.0001) -1.056 .140 
C1 7.890 1.095 .831 (<.0001) -1.275 2.513 
C2 7.312 1.494 .887 (<.0001) -.680 -.422 
C3 6.820 2.105 .858 (<.0001) -1.065 .315 
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C4 6.929 1.823 .891 (<.0001) -.938 .541 
C5 6.382 2.245 .894 (<.0001) -.553 -.909 
C6 4.153 1.189 .968 (.0046) -.474 .304 

Note: AD=awareness distant, ID=interactivity distant, KD=knowledge transferability distant, 
C=cohesiveness. 
* Indicates values that do not satisfy Curran et al.’s recommendations. 
 

Based on the calculations of skewness and kurtosis, the co-located shared understanding 

questionnaire responses had six instances that did not conform to Curran et al.’s 

recommendations. In particular, the absolute values of skewness for interactivity 

questionnaire items (IC1~IC4) were all slightly larger than 2.0, and the kurtosis value for 

IC3 was also larger than 7.0. In addition, the skewness and kurtosis values for AC1 did 

not satisfy the criteria. Several data transformation techniques were tested (e.g., log-

normal transformation) to transform the data distribution to be more similar to a normal 

distribution, yet none of the transformations yielded a satisfactory result. Thus, these 

issues are left as one of the limitations of the co-located shared understanding instrument 

that requires further examination and modification. For the distant shared understanding 

questionnaire responses, all questionnaire items satisfied the criteria. 

 

6.5.3 Instrument Reliability (Step 4) 

To test the internal consistency of the questionnaires, Cronbach’s α was calculated for 

each item and factor. Table 43 reports the results  

 

Table 43. Internal consistency results for each item and construct. 

Item code Sub-category 
Cronbach’s α 

Co-located Distant 
Item Factor Iteam Factor 

AC1, AD1 
AC2, AD2 
AC3, AD3 
AC4, AD4 

Attention  
Level of understanding 
Task 
Emotion 

.878 

.840 

.854 

.859 

.882 

.855 

.850 

.853 

.876 

.864 

.856 

IC1, ID1 
IC2, ID2 
IC3, ID3 
IC4, ID4 

One’s willingness to listen 
Other’s willingness to listen 
One’s willingness to respond 
Other’s willingness to 
respond 

.850 

.792 

.796 

.856 

.862 

.877 

.847 

.847 

.861 

.890 
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KC1, KD1 
KC2, KD2 
KC3, KD3 
KC4, KD4 
KC5, KD5 
KC6, KD6 
KC7, KD7 

Function 
Structure 
Behavior 
Concept 
Process 
Concept 
Value 

.940 

.939 

.937 

.939 

.941 

.937 

.953 

.949 

.917 

.918 

.913 

.912 

.915 

.921 

.938 

.930 

C1 
C2 
C3 
C4 
C5 

 
C6-C8 

Unity 
Responsibility 
Aspiration 
Willingness to support 
Freedom to talk about 
responsibility 
Extent of closeness 

.711 

.720 

.748 

.687 

.701 
 

.729 

.779 

.711 

.720 

.748 

.687 

.701 
 

.729 

.779 

Note: AC=awareness co-located, AD=awareness distant, IC=interactivity co-located, ID=interactivity 
distant, KC=knowledge transferability co-located, KD=knowledge transferability distant, C=cohesiveness. 
 

As Nunnally suggested, the Cronbach’s coefficient alpha should be higher then 0.7 to be 

at an acceptable level of reliability (Nunnally, Bernstein, & Berge, 1978). The 

Cronbach’s α values for individual items of C-SUQ ranged from 0.687 to 0.953, and for 

each factor the values ranged from .779 to .949. The Cronbach’s α values for individual 

items of D-SUQ ranged from .687 to .938, and for each factor the values ranged 

from .779 to .930. Since the Cronbach’s α values for each construct were higher than 0.7, 

the reliability was confirmed.  

 

6.5.4 Face and Content Validity (Step 5) 

The face and content validity were checked by a group of experts, a group of graduate 

students, and a group of undergraduate students. As noted earlier, the expert group was 

comprised of five Virginia Tech professors from the Departments of Industrial and 

Systems Engineering, Engineering Education, and Mechanical Engineering). The 

graduate student group included seven graduate students from the Departments of 

Industrial and Systems Engineering and Engineering Education. Last, two undergraduate 

students reviewed the shared understanding instrument. The researcher showed the initial 

shared understanding instrument to all three groups and each construct was explained 

along with the input-process-output model of shared understanding (Chapter 4, §4.3.2). It 

should be noted that the researcher specifically asked the expert group to focus on both 
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face and content validity of the questionnaire, whereas face validity was the main focus 

for the graduate and undergraduate groups.  

 

Based on the reviews, three major revisions were made. First, a distinction was made 

between co-located and distant group members. The original questions only asked the 

respondent’s perception of a group as a whole. However, the modified questions were 

directed to each group member, and thus distinguished between co-located and distant 

group members. Second, the terms used for design knowledge were re-phrased or 

reworded to increase comprehensibility. For example, the terms design function” and 

“design behavior” were re-phrased to “what the design achieves” and “how the design 

solution moves,” respectively. All other design knowledge terms were re-phrased to 

ensure participants’ accurate comprehension. Last, an existing cohesiveness instrument 

(GEQ, explained in the instrument development section) was added in addition to Aron et 

al.’s Inclusion of Self in Other instrument to ensure that the instrument was able to 

capture a group level measurement for cohesiveness. Finally, minor revisions were made 

on the ease of comprehension, clarity and readability of the questions. Participants’ 

overall feedback regarding the instrument was very positive. 

 

6.5.5 Construct Validity (Steps 6-9) 

6.5.5.1 Testing the Adequacy for Factor Analysis 

In order to conduct factor analysis, the sample size has to meet certain criteria. The 

general rule of thumb in the literature recommends at least 100 respondents (Gorsuch, 

1983; Hatcher, 1994; Kline, 1979; MacCallum, Widaman, Zhang, & Hong, 1999). In this 

study, the data were collected from 64 participants at two different times (after both the 

concept generation phase and the documentation phase), yielding a sample size of 128, 

which satisfies the recommended rule. Prior to performing factor analysis, the suitability 

of the data for factor analysis was assessed by inspecting correlation analyses results and 

computing Kaiser-Meyer-Olkin (KMO) values for both C-SUQ and D-SUQ. The 

correlation coefficient between factors had to be greater than .30 in order to qualify for 

factor analysis (Hair, Black, Anderson, & Tatham, 1998). Conversely, lower correlation 
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values indicate that constructs are unrelated, making factor analysis meaningless. The 

correlation analyses results are reported in Table 44 and Table 45.  

Table 44. Spearman’s ρ correlation analysis results using mean values of each construct 
in C-SUQ. 

 
AC IC KC C 

AC 1 
   IC .709* 1 

  KC .488* .421* 1 
 C .554* .421* .470* 1 

Note: AC=awareness co-located, IC=interactivity co-located, KC=knowledge transferability co-located, 
C=cohesiveness. 
* Indicates p-value <.0001 

Table 45. Spearman’s ρ correlation analysis results using mean values of each construct 
in D-SUQ. 

 
AD ID KD C 

AD 1 
   ID .624* 1 

  KD .642* .495* 1 
 C .495* .447* .409* 1 

Note: AD=awareness distant, ID=interactivity distant, KD=knowledge transferability distant, 
C=cohesiveness. 
* Indicates p-value <.0001 

The correlation analyses results indicated that both C-SUQ and D-SUQ were sufficient 

for factor analysis. The Spearman’s ρ for C-SUQ ranged from .470 to .709, while the 

Spearman’s ρ for D-SUQ ranged from .409 to .695, all exceeding the recommended 

correlation coefficient of .30.  

 

The KMO measure of sampling adequacy is an index to compare the magnitudes of the 

observed correlation coefficient to the magnitudes of the partial correlation coefficients. 

Larger KMO values indicate that the data satisfy the conditions for factor analysis. 

According to Kaiser (1974) the recommended KMO value should exceed .60. The KMO 

values are reported in Table 46. 

Table 46. KMO values for C-SUQ and D-SUQ. 

Co-located 
Item 

KMO 
value 

Distant 
Item 

KMO 
value 

AC1 .923 AD1 .907 
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AC2 .919 AD2 .897 
AC3 .899 AD3 .948 
AC4 .892 AD4 .853 
AC5 .924 AD5 .905 
IC1 .879 ID1 .906 
IC2 .944 ID2 .927 
IC3 .915 ID3 .910 
IC4 .928 ID4 .919 
KC1 .928 KD1 .958 
KC2 .927 KD2 .896 
KC3 .937 KD3 .868 
KC4 .936 KD4 .871 
KC5 .929 KD5 .844 
KC6 .945 KD6 .910 
KC7 .931 KD7 .941 
C1 .830 C1 .869 
C2 .824 C2 .864 
C3 .789 C3 .852 
C4 .881 C4 .870 
C5 .845 C5 .831 
C6 .951 C6 .889 

Overall MSA .915 Overall MSA .898 
Note: AC=awareness co-located, IC=interactivity co-located, KC=knowledge transferability co-located, 
C=cohesiveness, MSA= measure of sampling adequacy.  
 

The KMO measure of sampling accuracy for C-SUQ ranged from .789 to .951, with an 

overall measure of sampling adequacy (MSA) of .915. For D-SUQ, the KMO values 

ranged from .844 to .958, with an overall MSA of .898. All the KMO values exceeded 

the Kaiser’s recommended value of .60, meaning that the data are adequate for factor 

analysis.  

 

6.5.5.2 Convergent Validity of Co-located Shared Understanding Questionnaire (C-SUQ) 

An exploratory factor analysis (EFA) was conducted to test the convergent validity of the 

C-SUQ. The factor loadings of questionnaire items that were developed to measure a 

factor had to converge to the factor to which they belonged. For example, all the 

awareness questionnaire items had to show strong factor loadings on awareness (Factor 1 

in Table 47). Table 47 reports the EFA results for C-SUQ; highlighted rows indicate 

constructs where items loaded onto multiple factors, factors other than their target, or no 

factors (< .4).  
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Table 47. Exploratory factor analysis results for co-located shared understanding 
questionnaire (C-SUQ). 

Item 
Factor 1 Factor 2 Factor 3 Factor 4 

Awareness Interactivity Knowledge 
Transferability Cohesiveness 

AC1 .480 .469   
AC2 .697    
AC3 .544  .417  
AC4 .813    
AC5 .609    
IC1  .501   
IC2 .546 .526   
IC3  .825   
IC4 .709    
KC1   .736  
KC2   .851  
KC3   .882  
KC4   .853  
KC5   .751  
KC6   .792  
KC7   .599  
C1    .77 
C2    .73 
C3     
C4    .609 
C5    .454 
C6   .598  

Eigenvalue 10.627 2.092 1.746 1.129 
% Variance 25.712 16.116 12.258 9.765 

Note: AC=awareness co-located, IC=interactivity co-located, KC=knowledge transferability co-located, 
C=cohesiveness. Factor loadings < .40 were not included in this table. 
 

Overall, questionnaire items that measured the same factor converged to a single factor, 

and clear distinctions of factor loadings were identified among items that measured 

different constructs. However, as indicated by the highlighted items, a few cross-loadings 

were identified. AC1 showed cross-loadings on Factors 1 (awareness) and 2 

(interactivity). AC1 asked the extent to which one is able to catch her co-located partner’s 

attention. Conceptually, being able to catch someone’s attention and being responsive 

(interactivity) are closely associated. In this case, awareness can be considered as a 

precursor of interactivity. AC3 cross-loaded on Factors 1 (awareness) and 3 (knowledge 



 

 177 

transferability). AC3 asked the extent to which one was aware of whether her co-located 

partner understood her explanation. A possible explanation is that awareness of level of 

understanding and knowledge transferability can be related. Knowledge transferability 

refers to a speaker’s perception regarding the amount of effort required to convey ideas; 

thus, being aware of another’s level of understanding may positively influence 

knowledge transferability. Despite the fact that AC1 and AC3 showed cross-loadings, 

these items were retained in the model since the cross-loadings of AC1 and AC3 are to 

some extent explainable and conceptually meaningful.  

 

Two issues were identified in the interactivity items: (1) IC2 cross-loaded on Factors 1 

(awareness) and 2 (interactivity), and (2) IC4 loaded only on Factor 1 (awareness). IC2 

asked about the respondent’s perception of whether the co-located partner was willing to 

listen to the respondent, and IC4 asked about the respondent’s perception of whether the 

co-located partner was willing to respond. Interestingly, IC2 and IC4 both asked about 

respondent’s co-located partner, whereas the remaining items (IC1 and IC3) asked 

respondent’s perceptions of their own behavior (e.g., “I was willing to respond to my co-

located partner”). Presumably, awareness is closely associated with the interactivity items 

that asked about respondent’s co-located partner. For instance, if a group member 

experiences difficulty in catching another’s attention (awareness of attention), she is 

likely to feel that the intended recipient is not willing to respond to her (interactivity). 

Thus, items that did not ask about other members (IC1 and IC3) did not cross-loaded on 

Factor 1 (awareness). Similar to the awareness items, IC2 and IC4 were retained in the 

questionnaire because the issues are to some extent explainable. Moreover, both 

questionnaire items were shown to be conceptually meaningful in the context of 

PDCDTs. 

 

The knowledge transferability items all converged to one factor—namely Factor 3 

(knowledge transferability), which confirmed convergent validity. Among cohesiveness 

items, C3 did not load onto any of the four factors, indicating that it would be difficult to 

conclude that C3 could explain cohesiveness or any other construct. C3 asked whether 

group members had conflicting aspirations for the team’s performance. This item was 
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excluded from the instrument for two reasons. First, C3 also did not load onto any of the 

four factors in the distant shared understanding questionnaire (D-SUQ) (reported in Table 

48, below). Second, C3 seemed to be more associated with conflict measurement. In this 

study, a separate conflict questionnaire was utilized (Appendix J); thus asking additional 

conflict-related questions was unnecessary. Finally, C6 loaded onto Factor 3 (knowledge 

transferability). C6 was a composite of three items (originally C6~C8), which measured 

one’s perception of closeness towards each group member. For C6, a mean value of three 

items (C6~C8) was used to represent group level cohesiveness to remain consistent with 

other cohesiveness items (C1~C5), which were all group level measures. In addition, a 

feeling of closeness can be correlated with knowledge transferability (Factor 3). Low 

levels of knowledge transferability—meaning that less effort is needed for the successful 

conveyance of information or knowledge—may lead to higher level of cohesiveness. This 

finding was also qualitatively identified in Chapter 4 (e.g., Excerpt #55). Therefore, C6 

was retained in the instrument.  

 

6.5.5.3 Convergent Validity of Distant Shared Understanding Questionnaire 

Similar to testing the convergent validity of C-SUQ, all questionnaire items that 

measured the same factor had to show strong factor loadings to that factor. Table 48 

reports the EFA results of D-SUQ; again, items showing multiple or no loading (<.40) 

are highlighted.  

Table 48. Exploratory factor analysis results of distant shared understanding 
questionnaire (D-SUQ). 

Item 
Factor 1 Factor 2 Factor 3 Factor 4 

Awareness Interactivity Knowledge 
Transferability Cohesiveness 

AD1 .796    
AD2 .721    
AD3 .696    
AD4 .479    
AD5 .453  .448  
ID1  .769   
ID2  .687   
ID3  .802   
ID4 .43 .623   
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KD1   .735  
KD2   .824  
KD3   .863  
KD4   .872  
KD5   .752  
KD6   .611  
KD7  .421  .426 
C1    .791 
C2    .604 
C3     
C4    .631 
C5     
C6    .432 

Eigenvalue 9.850 2.056 1.564 1.450 
% Variance 21.282 14.006 13.648 12.044 

Note: AD=awareness distant, ID=interactivity distant, KD=knowledge transferability distant, 
C=cohesiveness. Factor loadings < .40 were not included in this table. 
 

Among the 22 items, 3 items (AD5, ID4, KD7) cross-loaded onto two factors. AD5 asked 

the extent to which one was aware of her distant partner’s emotions. This item cross-

loaded on Factor 1 (awareness) and Factor 3 (knowledge transferability). Conceptually, it 

is difficult to identify the connection between awareness of other’s emotion and 

knowledge transferability. However, AD5 was maintained in the instrument because the 

extent of being aware of another’s emotion explained some critical and unique aspects of 

communicative behavior from the qualitative findings (e.g., Excerpt #17 in Chapter 4).  

 

Among interactivity items, ID4 cross-loaded on Factor 1 (awareness) and Factor 2 

(interactivity). ID4 asked the extent to which one’s distant partner was willing to respond. 

A possible explanation for this result is that one had to first become aware of the distant 

group member in order to determine whether that distant partner was willing to respond. 

Thus, there can be a positive correlation between the two factors; in this case, if it is 

difficult to be aware of a distant partner, it is very unlikely to assume that the distant 

partner would be willing to respond. Therefore, ID4 was kept in the questionnaire.  

 

In knowledge transferability, KD7 cross-loaded onto Factor 2 (interactivity) and Factor 4 

(cohesiveness). KD7 asked the extent to which it was easy to explain design values (e.g., 
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safety, aesthetics) to one’s distant partner. Unlike other items in knowledge 

transferability (KD1~KD6), which pertained to design function, structure, behavior, and 

procedure, KD7 (design value) is more closely associated with one’s beliefs and value 

system, which are influenced by background, expertise, and experience. Group members 

with similar backgrounds or expertise may evaluate an idea similarly or focus on a 

similar criterion. For instance, an industrial design major (P9, Group 3) emphasized the 

simplicity of the design, while a human nutrition, foods, & exercise major (P12, Group 3) 

emphasized the practicality and safety aspects of their design. When one’s value system 

conflicts with other group member, the group may experience less cohesion; such 

instances can be manifested as a low level of interactivity (e.g., Excerpt #22, in Chapter 

4). Further analysis is needed to identify the associations among KD7, interactivity, and 

cohesiveness. However, at this point KD7 was retained in the instrument since the item 

qualitatively provides a unique explanation for certain situations.  

 

Among the cohesiveness items, both C3 and C5 had factor loadings of less than .40, and 

therefore were not reported in Table 48. C3 had factor loading less than .40 in C-SUQ, 

meaning that it contributed less in explaining the cohesiveness construct in both co-

located and distant models. The item (C3) asked whether team members experienced 

conflicting aspirations for the team’s performance, which may not have explicitly 

emerged over the course of a three-hour design session in an experimental context. 

Likewise, C5, which asked the extent to which one can communicate freely about each 

member’s responsibilities, did not contribute in explaining cohesiveness. This result may 

have been due to the fact that there were no roles assigned to group members, and thus 

there may have been more flexibility in work allocation. Another possible interpretation 

can be linked to the relatively short duration (3-hour) of collaboration. Participants may 

have chosen not to take the time to discuss each others’ roles to complete the design task. 

Additionally, this item may not generally be applicable for an experimental setting since 

group members did not know each other and it was a one-time collaboration. Therefore, 

items C3 and C5 were excluded from the model. However, more empirical research is 

needed to test the utility of C5 in the context of team members that do have explicitly-

stated roles. 
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6.5.5.4 Discriminant Validity: Comparison between 1 Factor and 4 Factor Model 

To demonstrate the discriminant validity of the questionnaire, the goodness of fit between 

the 1-factor and 4-factor models were compared using confirmatory factor analysis 

(CFA). If the 4-factor model shows a better fit, this suggests that it is reasonable to 

consider the measurement variables as four distinct factors (Anderson & Gerbing, 1988). 

A set of fit indices was computed to evaluate the overall fit of the two measurement 

models. Table 49 (C-SUQ) and Table 50 (D-SUQ) report the goodness of fit of the 1-

factor and 4-factor models. 

Table 49. Goodness of fit indices of 1 factor and 4 factor models of C-SUQ. 

Index 1 factor 4 factor Criteria for better fit  

Chi-square statistic (χ2) 871.961 504.694* Smaller chi-square 
value 

Degree of freedom (df)  209 203 - 

χ2/ df 4.172 2.486* <=3.00 

Standard RMR (sRMR) .106 .082* Lower value 
<=.10 

Goodness of fit (GFI) .524 .727 Higher value 
>=.90 

Adjusted GFI (AGFI) .424 .660 Higher value 
>=.90 

Normed fit index (NFI) .633 .787 Higher value 
>=.90 

Root mean squared error of 
approximation (RMSEA) .158 .108 Lower value 

<=.10 

Aikaike information criterion (AIC) 453.961 98.694* Lower value 

* Indicates values that satisfy the goodness of fit criterion. 

Table 50. Goodness of fit indices of 1 factor and 4 factor models of D-SUQ. 

Index 1 factor 4 factor Criteria for better fit 

Chi-square statistic 894.839 455.650* Smaller chi-square 
value 

Degree of freedom (df) 209 203 - 

Chi-square statistic / df 4.281 2.244* <=3.00 

Standard RMR (sRMR) .105 .077* Lower value 
<=.10 
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Goodness of fit (GFI) .543 .749 Higher value 
>=.90 

Adjusted GFI (AGFI) .447 .687 Higher value 
>=.90 

Normed fit index (NFI) .585 .788 Higher value 
>=.90 

Root mean squared error of 
approximation (RMSEA) .160 .099* Lower value 

<=.10 

Aikaike information criterion (AIC) 476.839 49.650* Lower value 

* Indicates values that satisfy the goodness of fit criterion. 

The results indicated that the data fits the 4-factor model better than the 1-factor model 

for both C-SUQ and D-SUQ, meaning that the discriminant validity for the 4-factor 

models were supported for both C-SUQ and D-SUQ. However, some of the fit indices 

lacked goodness of fit, as evidenced by the fact that the GFI, AGFI, and NFI indices did 

not meet the acceptable criteria. This limitation is described more fully in the Limitations 

section, along with Future Research directions.  

 

6.5.5.5 Discriminant Validity: Average Variance Extracted (AVE) 

In addition to comparing the goodness of fit between 1-factor and 4-factor models, the 

average variance extracted (AVE) estimates were calculated to test the discriminant 

validity of both co-located and distant models. The AVE estimate represents the average 

amount of variation among theoretically related observed variables that can be explained 

by a factor (Farrell, 2010). In order to support the discriminant validity of a model, AVE 

estimates of each factor must be larger than any shared variance estimates with other 

constructs. That is, a factor must be able to explain the theoretically associated variables 

more than any other factor. The AVE estimates for C-SQU and D-SUQ are reported in 

Table 51 and Table 52, respectively. The AVE estimates are presented on the diagonal, 

and shared variance estimates are reported below the diagonal. To test the discriminant 

validity, the AVE estimates must be greater than any numbers (shared variances) that are 

in the same column and row.  

Table 51. AVE results for co-located shared understanding questionnaire. 

 

Factor 1 Factor 2 Factor 3 Factor 4 

Awareness Interactivity Knowledge 
Transferability Cohesiveness 
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Awareness .604 --- --- --- 

Interactivity .861(a) .642 --- --- 

Knowledge 
Transferability .503 .579 .736 --- 

Cohesiveness .417(b) .315 .313 .383 

Note: AVE estimates are presented on the diagonal, and shared variances are below the diagonal. 

For the co-located questionnaire, while the majority of the AVE estimates were greater 

than the shared variance estimates, two cases did not support the discriminant validity 

[Table 51 (a) and (b)]. First, awareness and interactivity had greater shared variance 

(.861) than each of the AVE estimate (awareness=.604, interactivity .642), meaning that 

the items associated with the awareness factor can be explained by interactivity and vice 

versa. Such issues were also manifested in the cross-loadings of items between awareness 

and interactivity in the exploratory factor analysis results (Table 47). Second, awareness 

and cohesiveness had greater shared variance (.417) than the AVE estimate of 

cohesiveness (.383). This finding indicates that items associated with cohesiveness factor 

could be explained by awareness. Perhaps this is due to the fact that no factor loaded in 

one of the cohesiveness items (factor loading of C3 < .40 in Table 47). These findings 

can be considered as limitations of the shared understanding questionnaire. As such 

subsequent modifications of the model could help to resolve these issues.  

 

Table 52 reports the AVE results.  

Table 52. AVE results for distant shared understanding questionnaire.  

 

Factor 1 Factor 2 Factor 3 Factor 4 

Awareness Interactivity Knowledge 
Transferability Cohesiveness 

Awareness .616 --- --- --- 

Interactivity .503 .687 --- --- 

Knowledge 
Transferability .458 .362 .666 --- 

Cohesiveness .380 .334 .242 .391 

Note: Shared variances are below the diagonal, AVE estimates are presented on the diagonal. 
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For D-SUQ, all of the AVE estimates were greater than any of the shared variances. 

Thus, discriminant validity for D-SUQ was supported for all factors. The AVE results not 

only tested the discriminant validity, but also identified the degree of convergence among 

variables that were theoretically associated with a factor. In general, AVE estimates have 

to be greater than .5 to ensure convergent validity (Hair, Black, Babin, & Anderson, 

2010). Based on the AVE results reported above, the AVE estimates of cohesiveness in 

both C-SUQ and D-SUQ were smaller than .5, meaning that the cohesiveness variables 

lack convergent validity. This outcome could be due to the fact that the cohesiveness 

items originally consisted of two different instruments (GEQ and Inclusion of Self in 

Other). This can be considered as a limitation of the instrument, which is explained in 

Section 6.6. 

 

6.5.6 Criterion Validity 

To ensure the criterion validity of the instrument, each factor in both the C-SUQ and D-

SUQ had to show associations to an external factor wherein the relationship was already 

established or supported by theory. The primary purpose of the instrument was to 

measure shared understanding in PDCDTs. Thus, each factor had to contribute to 

explaining the shared understanding concept. According to the literature, shared 

understanding has positive correlations with trust (Lander, Purvis, McCray, & Leigh, 

2004; Lewick & Bunker, 1996) and negative correlations with conflict (Cohen & Gibson, 

2003; Cramton, 2001; Hinds & Bailey, 2003; Sarker & Sahay, 2002), as illustrated in the 

structural model (Figure 41).  
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Figure 41. Structural model for hypothesis testing. 

 

To test the criterion validity of C-SUQ and D-SUQ, a correlation analysis was conducted. 

Trust and conflict data were captured during the experiment using existing instruments 

(Chapter 3). Co-located trust (TC) and co-located conflict (NC) questions were directed 

towards respondent’s co-located partners, while distant trust (TD) and distant conflict 

(ND) questions were directed towards respondent’s distant partners. More detailed 

information about the trust and conflict instruments is provided in Chapter 3. The 

correlation results for C-SUQ and D-SUQ are reported in Table 53 and Table 54, 

respectively.  

Table 53. Correlation analysis results for co-located shared understanding questionnaire. 

 AC IC KC CC TC NC 

Awareness (AC) 1      

Interactivity (IC) .709*** 1     

Knowledge 
Transferability (KC) .488*** .421*** 1    

Cohesiveness (CC) .554*** .421*** .470*** 1   

Trust (TC) .560*** .486*** .509*** .460*** 1  

Conflict (NC) -.280** -.236** -.203* -.375*** -.261** 1 

***p < .001, **p < .01, *p < .05 
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Table 54. Correlation results for distant shared understanding questionnaire. 

 AD ID KD C TD ND 

Awareness (AD) 1      

Interactivity (ID) .624*** 1     

Knowledge 
Transferability (KD) .642*** .495*** 1    

Cohesiveness (CD) .495*** .447*** .409*** 1   

Trust (TD) .594*** .616*** .533*** .559*** 1  

Conflict (ND) -.356*** -.413*** -.347*** -.210* -.322*** 1 

***p < .001, **p < .01, * p < .05 
 

The correlation analyses results indicated that all of the factors showed positive 

correlations with co-located (TC) and distant trust (TD) and negative correlations with 

both co-located (NC) and distant conflict (ND). Therefore, criterion validity for C-SUQ 

and D-SUQ was supported.  

 

6.5.7 Summary of Shared Understanding Instrument Validation 

A series of analyses were conducted to evaluate the reliability and validity of the shared 

understanding questionnaire. Prior to analyses, the questionnaire items were separated 

into co-located and distant questionnaires (C-SUQ and D-SUQ), which were verified by 

the exploratory factor analysis results. Then, Cronbach’s α values were calculated for 

each factor to test the internal consistency of the items. Face, content, construct 

(convergent and discriminant), and criterion validity were tested. In the process of testing 

convergent validity with 4-factor exploratory factor analysis, C3 and C5 were excluded 

from the instrument, and the remaining variables were kept. To confirm discriminant 

validity, 1-factor and 4-factor models were compared using confirmatory factor analysis. 

Results indicated that the 4-factor model showed a better fit for both C-SUQ and D-SUQ. 

In addition, AVE estimates were calculated and were compared to shared variances to 

check the discriminant validity. The final co-located (in parenthesis) and distant models 

with factor loadings, error terms, and correlations (φ) are reported in Figure 42.  
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Note: estimates of C-SUQ are in parenthesis. 

Figure 42. Final co-located and distant model to measure shared understanding in 
PDCDTs. 
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6.6 DISCUSSION 

6.6.1 The Shared Understanding Questionnaire 

This chapter described the development and validation of an instrument to measure 

shared understanding in partially distributed conceptual design team settings. The shared 

understanding questionnaire was separated into two instruments: (1) a co-located shared 

understanding questionnaire (C-SUQ), and (2) a distant shared understanding 

questionnaire (D-SUQ). A series of analyses designed to demonstrate the reliability and 

validity of the instrument were then conducted. Conceptually, the responses of group 

members towards their co-located and distant members were expected to be different. 

Therefore, the instrument reliability and validation results would not have yielded a valid 

conclusion, if two conceptually different instruments were treated as single instrument. 

Moreover, comparisons between C-SUQ and D-SUQ responses are expected to provide 

useful insights for understanding team dynamics in a partially distributed team setting as 

described in Chapter 7. For instance, if the difference between C-SUQ and D-SUQ 

responses of awareness is large (e.g., high C-SUQ and low D-SUQ), it would mean that 

group members experienced high level of awareness towards their co-located partner, but 

low level of awareness towards their distant partners. Such differences could be used as 

indices to identify existing team status or to predict the team performance of a distributed 

team. Hypothetically, larger differences between C-SUQ and D-SUQ responses are likely 

to yield poor team performance. In addition, the difference index can also be used to 

compare different communication technology settings, such as rich media and lean 

media, as described in Chapter 7.  

 

Based on results from a series of statistical analyses, the overall reliability and validity 

for both C-SUQ and D-SUQ were in a satisfactory level. However, there are few issues 

that reduce the validity of the instruments:  

• Six instances of cross-loadings were identified from the exploratory factor analyses 

results for both C-SUQ and D-SUQ [C-SUQ: AC1, AC3, IC2 (in Table 47), D-SUQ: 

AD5, ID4, KD7 (in Table 48)].  

• Two items in C-SUQ loaded onto factors that were conceptually different (IC4, C6, in 

Table 47). 
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• One item showed no factor loading in C-SUQ (C3 in Table 47), and two items showed 

no factor loading in D-SUQ (C3, C5 in Table 48). 

• Some goodness-of-fit indices were not satisfactory. For instance, NFI should be equal 

or larger than .90 but was only .787 for C-SUQ and .788 for D-SUQ. 

• The AVE estimates of cohesiveness in both C-SUQ and D-SUQ were smaller than .5, 

(Table 51 and Table 52, respectively) meaning that the cohesiveness variables lack 

convergent validity.  

One of the primary reasons for multiple cross-loadings—especially in C-SUQ (Table 

47)—can be explained by the strong correlation between awareness and interactivity (φ= 

.972, in Figure 42). When two factors show a strong correlation, general guidelines 

suggest eliminating one factor or merging the two factors into a broader concept. 

However, both factors (awareness and interactivity) were retained in the model for two 

primary reasons. First, based on the qualitative findings in Chapter 4, awareness and 

interactivity were two distinct concepts that qualitatively described different aspects of 

partially distributed teams. Awareness consists of attention, level of understanding, task, 

and emotion, while interactivity includes member’s willingness to talk or to respond to 

another team member. The findings from Chapter 4 indicated that participants could have 

been aware of, but did not interact with, their distant partners. (Of course, participants 

cannot interact at all if they are not aware of their distant partners.) Therefore, details 

would be lost if either awareness or interactivity were eliminated or merged. Second, it 

would be difficult to identify the causes of communication problems if one cannot 

determine whether partially distributed team members are experiencing difficulties due to 

lack of awareness verses low levels of interactivity since these two are conceptually and 

practically distinct. Recall that the primary purpose of developing a shared understanding 

instrument was to identify problems and related causes using the IPO model of shared 

understanding so that an effective solution could be suggested to eliminate problems. To 

achieve this goal, both factors had to be measured and, therefore, had to be included in 

the instrument.  

 

The cohesiveness questionnaire items reduced the validity of both shared understanding 

questionnaires, as evidence by that fact that these items loaded onto factors that were 
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conceptually different or did not load at all. As a result, two cohesiveness questionnaire 

items (C3 and C5) were eliminated from the shared understanding questionnaire (see 

§6.3.5.3). However, even after eliminating the two questionnaire items, the cohesiveness 

questionnaire still lacked convergent validity based on the small AVE estimates (Table 

51 and Table 52). One possible reason for lack of convergent validity may be due to the 

fact that cohesiveness items were originally from two different instruments (GEQ and 

Inclusion of Self in Other). Even though both questionnaires were designed to measure 

cohesiveness, the GEQ focuses on group level cohesion, while the Inclusion of Self in 

Other instrument focuses on individual’s perception of closeness towards other team 

members. Both levels of measures were needed in this study, yet further modifications of 

the cohesiveness questionnaire items are needed in the future.  

 

6.6.2 Implications and Utilization of the Shared Understanding Questionnaire 

The shared understanding instrument developed in this chapter is based on the IPO model 

of shared understanding explained in Chapter 4. The questionnaire responses can be tied 

back to the model to provide descriptive and diagnostic information for partially 

distributed conceptual design team members. The advantages of utilizing the shared 

understanding instrument are described below. 
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Figure 43. An input-process-output (IPO) model of shared understanding. 
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• Provides descriptive information:  

Results from the shared understanding questionnaire can be used to provide 

descriptive information about a PDCDT. In general, the four factors can guide 

team members or managers to systematically examine the current status of a team. 

As an outcome, the questionnaire results provide the current level of shared 

understanding in PDCDTs, which can also be used to evaluate team performance.  

• Provides diagnostic information:  

Results from the shared understanding questionnaire can provide diagnostic 

information about PDCDTs in order to identify problems and suggest potential 

interventions. The questionnaire responses can be examined by established factors 

(awareness, interactivity, knowledge transferability, and cohesiveness), and areas 

of concern can be addressed. For instance, a low value for knowledge 

transferability questionnaire responses indicates that a team had issues around 

knowledge sharing. Such diagnostic information not only directs team members 

to the problem, but also provides an opportunity to think about how to overcome 

such problems.  

The descriptive and diagnostic information noted above can be generated from the shared 

understanding questionnaire (this Chapter), along with the IPO model of shared 

understanding (Chapter 4). However, additional study is needed to fully utilize the model 

to provide prescriptive and predictive information, as described below. 

• Provides prescriptive information: 

Prescriptive information refers to answering the “What should be done?” 

question. Results from the shared understanding questionnaire cannot provide 

such information. For example, “how can we increase trust and decrease 

conflict?” (Trust and conflict are emergent states in the IPO model of shared 

understanding, Figure 43). The associations among the factors must be 

investigated in order to answer the question. This is further discussed in the next 

section, along with suggestions for future research to further elucidate the 

relationships among the factors. 

• Provide predictive information:  
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Predictive information corresponds to answering the “What if?” question. For 

example, when a group plans to use a communication technology, how will this 

impact the overall performance and communication satisfaction? Similar to 

prescriptive information, the associations among the factors must be understood 

to answer the question. Such information would be particularly important to a 

“fledgling” team in order to determine effective team formation and appropriate 

communication technologies. 

 

6.7 LIMITATIONS & FUTURE DIRECTIONS 

The study has several limitations that suggest opportunities for future research. First, as 

previously identified and explained, the shared understanding questionnaire has some 

validity issues—particularly with respect to the strong correlation between awareness and 

interactivity, and the lack of consistency among the cohesiveness items. Therefore, for 

future research, the awareness, interactivity, and cohesiveness questionnaire items should 

be modified such that the awareness and interactivity questions produce a weaker 

correlation, while cohesiveness questionnaire items show a stronger correlation.  

 

Second, the shared understanding questionnaire only provides a snapshot of a partially 

distributed team members’ level of shared understanding. However, the factors that 

influence shared understanding are dynamic and change over the course of team’s 

interaction history. Therefore, the inevitable dynamism of a team represents an inherent 

limitation of using a one-point-in-time instrument to capture information. One possible 

strategy for overcoming this drawback is to utilize the shared understanding 

questionnaire multiple times to collect snapshots of the level of shared understanding 

among team members as a project progresses.  

 

Another strategy for future research would be to employ physiological measures to 

measure the factors. For instance, studies have revealed that heart rate or galvanic sensors 

are reliable to measure emotions (Chanel, Karim Ansari-Asl, & Thierry Pun, 2007; 

Critchley, Rotshtein, Nagai, & O'Doherty, 2005). Eye tracking devices can also be used 
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to capture awareness, and automatic sociometric devices can be used to identify 

interactivity and communication patterns (Kim, Hinds, & Pentland, 2012). In addition to 

these physiological measures, latent semantic analysis of artifacts produced during 

collaboration, such as text documents or emails, can be conducted to identify knowledge 

transferability (Hill et al., 2001). Such future research directions are particularly 

important for developing systems that track a team’s level of shared understanding in real 

time, and to provide adequate strategies to help team members overcome problems. In 

practice, however, such measures would obviously be too intrusive to provide meaningful 

feedback to teams and managers. However, such approaches could produce valid and 

reliable instruments that would add to the literature and lead to less intrusive approaches. 

 

Third, there are other factors that were not included in the study that may have influenced 

the level of shared understanding, such as personal and institutional culture. For example, 

the participants in this study had different ethnic backgrounds despite the fact that they 

were all students at Virginia Tech. Therefore, personal cultural differences could have 

impacted results. This issue is particularly critical since many reports have documented 

that team members’ cultural differences impact team dynamics and performance 

(Kayworth & Leidner, 2000; Lin et al., 2008; Sarker & Sahay, 2002). And given the fact 

that sub-groups in PDTs increasingly are located in different continents (e.g., America 

and Asia), culture is becoming an essential factor that influences the level of shared 

understanding.  

 

In addition, organizational culture is another important factor that was not included in this 

study. Teams are usually affiliated with a larger organization—and therefore influenced 

by their affiliated organizational culture. When teams represent different organizational 

cultures, communication and collaborative differences may occur (Wong & Burton, 

2000). This factor was excluded from this study because of the added complexity and the 

need to develop simple models first. In practice, however, organizational culture is an 

important factor that may determine or influence the level of shared understanding among 

team members. Therefore, in future studies, participants’ personal and organizational 

cultures need to be examined “in the wild” and must be included in the IPO model of 
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shared understanding. In short, more empirical studies are needed to investigate the 

relationships between different types of culture and other factors associated with the IPO 

model of shared understanding.  

 

Fourth, the current study limits the scope to measuring the four factors that have a direct 

impact on the level of shared understanding (awareness, interactivity, knowledge 

transferability, and cohesiveness). The IPO model of shared understanding can be utilized 

as a descriptive and diagnostic model in that it measures these four factors. However, in 

order to fully utilize the IPO model of shared understanding as a prescriptive and 

predictive model, the associations among all the factors that constitute the model must be 

examined.  

 

6.8 CONCLUSION 

Despite the wide usage of the term “shared understanding,” the concept is ambiguous and 

multi-dimensional, which increases the difficulty of it getting measured. Shared 

understanding was conceptualized in Chapter 4 of this dissertation; this chapter built on 

that conceptualization to develop and validate an instrument to measure shared 

understanding in a PDCDT context. Initial questionnaire items were developed based on 

a literature survey of the four factors (awareness, interactivity, knowledge transferability, 

and cohesiveness). Questionnaire items were modified or new items were included to 

reflect the partially distributed team setting. For instrument validation, the reliability of 

the instrument —as well as face, content, construct, and criterion validity—were 

evaluated. The shared understanding questionnaire instrument was modified based on 

analytical results to increase its validity. As a consequence, two separate instruments 

were developed to address both distant and co-located team members. Together, the two 

components of the questionnaire can be used to understand the current status of a PDCDT 

with respect to shared understanding among team members. The questionnaire can also 

be utilized to identify any difficulties or problems that team members may have 

experienced that reduced shared understanding. Moreover, the shared understanding 

questionnaire results can be linked to the IPO model of shared understanding to further 

understand the causes of the identified problems or to suggest strategies to overcome 
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them. However, additional empirical studies are warranted that examine the associations 

among the factors in the IPO model. Nonetheless, this investigation points to a promising 

area for future research, along with strategies for modifying the questionnaire to increase 

instrument validity.  
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CHAPTER 7. THE IMPACT OF DIFFERENT COMBINATIONS OF 

COMMUNICATION TECHNOLOGIES ON SHARED UNDERSTANDING 

IN PARTIALLY DISTRIBUTED CONCEPTUAL DESIGN TEAMS 

(PDCDTS) 

 

7.1 INTRODUCTION 

This chapter describes the impact of different combinations of communication 

technologies on shared understanding in partially distributed conceptual design teams 

(PDCDTs). Four types of communication technology conditions were utilized in this 

research (pictures are provided in Chapter 3, §3.3.2.2):  

• Condition 1: telepresence 1 (65” screens) to telepresence 2 (47” screen)  

• Condition 2: telepresence 1 to laptops 

• Condition 3: telepresence 1 to mobile devices 

• Condition 4: laptops to mobile devices.  

The four conditions differed in terms of level of richness. As described in the Literature 

Review chapter (Chapter 2, §2.5), richness refers to the capacity of a medium to process 

rich information. Each communication technology differs in terms of processing and 

conveying rich information, and thus can be used as a uniform basis to compare the 

impact of different communication technology on shared understanding. As explained in 

the data collection and methods chapter (Chapter 3, §3.3.2.2) Condition 1 was the richest, 

followed by Condition 2, Condition 3, and Condition 4. Recall, however, that even under 

Condition 1 the two technologies were not equivalent; telepresence 1 was a newer system 

with a larger display and more screens. The data collected in Experiment 2 was used in 

this Study. As described in Chapter 3, Section 3.2, 64 participants were assigned to 4-

person groups (16 groups), with each group consisting of two dyad sub-groups. The 

shared understanding instrument that was developed and validated in Chapter 6 was used 

for data collection. More detail on the data collection method, along with a description of 

the shared understanding instrument (Appendix J), can be found in Chapters 3 and 6 of 

this dissertation, respectively.  
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7.1.1 Research Questions and Hypotheses 

In order to investigate the impact of the four conditions on shared understanding, the 

study was framed by four research questions with corresponding hypotheses: 

• Research Question 4.1 (RQ4.1): How do different combinations of communication 

technologies impact the level of co-located shared understanding? 

o Hypothesis 4.1 (H4.1): The level of co-located shared understanding will 

not vary among different communication technology conditions. 

• Research Question 4.2 (RQ4.2): How do different combinations of communication 

technologies impact the level of distant shared understanding? 

o Hypothesis 4.2 (H4.2): The level of distant shared understanding will vary 

among different conditions. Specifically, the level of distant shared 

understanding will be lower for leaner communication technologies. 

• Research Question 4.3 (RQ4.3): How do different combinations of communication 

technologies impact the differences between the co-located and distant shared 

understanding? 

o Hypothesis 3: More constructs and sub-constructs will show significant 

differences between co-located and distant shared understanding as the 

communication technologies become leaner. 

• Research Question 4.4 (RQ4.4): How do the differences between co-located and 

distant shared understanding levels differ within sub-groups that used different 

communication technologies? 

o Hypothesis 4.4-1 (H4.4-1): Sub-groups who used the same communication 

technology (COND1) will yield the same result in terms of constructs and 

sub-constructs that show significant differences between co-located and 

distant responses. 

o Hypothesis 4.4-2 (H4.4-2): More constructs and sub-constructs will show 

significant differences between co-located and distant shared 

understanding for sub-groups who used leaner communication 

technologies. 

The study initially examined the communication technology impacts on co-located and 

distant shared understanding (RQ4.1 and RQ4.2, respectively). RQ4.3 examined the 
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communication technology impacts on the difference between co-located and distant 

shared understanding. Any observed differences signified that group members perceived 

their co-located and distant partners differently in terms of shared understanding. Lastly, 

RQ4.4 examined the communication technology impacts on the difference between co-

located and distant shared understanding by sub-groups. It is important to note that the 

results for RQ4.3 do not identify which sub-group experienced the difference. For 

example, in Condition 2, sub-groups who used laptops may have shown significant 

differences between co-located and distant shared understanding, while the difference 

was negligible for those who used the telepresence system. However, analytical results 

for RQ4.4 identified the impact of specific communication technologies on shared 

understanding at the sub-group level. Therefore, RQ4.4 can be considered as a follow-up 

question to RQ4.3.  

 

7.2 ANALYSIS 

As reported in Chapter 4, constructs that are associated with shared understanding can be 

distinguished into two types: (1) constructs that directly impact shared understanding, and 

(2) emergent properties with indirect associations with shared understanding. Awareness, 

interactivity, knowledge transferability, and cohesiveness can be classified as “direct 

constructs,” while trust and conflict can be classified as “indirect constructs.” In this 

chapter, the shared understanding questionnaire that was developed and validated in 

Study 3 (Chapter 6) was used to measure awareness, interactivity, knowledge 

transferability, and cohesiveness (the first type). For trust and conflict, McAllister’s 

(1995) trust measure and Jehn et al.’s (2001) group conflict scale were utilized. As 

defined in Chapter 4, trust refers to a team member’s expectation that another team 

member will perform a particular action that is important to the truster, irrespective of the 

ability to monitor or control that other person (Mayer et al., 1995). Studies have shown 

that trust is multi-dimensional (Mayer et al., 1995; McAllister, 1995; Plotnick, Hiltz, & 

Ocker, 2009). According McAllister, trust has both cognitive and affective components. 

Cognitive trust refers to the confidence or willingness to rely on another team member’s 

competence and reliability, while affective trust refers to the confidence one places in 

another team member based on their relationship, level of care, and concern (Johnson & 
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Grayson, 2005; McAllister, 1995). In contrast, conflict can be defined as any kind 

disagreement among team members due to perceived incompatibilities, differing 

viewpoints, or divergent goals (Jehn, 1995; Ocker et al., 2009b; Polzer et al., 2006). 

According to Jehn’s categorization, conflict can be task related, relationship (or affective) 

related, or process related. Task conflict refers to perceived differences in viewpoints 

related to team’s task. Relationship conflict refers to perceived interpersonal tension and 

enmity among team members. Lastly, process conflict refers to perceived disagreements 

regarding how to complete the task. In this chapter, both types of constructs were 

included in the analysis without any distinction to reduce complications.  

 

Each construct (theme) consisted of sub-constructs (sub-themes), except for 

cohesiveness. For example, awareness has four sub-constructs: (1) attention, (2) 

understanding, (3) task, and (4) emotion. The constructs and sub-constructs with 

corresponding abbreviations are listed in Table 55. To distinguish between co-located and 

distant shared understanding, the notations C_[Abbreviation] and D_[Abbreviation] were 

used, respectively. For example, the abbreviation representing co-located awareness was 

denoted as C_AWE. The same abbreviation scheme was used to represent the sub-

constructs. For example, to represent distant design knowledge of function, D_FUN was 

used.  

Table 55. Types of constructs, sub-constructs, and corresponding codes. 

Construct Sub-construct Abbreviation 

Awareness 

Attention 
Understanding 

Task 
Emotion 

ATT 
UND 
TASK 
EMO 

Interactivity One’s willingness to listen 
One’s willingness to respond 

LIS 
RES 

Knowledge Transferability 

Design function 
Design structure 
Design behavior 

Design procedure 
Design concept 
Design Value 

FUN 
STR 
BEH 
PRO 
CON 
VAL 

Cohesiveness - COH 

Trust Effective 
Cognitive 

EFF 
COG 

Conflict Relationship REL 
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Task 
Process 

TAS 
PROC 

 

To test the hypotheses identified above, four separate analyses were performed using the 

statistical software packages, JMP 10.0 and SAS 9.0:  

1. For RQ4.1/H4.1 (Analysis 1), co-located shared understanding responses were 

compared across different communication technology conditions.  

2. For RQ4.2/H4.2 (Analysis 2), distant shared understanding responses were 

compared across different communication technology conditions.  

3. For RQ4.3/H4.3 (Analysis 3), the co-located and distant shared understanding 

responses were compared within each communication technology conditions.  

4. For RQ4.4/H4.4-1, H4.4-2 (Analysis 4), co-located and distant shared 

understanding responses were compared between sub-groups within each 

communication technology condition.  

 

Initially, construct-level analyses were conducted to answer each research question. For 

instance, to test RQ4.1, the co-located shared understanding responses for awareness, 

interactivity, knowledge transferability, trust, and conflict were compared across the four 

conditions. The normality of the data was tested using the Shapiro-Wilk test. For 

Analyses 1 and 2, if the data followed the normal distribution, a mixed model Analyses 

of Variance (ANOVA) was used on the shared understanding responses, with 

communication technology as the fixed effect and groups nested in each communication 

technology condition as random effects. If the data did not meet the normality 

assumption, a generalized linear mixed model (Glimmix procedure in SAS) was used, 

with communication technology as the fixed effect and groups nested in each 

communication technology conditions as random effects. For the Glimmix procedure, the 

Poisson distribution and the log link function were used. For post-hoc analysis, the least 

squares difference (LSD) method with Tukey adjustment was employed to identify which 

communication technology conditions resulted in statistical significance. This same 

analysis procedure was then used for sub-construct-level analyses, which were performed 

only for the constructs that showed statistically significant differences among the four 

conditions at the construct-level. This analysis procedure was possible because there was 
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no instance of statistical significance at the sub-construct-level, when statistical 

significance was found at the construct-level. For Analyses 1 and 2, a total of 64 data 

points were collected from 64 participants who were grouped into one of the four 

communication technology conditions (16 participants in each condition). Thus, each 

condition consisted of 16 data points.  

 

Similarly, for Analyses 3 and 4, the normality assumption was checked using the 

Shaprio-Wilk test. If the data met the normality assumption, a t-test was used to compare 

the co-located and distant shared understanding responses for each construct by the 

various communication technology conditions. If the data did not meet the normality 

assumption, the Wilcoxon Rank Sum test was used for nonparametric data analysis to 

compare the co-located and distant shared understanding responses for each construct by 

the various communication technology conditions. For Analysis 3, the sample size was 

16 for each condition. Thus, 16 data points of co-located shared understanding was 

compared to 16 data points of distant shared understanding in a condition. For Analysis 4, 

the sample size was 8 for each condition, because there were total 8 participants who 

used the same communication technology in a given condition. Therefore, these 8 

participants responses of co-located and distant shared understanding were compared. It 

should be noted that the relatively small sample size represents a limitation of this study, 

which is explained in more detail in the limitations section (§7.5) of this chapter. 

 

7.3 RESULTS 

Overall, the type of communication technology did not significantly impact co-located 

shared understanding. However, communication technology did show varying levels of 

impact on (1) distant shared understanding, (2) the difference between co-located and 

distant shared understanding, and (3) the shared understanding of different 

communication technology user groups (sub-groups). The varying levels of impact are 

explained with respect to constructs and sub-constructs with significant differences. 

Detailed results are provided in the subsequent sections in the order of the research 

questions.  

 



 

 202 

7.3.1 The Impact of Communication Technology on Co-located Shared Understanding 

This section describes findings associated with the first research question: How do 

different combinations of communication technologies impact the level of co-located 

shared understanding? It was hypothesized that the level of co-located shared 

understanding would not vary across the four conditions. As described in Chapter 6, co-

located shared understanding refers to sub-group members’ perceived level of awareness, 

interactivity, knowledge transferability, cohesiveness, trust, and conflict towards their co-

located group members. A higher level of co-located shared understanding implies that 

group members experience (1) greater awareness, (2) increased willingness to listen and 

to respond to co-located partners, (3) reduced effort to successfully convey design 

knowledge, (4) greater feelings of unity, (5) greater feelings of trust, (6) and lower 

feelings of conflict toward their co-located partners. Figure 44 illustrates the mean 

responses of each construct according to each communication technology condition. A 

higher mean response indicates a higher level of shared understanding—except for 

conflict, where a higher mean response implies a higher level of conflict and vice versa.  
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Note: C_AWE=co-located awareness, C_INT=co-located interactivity, C_KNO=co-located knowledge 
transferability, C_COH=co-located cohesiveness, C_TRU=co-located trust, C_CON=co-located conflict. 
COND1= telepresence to telepresence, COND2=telepresence to laptops, COND3=telepresence to mobile, 
COND4=laptop to mobile.  

Figure 44. Mean responses of co-located shared understanding by communication 
technology conditions. 
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Overall, co-located cohesiveness (M=6.746, SD=.976) showed the highest mean 

responses, followed by co-located interactivity (M=6.607, SD=.575), co-located 

awareness (M=6.085, SD=.904), co-located knowledge transferability (M=6.034, 

SD=.948), and co-located trust (M=4.252, SD=.621 ). In addition, the responses for co-

located conflict were low (M=1.348, SD=.297), and no noticeable trend was observed 

among the different communication technology conditions for each construct.  

 

Table 56 reports the descriptive statistics and normality test results. None of the data 

followed the normal distribution except for the co-located cohesiveness responses. A data 

transformation strategy (box-cox transformation) was utilized for the non-normal data. 

Normality was subsequently tested using the residuals of the transformed data, which are 

reported in the last column in Table 56. After data transformation, only co-located 

conflict followed the normal distribution, while the remaining data were still non-normal. 

Therefore, the transformed data were used for statistical analysis for co-located conflict. 

Since the data for co-located cohesiveness and co-located conflict (transformed data) 

followed the normal distribution, a mixed model ANOVA was used, while a generalized 

linear mixed model was used for the remaining constructs. The statistical analysis results 

are reported in Table 57. 

Table 56. Descriptive statistics and data normality for co-located shared understanding. 

Item Mean (SD) Original data Shapiro- 
Wilk W (p-value) 

Transformed data 
Shapiro-Wilk W (p-value) 

C_AWE 6.085 (.904) .850 (<.0001) .910 (.0002) 
C_INT 6.607 (.575) .789 (<.0001) .817 (<.0001) 

C_KNO 6.034 (.948) .870 (<.0001) .929 (.001) 
C_COH 6.746 (.976) .972 (.170) - 
C_TRU 4.252 (.621) .894 (<.0001) .940 (.003) 
C_CON 1.348 (.297) .922 (.0007) .977 (.291) 

Note: C_AWE=co-located awareness, C_INT=co-located interactivity, C_KNO=co-located knowledge 
transferability, C_COH=co-located cohesiveness, C_TRU=co-located trust, C_CON=co-located conflict.  
 

Table 57. Construct-level analysis results to test communication technology impact on 
co-located shared understanding. 

Item F(3, 12) p-value 
C_AWE .14 .934 
C_INT .03 .991 
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C_KNO .19 .898 
C_COH .43 .735 
C_TRU .01 .997 
C_CON 2.09 .155 

Note: C_AWE=co-located awareness, C_INT=co-located interactivity, C_KNO=co-located knowledge 
transferability, C_COH=co-located cohesiveness, C_TRU=co-located trust, C_CON=co-located conflict.  
 

As Table 3 indicates, communication technology had no significant effect on any of the 

constructs. That is, the type of communication technology condition had no significant 

effect on participants’ perception of awareness, interactivity, knowledge transferability, 

cohesiveness, trust, and conflict towards their co-located partners. As a result, no 

subsequent analysis of the sub-constructs was conducted. Since H1 stated that the level of 

co-located shared understanding will not vary among different communication 

technology conditions, this hypothesis was supported by the results.  

 

7.3.2 The Impact of Communication Technology on Distant Shared Understanding 

This section reports results pertaining to the second research question: How do different 

combinations of communication technologies impact the level of distant shared 

understanding? A lower level of distant shared understanding implies that group 

members experienced the following outcomes with respect to their distant partners: (1) 

less awareness, (2) less willingness to listen and/or to respond to each other, (3) more 

effort required to successfully convey design knowledge, (4) a lack of unity, (5) a lack of 

trust, (6) and more conflict. It was hypothesized that the level of distant shared 

understanding will be lower for groups that used leaner communication technologies 

(Condition 1=richest combination communication technologies, Condition 4=leanest 

combinations communication technologies).  
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7.3.2.1 Construct-Level Analysis Results 

Figure 45 illustrates the mean responses of distant shared understanding for 

communication technology conditions grouped by constructs. 
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Note: D_AWE=distant awareness, D_INT=distant interactivity, D_KNO=distant knowledge transferability, 
D_COH=distant cohesiveness, D_TRU=distant trust, D_CON=distant conflict. COND1= telepresence to 
telepresence, COND2=telepresence to laptops, COND3=telepresence to mobile, COND4=laptop to mobile.  

Figure 45. Mean responses of distant awareness, interactivity, knowledge transferability, 
cohesiveness, trust, and conflict by communication technology conditions. 

 

Overall, distant interactivity (M=6.251, SD=.815) showed the highest level, followed by 

distant cohesiveness (M=5.765, SD=.942), distant awareness (M=5.16, SD=.977), distant 

knowledge transferability (M=4.834, SD=1.168), and distant trust (M=3.902, SD=.563). 

Distant conflict showed the lowest level (M=1.568, SD=.501), meaning that overall, 

group members experienced less conflict towards their distant members.  

 

In general, each construct decreased across the four conditions (from Condition 1 to 

Condition 4), except for distant conflict. This pattern indicates that distant shared 

understanding decreased as communication technology became leaner. For distant 

conflict, the increasing pattern indicates that the level of distant conflict increased as 

communication technology became leaner.  
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Table 58 reports the descriptive statistics and normality test results.  

Table 58. Descriptive statistics and data normality for distant shared understanding. 

Item Mean (SD) Original data Shapiro- 
Wilk W (p-value) 

Transformed data 
Shapiro-Wilk W (p-value) 

D_AWE 5.16 (.977) .982 (.488) - 
D_INT 6.251 (.815) .933 (<.0001) .952 (.015) 

D_KNO 4.834 (1.168) .977 (.29) - 
D_COH 5.765 (.942) .976 (.251) - 
D_TRU 3.902 (.563) .971 (.148) - 
D_CON 1.568 (.501) .908 (.0002) .984 (.577) 

Note: D_AWE=distant awareness, D_INT=distant interactivity, D_KNO=distant knowledge transferability, 
D_COH=distant cohesiveness, D_TRU=distant trust, D_CON=distant conflict.  
 

The normality test results indicate that the data collected for distant awareness, distant 

knowledge transferability, distant cohesiveness, and distant trust followed the normal 

distribution; in contrast, the data for distant interactivity and distant conflict were not 

normal. However, after data transformation (box-cox transformation), distant conflict 

followed the normal distribution, while distant interactivity still remained non-normal. 

Therefore, a mixed model ANOVA was used to test statistical significance for distant 

awareness, distant knowledge transferability, distant cohesiveness, distant trust, and 

distant conflict (transformed), while a generalized linear mixed model was used for 

distant interactivity and distant conflict. The statistical analysis results are reported in 

Table 59.  

Table 59. Statistical analysis results of technology impact on distant shared 
understanding. 

Item F(3, 12) p-value 
D_AWE 3.93 .036* 
D_INT .26 .851 

D_KNO 3.6 .046* 
D_COH .53 .669 
D_TRU 2.2 .140 
D_CON 1.93 .178 

Note: D_AWE=distant awareness, D_INT=distant interactivity, D_KNO=distant knowledge transferability, 
D_COH=distant cohesiveness, D_TRU=distant trust, D_CON=distant conflict.  
*Indicates statistical significance at p < .05. 
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As shown, communication technology had a significant effect on distant awareness 

[F(3,12)=3.93, p=.036] and on distant knowledge transferability [F(3, 12)=3.6, p=.046], 

meaning that the mean values of each communication technology condition in distant 

awareness and distant knowledge transferability were not the same.  

 

A post-hoc comparison using the least squares difference (LSD) method with Tukey 

adjustment was used to identify which communication technology condition differed for 

distant awareness and distant knowledge transferability. In the case of distant awareness, 

the post hoc analysis results indicated that Condition 1 (M=5.665, SD=.695) was 

significantly different from Condition 4 (M=4.568, SD=.989, p=.024). Likewise, the post-

hoc analysis results for distant knowledge transferability revealed that Condition 1 

(M=5.629, SD=.655) was significantly different from Condition 4 (M=4.040, SD=1.072, 

p=.03). In Condition 1, both sub-groups used telepresence systems, which represents the 

richest communication technology utilized in the study. In contrast, in Condition 4 the 

sub-groups used laptop and mobile devices—i.e., the leanest communication technologies 

utilized in this study.  

 

Both post-hoc analysis results partially supported hypothesis 2—namely, that the level of 

distant shared understanding would be lower for the leaner communication technologies. 

Sub-construct level analyses were conducted for distant awareness and distant knowledge 

transferability to examine what types of awareness and knowledge transferability 

engendered the differences observed between Conditions 1 and 4, as detailed in the 

following section.  

 

7.3.2.2 Sub-construct Level Analysis Results 

In this section, sub-construct-level analyses were conducted for the constructs that 

showed significant differences at the construct level analysis (distant awareness and 

distant knowledge transferability). Distant awareness consists of four sub-constructs: (1) 

distant attention, (2) distant level of understanding, distant task, and distant emotion. 

Each sub-construct asked participants’ perceptions towards their distant partners. Higher 

mean responses indicate higher levels for that specific sub-construct. Figure 46 illustrates 
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the mean responses for the sub-constructs of distant awareness. Descriptive statistics as 

well as normality test results are report in Table 60. 
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Note: D_ATT=distant attention, D_UND=distant understanding, D_TASK=distant task, D_EMO=distant 
emotion. COND1= telepresence to telepresence, COND2=telepresence to laptops, COND3=telepresence to 
mobile, COND4=laptop to mobile.  

Figure 46. Mean responses of sub-constructs of distant awareness (D_AWE). 

Table 60. Descriptive statistics and data normality for sub-categories of distant awareness 
(D_AWE). 

Item Mean (SD) Shapiro-Wilk W (p-value) 
D_ATT 5.496 (1.012) .975 (.242) 
D_UND 5.355 (1.067) .986 (.688) 
D_TASK 4.589 (1.269) .991 (.951) 
D_EMO 4.867 (1.171) .978 (.321) 

 

Overall, distant attention (M=5.496, SD=1.012) showed the highest mean response, 

followed by distant level of understanding (M=5.355, SD=1.067), distant emotion 

(M=4.867, SD=1.171), and distant task (M=4.589, SD=1.269). A decreasing pattern was 

identified from Conditions 1 to 4 for all sub-constructs of awareness (with some 

exceptions in distant attention and distant level of understanding). Since all the data 

collected for sub-constructs of distant awareness followed the normal distribution (Table 

60), a mixed model ANOVA was conducted to identify statistical differences across the 

communication technology conditions. The analysis results are reported in Table 61.  
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Table 61. Statistical analysis results of technology impact on sub-constructs of distant 
awareness. 

Item F(3,12) p-value 
D_ATT 2.08 .156 
D_UND 4.26 .028* 
D_TASK 4.26 .028* 
D_EMO 2.39 .119 

* indicates statistical significance at p < .05. 

Based on the statistical analysis results, significant effects of communication 

technologies on distant understanding [F(3,12)=4.26, p=.028] and distant task 

[F(3,12)=4.26, p=.028] were identified. The results indicate that the responses for distant 

understanding and distant task differed across the different communication technology 

conditions; as a result, post-hoc analyses were conducted. 

 

For distant understanding, the post-hoc analysis results revealed that Condition 1 

(M=5.953, SD=.665) differed significantly from Condition 4 (M=4.703, SD=1.151, 

p=.017). This outcome indicates that groups that used the telepresence systems 

(Condition 1) experienced significantly higher levels of awareness of their distant 

members’ level of understanding in comparison to the groups who communicated 

through laptops and mobile devices (Condition 4).  

 

Post-hoc analysis results for distant task indicated that each of the first three conditions 

differed significantly from the fourth condition. As with understanding, Condition 1 

(M=5.046, SD=.936) was significantly different from Condition 4 (M=3.578, SD=1.331, 

p=.036), indicating that groups who used telepresence systems (Condition 1) had 

significantly higher levels of awareness of what their distant partners were working on in 

comparison to groups who used laptops and mobile devices (Condition 4). In addition, 

Condition 2 (M=4.906, SD=1.040) and Condition 4 (M=3.578, SD=1.331, p=.061) 

showed a marginal difference. Thus, groups who used the telepresence system and 

laptops (Condition 2) to communicate with one another had higher level of awareness of 

what their distant members were working on in comparison those who used laptops and 

mobile devices (Condition 4). Similarly, Condition 3 (M=4.828, SD=1.247) and 

Condition 4 (M=3.578, SD=1.331, p=.081) also showed a marginal difference. Groups 
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who used the telepresence system and mobile devices (Condition 3) had higher level of 

awareness of what their distant members were working on in comparison to those who 

used laptop and mobile devices (Condition 4). Overall, then, the groups that used the 

telepresence system all showed higher level of distant task awareness than groups who 

used the other three communication modalities.  

 

Distant knowledge consists of six sub-constructs: (1) distant design function, (2) distant 

design structure, (3) distant design behavior, (4) distant design procedure, (5) distant 

design concept, and (6) distant design value. Figure 47 depicts the mean responses, and 

Table 62 reports the descriptive statistics and normality test results for these sub-

constructs. 
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Note: D_FUN=distant design knowledge of function, D_STR=distant design knowledge of structure, 
D_BEH=distant design knowledge of behavior, D_PRO=distant design knowledge of procedure, 
D_CON=distant design knowledge of concept, D_VAL=distant design knowledge of value.  

Figure 47. Mean responses of distant knowledge transferability by communication 
technology conditions. 

Table 62. Descriptive statistics and data normality for the sub-constructs of distant 
knowledge transferability. 

Item Mean (SD) Original data Shapiro- 
Wilk W (p-value) 

Transformed data 
Shapiro- 

Wilk W (p-value) 
D_FUN 4.867 (1.319) .96 (.036) .966 (.078) 
D_STR 4.523 (1.334) .967 (.087) - 
D_BEH 4.703 (1.341) .973 (.176) - 
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D_PRO 4.859 (1.209) .974 (.204) - 
D_CON 4.773 (1.569) .986 (.719) - 
D_VAL 5.593 (1.290) .97 (.124) - 

 

Overall, the mean value of distant design value (M=4.876, SD=1.319) was the highest, 

meaning the least amount of effort was required to successfully communicate design 

value to distant group members, followed by distant design function (M=4.867, 

SD=1.319), distant design procedure (M=4.869, SD=1.209), distant design concept 

(M=4.773, SD=1.569), distant design behavior (M=4.703, SD=1.341), and distant design 

structure (M=4.523, SD=1.334). In general, all the sub-constructs showed a decreasing 

pattern from Conditions 1 to 4, indicating that participants experienced more difficulty 

conveying design knowledge as the communication technologies became leaner.  

 

All the data collected for the sub-constructs of distant knowledge transferability followed 

the normal distribution (Table 62), and thus a mixed model ANOVA was used. For 

distant design function, transformed data were used since the original data did not follow 

the normal distribution. Table 63 shows the statistical analysis results for the sub-

constructs of distant design knowledge. 

Table 63. Statistical analysis results of technology impact on the sub-constructs of distant 
knowledge transferability. 

Item F(3,12) p-value 
D_FUN 3.74 .041* 
D_STR 2.78 .086 
D_BEH 3.37 .054* 
D_PRO 5.01 .017* 
D_CON 2.10 .154 
D_VAL 2.93 .077 

Note: D_FUN=distant design knowledge of function, D_STR=distant design knowledge of structure, 
D_BEH=distant design knowledge of behavior, D_PRO=distant design knowledge of procedure, 
D_CON=distant design knowledge of concept, D_VAL=distant design knowledge of value. * indicates 
statistical significance at p < .05. 
 

There were significant effects associated with the type of communication technology on 

distant function [F(3,12)=3.74, p=.041], distant behavior [F(3,12)=3.37, p=.054], and 

distant procedure [F(3,12)=5.01, p=.017]. These results indicate that the difficulty of 

communicating design knowledge associated with function, behavior, and procedure to 
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distant group members differed across different communication technologies, and thus 

post-hoc analyses were conducted.  

 

The post-hoc analyses results for distant function, distant behavior, and distant procedure 

all revealed significant differences between Condition 1 (M=5.781, SD=.930; M=5.656, 

SD=.676; M=5.781, SD=.706, respectively) and Condition 4 (M=3.968, SD=1.189, 

p=.025; M=3.937, SD=1.236, p=.038; M=4.031, SD=1.284, p=.010, respectively). Thus 

participants who used laptop and mobile devices experienced more difficulty conveying 

design knowledge about function, behavior, and procedure to their distant members in 

comparison to those who used telepresence systems.  

 

7.3.3 The Impact of Communication Technology on the Difference between Co-located 

and Distant Shared Understanding 

In this section, co-located and distant shared understanding responses are compared by 

constructs and by the various communication technology conditions. The difference 

between co-located and distant shared understanding responses signifies the extent of 

group members’ level of perceived differences between their experiences with co-located 

and distant partners. For instance, a large difference between co-located and distant 

knowledge transferability—as in the case of higher co-located knowledge 

transferability—would indicate that group members experienced more difficulty 

transferring design knowledge to their distant group members than to their co-located 

members. Conversely, a small difference between co-located and distant response 

indicates that comparable effort is required to transfer design knowledge to both co-

located and distant group members. It was hypothesized that more constructs and sub-

constructs would show significant differences between co-located and distant shared 

understanding as the communication technologies become leaner. To test the hypothesis, 

mean responses for both co-located and distant shared understanding, grouped by 

constructs, were examined (Figure 48). Subsequently, theme-level and sub-construct-

level analyses were conducted for each communication technology condition.  
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Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict.  

Figure 48. Mean responses of co-located and distant shared understanding by 
communication technology conditions, grouped by constructs. 

In each case, participants reported that they experienced higher level of awareness, 

interactivity, knowledge transferability, cohesiveness, and trust towards their co-located 

partners. These results signify that members within a co-located sub-group (1) were more 

aware of one another, (2) were more willing to listen and to respond, (3) experienced less 

effort needed to successfully communicate design knowledge, (4) experienced more 

unity, (5) and experienced more trust when compared to interactions with their distant 

group members. In the case of conflict, lower conflict indicates that group members felt 

less antagonistic towards their co-located partners than towards their distant counterparts.  

 

Importantly, the overall difference between co-located and distant responses became 

larger as communication technologies became leaner (Conditions 1 to 4). That is, as 

communication technologies became leaner, the differences between group members’ 
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experiences with their co-located and distant members became more pronounced. As 

shown in the graphs in Figure 48, the difference between co-located and distant responses 

of knowledge transferability varied the most (mean difference=1.2), followed by 

awareness (.925), cohesiveness (.798), interactivity (.356), trust (.35), and conflict (.22). 

Knowledge transferability, awareness, and cohesiveness can be considered as the three 

constructs that are most likely to be impacted by a change in communication technology. 

The following sections report the statistical analysis results in the order of 

communication technology conditions (Conditions 1 to 4).  

 

7.3.3.1 Communication Technology Condition 1 

In Condition 1, both sub-groups used telepresence systems. Table 64 reports the 

descriptive statistics, normality test results, and statistical analysis results.  

Table 64. Descriptive statistics, data normality, and statistical analysis results of 
constructs for Condition 1. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AWE 6.215 (.641) 5.665 (.695) .55 .96 (.281) t= -2.325 (.027)* 
INT 6.781 (.340) 6.66 (.355) .121 .811 (<.0001) Z= -1.465 (.142) 

KNO 6.071 (.696) 5.629 (.655) .442 .920 (.021) Z=-2.095 (.036)* 
COH 6.570 (.887) 6.043 (.987) .527 .965 (.381) t=-1.586 (.123) 
TRU 4.192 (.481) 4.039 (.388) .153 .974 (.618) t=-.992 (.329) 
CON 1.25 (.227) 1.33 (.273) .08 .822 (<.0001) Z=.851 (.394) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

Statistical analysis revealed that co-located responses were significantly higher than 

distant responses for awareness (p=.027) and knowledge transferability (p=.036) in 

Condition 1. This result indicates that the experiences of group members with their co-

located and distant members were significantly different in terms of both awareness and 

knowledge transferability. Specifically, they experienced significantly lower level of 

awareness towards their distant group members, and more difficulty in successfully 

conveying design knowledge to their distant partners.  
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To investigate the difference in more detail, sub-construct level analyses were conducted 

for awareness and knowledge transferability. Table 65 reports the descriptive statistics, 

data normality, and statistical analysis results of sub-constructs of awareness.  

Table 65. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of awareness for Condition 1. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

ATT 6.476 (.652) 5.921 (.832) .555 .939 (.072) Z=-2.034 (.041)* 
UND 6.312 (.727) 5.953 (.665) .359 .921 (.023) t=-1.457 (.155) 
TASK 6.031 (1.007) 5.046 (.936) .985 .915 (.016) t=-2.862 (.007)* 
EMO 5.781 (.855) 5.484 (.985) .297 .973 (.614) Z=-.742 (.457) 

Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

Statistical analyses indicated that co-located responses were significantly higher than 

distant responses in awareness of attention (p=.041) and awareness of task (p=.007). 

These results imply that participants were more aware of and able to catch their co-

located partner’s attention more easily in comparison to their distant partners. Similarly, 

group members were more aware of what their co-located partners were working on than 

what their distant partners were working on.  

 

Table 66 reports the descriptive statistics, data normality, and statistical analysis results 

of sub-constructs for knowledge transferability in Condition 1.  

Table 66. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of knowledge transferability for Condition 1. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) 

Difference Shapiro-Wilk 
W (p-value) t / Z (p-value) 

FUN 6.25 (.894) 5.781 (.930) .469 .893 (.004) Z= -1.675 (.093) 
STR 6.046 (.796) 5.375 (.821) .671 .878 (.001) Z=-2.353 (.018)* 
BEH 6.062 (.629) 5.656 (.676) .406 .877 (.001) Z= -1.899 (.057) 
PRO 6.093 (.735) 5.781 (.706) .312 .969 (.478) t= -1.225 (.229) 
CON 5.968 (.903) 5.437 (.928) .531 .927 (.032) Z= -1.571 (.116) 
VAL 6.031 (.956) 6.0 (.730) .031 .900 (.006) Z= -.405 (.684) 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
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The results revealed that the mean co-located response for design structure was 

significantly higher than the distant mean response (p=.018). Thus, group members were 

able to convey design knowledge about structure more easily to their co-located partners. 

In addition, marginal differences were identified for design function and behavior, 

meaning that participants felt that they were able to convey design knowledge of 

behavior and function more easily to their co-located partners than to their distant 

counterparts (p=.057 and p=.093, respectively). 

 

7.3.3.2 Communication Technology Condition 2 

In Condition 2, one sub-group used the telepresence system to communicate with their 

distant group members, while the other sub-group used laptops. As reported in Table 67, 

the differences between co-located and distant responses were the largest for knowledge 

transferability (.799), followed by cohesiveness (.798), awareness (.66); the remaining 

constructs showed only marginal differences. Table 67 reports the descriptive statistics, 

data normality, and statistical analysis results for Condition 2. 

Table 67. Descriptive statistics, data normality, and statistical analysis results of 
constructs for Condition 2. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) 

Difference Shapiro-Wilk W 
(p-value) Z (p-value) 

AWE 5.8 (1.293) 5.140 (1.041) .66 .875 (.001) Z=-1.998 (.043)* 
INT 6.523 (.826) 6.339 (.670) .184 .767 (<.0001) Z=-1.386 (.165) 

KNO 5.736 (1.404) 4.937 (1.213) .799 .880 (.002) Z=-2.206 (.027)* 
COH 6.960 (.993) 6.162 (.940) .798 .943 (.093) t= -2.335 (.026)* 
TRU 4.317 (.740) 4.130 (.507) .187 .904 (.007) Z=-1.265 (.205) 
CON 1.263 (.176) 1.504 (.464) .241 .844 (.0003) Z=1.585 (.112) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

Statistical analyses revealed that co-located responses were significantly higher than 

distant responses for awareness (p=.043), knowledge transferability (p=.027), and 

cohesiveness (p=.026). The results imply that group members experienced difficulty in 

being aware of and successfully conveying design knowledge to their distant group 

members, and experienced less unity with their distant partners.  
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Sub-construct level analyses were conducted for awareness and knowledge 

transferability. Since cohesiveness does not have any sub-constructs, it was excluded 

from the sub-construct level analysis. Table 68 reports the descriptive statistics, normality 

test results, and statistical analysis results of sub-constructs of awareness.  

Table 68. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of awareness for Condition 2.  

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) 

Differenc
e 

Shapiro-Wilk W 
(p-value) t / Z (p-value) 

ATT 6.078 (1.362) 5.320 (1.344) .758 .838 (.0002) Z= -1.893 (.058)* 
UND 5.593 (1.562) 5.343 (1.032) .25 .804 (<.0001) Z= -1.392 (.163) 
TASK 5.843 (1.513) 4.906 (1.040) .937 .846 (.0004) Z= -2.751 (.005)* 
EMO 5.406 (1.344) 4.812 (1.074) .594 .941 (.082) t= -1.380 (.178) 

Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

Statistical analyses indicated that co-located responses were significantly higher than 

distant responses on awareness of attention (p=.058) and awareness of task (p=.005). 

Group members were more aware of their co-located partners’ attention and current task 

work than those of their distant partners.  

 

Table 69 lists the descriptive statistics, data normality, and statistical analysis results of 

sub-constructs of knowledge transferability in communication technology for Condition 

2.  

Table 69. Descriptive statistics, data normality, statistical analysis results for the sub-
constructs of knowledge transferability in Condition 2. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 5.812 (1.672) 4.843 (1.422) .969 .813 (<.0001) Z= -2.578 (.009)* 
STR 5.546 (1.552) 4.609 (1.434) .937 .905 (.008) Z= -1.977 (.047)* 
BEH 5.625 (1.408) 4.718 (1.353) .907 .931 (.042) Z= -1.876 (.060) 
PRO 5.75 (1.414) 4.781 (1.110) .969 .842 (.0003) Z= -2.686 (.007)* 
CON 5.687 (1.547) 4.906 (1.344) .781 .858 (.0006) Z= -1.984 (.047)* 
VAL 6.187 (1.108) 6.093 (1.128) .094 .711 (<.0001) Z= -.330 (.740) 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
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Statistical analyses indicated that co-located responses were significantly higher than 

distant responses on design function (p=.009), design structure (p=.047), design 

procedure (p=.007), and design concept (p=.047). These results imply that participants 

perceived that they were able to convey design knowledge of function, structure, 

procedure, and concept more easily to their co-located partners than to their distant 

partners.  

 

7.3.3.3 Communication Technology Condition 3 

In communication technology Condition 3, one sub-group used the telepresence system 

while the other sub-group used mobile devices to communicate with their distant 

partners. As reported in Table 70, the difference between co-located and distant responses 

was the largest in knowledge transferability (1.634), followed by awareness (.944), 

cohesiveness (.894), interactivity (.492), trust (.49), and conflict (.247).  

Table 70. Descriptive statistics, data normality, and statistical analysis results of 
constructs for Condition 3. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AWE 6.212 (.758) 5.268 (.896) .944 .979 (.791) t= -3.213 (.003)* 
INT 6.632 (.445) 6.140 (1.016) .492 .856 (.0006) Z= -1.387 (.165) 

KNO 6.366 (.539) 4.732 (1.146) 1.634 .967 (.423) t= -5.156 (<.0001)* 
COH 6.75 (1.172) 5.856 (1.158) .894 .939 (.074) t= -2.169 (.038)* 
TRU 4.25 (.748) 3.760 (.634) .49 .911 (.012) Z= -2.228 (.025)* 
CON 1.495 (.360) 1.742 (.460) .247 .946 (.112) t= 1.69 (.102) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

Statistical analyses confirmed that co-located responses were significantly higher than 

distant responses in awareness (p=.003), knowledge transferability (p=<.0001), 

cohesiveness (p=.038), and trust (p=.025). Therefore, sub-construct-level analyses were 

conducted for these constructs, except for cohesiveness due to the fact that cohesiveness 

did not have sub-constructs.  

 

Table 71 lists the descriptive statistics, data normality, and statistical analysis of the sub-

constructs of awareness for Condition 3. The difference between co-located and distant 
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responses was greatest for awareness of task (.1547), followed by awareness of emotion 

(.953), awareness of attention (.821), and awareness of level of understanding (1.051).  

Table 71. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of awareness for Condition 3. 

Constructs Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

ATT 6.453 (.613) 5.632 (.810) .821 .970 (.517) t= -3.226 (.003)* 
UND 6.0 (1.264) 5.421 (1.051) .579 .885 (.002) Z= -2.026 (.042)* 

TASK 6.375 (.670) 4.828 (1.247) 1.547 .925 (.029) Z= -3.784 
(.0002)* 

EMO 5.781 (1.196) 4.828 (1.015) .953 .971 (.536) t= -2.429 (.021)* 
Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

Statistical analyses indicated that all of the sub-constructs of awareness were significantly 

different, meaning that co-located responses were significantly higher than distant 

responses for all the sub-constructs of awareness.  

 

Table 72 lists the descriptive statistics, normality, and statistical analysis for the sub-

constructs of knowledge transferability. Analysis results revealed that co-located 

responses were significantly higher than distant responses for all the sub-constructs of 

knowledge transferability.  

Table 72. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of knowledge transferability for Condition 3. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 6.468 (.531) 4.875 (1.118) 1.593 .948 (.134) t= -5.150 (<.0001)* 
STR 6.375 (.619) 4.281 (1.287) 2.094 .955 (.204) t= -5.862 (<.0001)* 
BEH 6.375 (.562) 4.5 (1.449) 1.875 .958 (.245) t= -4.824 (.0001)* 
PRO 6.281 (.752) 4.843 (1.060) 1.438 .953 (.176) t= -4.423 (.0001)* 
CON 6.312 (.793) 4.906 (1.485) 1.406 .907 (.009) Z= -3.058 (.002)* 
VAL 6.375 (.645) 5.437 (1.504) .938 .879 (.002) Z= -1.963 (.049) * 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
 

Table 73 reports the descriptive statistics, data normality, and statistical analysis results 

for the sub-constructs of trust for Condition 3. The analysis results indicated that co-

located responses were significantly higher than distant responses in affective trust 
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(p=.010). This result implies that participants felt significantly higher levels of affective 

trust towards their co-located partners than towards their distant partners.  

Table 73. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of trust for Condition 3. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AFF 4.281 (.812) 3.644 (.685) .637 .902 (.007) Z= -2.569 (.010)* 
COG 6.75 (1.172) 5.856 (1.158) .894 .905 (.008) Z= -.764 (.444) 

Note: AFF= affective conflict, COG= cognitive conflict. * indicates statistical significance at p < .05. 
 

7.3.3.4 Communication Technology Condition 4 

For Condition 4, one sub-group used laptops to communicate, while the other sub-group 

members used mobile devices. The descriptive statistics, data normality, and statistical 

analysis results are reported in Table 74. Trends similar to those noted for the three other 

conditions were identified, but the differences between co-located and distant responses 

for each construct in Condition 4 were larger. The difference between co-located and 

distant responses was most significant for knowledge transferability (1.924), followed by 

awareness (1.544), cohesiveness (.972), interactivity (.625), trust (.568), and conflict 

(.311). 

Table 74. Descriptive statistics, data normality, and statistical analysis results of 
constructs for Condition 4. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AWE 6.112 (.806) 4.568 (.989) 1.544 .967 (.438) t= -4.837 (<.0001)* 
INT 6.492 (.581) 5.867 (.909) .625 .942 (.089) t= -2.314 (.029)* 

KNO 5.964 (.900) 4.040 (1.072) 1.924 .983 (.884) t= -5.494 (<.0001)* 
COH 6.703 (.876) 5.731 (.923) .972 .933 (.049) Z= -2.621 (.008)* 
TRU 4.25 (.524) 3.682 (.609) .568 .980 (.806) t= -2.825 (.008)* 
CON 1.383 (.340) 1.694 (.662) .311 .889 (.003) Z= 1.302 (.192) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

Statistical analyses indicated that co-located responses were significantly higher than 

distant responses for all the constructs, with the exception of conflict. This finding 

indicates that participants experienced more awareness, more willingness to listen and to 

respond, easier knowledge conveyance, more unity, and more trust with their co-located 



 

 221 

partners than with their distant partners. Further post hoc sub-construct-level analyses 

were conducted with the constructs that showed significant differences in the following 

order of relevance: awareness, interactivity, knowledge transferability, cohesiveness, and 

trust. 

 

Table 76 lists the descriptive statistics, data normality, and statistical analysis results for 

the awareness sub-constructs. These results indicate that co-located responses were 

significantly higher than distant responses for all the sub-constructs. For Condition 4, 

participants experienced more difficulty being aware of: (1) what their distant partners 

were working on (mean diff=2.672), (2) their distant partners level of understanding 

(mean diff=1.297), (3) their distant partners’ emotions (mean diff=1.172), as well as (4) 

knowing their distant partners’ attention level and getting their attention (mean 

diff=1.172). 

Table 75. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of awareness for Condition 4.  

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

ATT 6.281 (.763) 5.109 (.861) 1.172 .976 (.698) t= -4.074 (.0003)* 
UND 6.0 (.875) 4.703 (1.151) 1.297 .962 (.312) t= -3.585 (.001)* 
TASK 6.25 (.836) 3.578 (1.331) 2.672 .978 (.769) t= -6.796 (<.0001)* 
EMO 5.75 (1.238) 4.343 (1.381) 1.407 .965 (.396) t= -3.032 (.005)* 

Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

Table 76 lists the descriptive statistics, data normality, and statistical analysis results of 

the sub-constructs of interactivity. The results indicated significant difference between 

co-located and distant responses for one’s perception of co-located and distant members’ 

willingness to listen (LIS2, p=.023) and to respond (RES2, p=.022). This finding 

indicates that participants perceived that their co-located partners were more willing to 

listen and to respond than their distant counterparts.  

Table 76. Descriptive statistics, data normality, and statistical analysis results for the sub-
construct of interactivity for Condition 4. 

Construct Co-located Distant Difference Shapiro-Wilk t / Z (p-value) 
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Mean (SD) Mean (SD) W (p-value) 
LIS1 6.5 (.577) 6.109 (.730) .391 .939 (.071) t= -1.678 (.104) 
LIS2 6.5 (.632) 5.812 (.950) .688 .935 (.055) t= -2.408 (.023)* 
RES1 6.531 (.561) 5.953 (1.025) .578 .915 (.015) Z= -1.621 (.104) 
RES2 6.437 (.629) 5.593 (1.227) .844 .941 (.085) t= -2.446 (.022)* 

Note: LIS1= one’s willingness to listen to her co-located or distant partner, LIS2= one’s perception of co-
located or distant member’s willingness to listen, RES1= one’s willingness to respond to co-located or 
distant partner, RES2= one’s perception of co-located or distant member’s willingness to respond. 
*indicates statistical significance at p < .05. 
 

Table 77 lists the descriptive statistics, data normality, and statistical analysis for the sub-

construct of knowledge transferability. The results indicate that co-located responses 

were significantly higher than those of the distant responses for all the sub-constructs of 

knowledge transferability.  

Table 77. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of knowledge transferability for Condition 4. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 6.062 (.853) 3.968 (1.189) 2.094 .934 (.052) t= -5.718 (<.0001)* 
STR 6.0 (.921) 3.828 (1.315) 2.172 .954 (.187) t= -5.407 (<.0001)* 
BEH 6.031 (.763) 3.938 (1.236) 2.093 .959 (.264) t= -5.763 (<.0001)* 
PRO 6.0 (.774) 4.031 (1.284) 1.969 .974 (.645) t= -5.251 (<.0001)* 
CON 5.718 (1.328) 3.843 (1.660) 1.875 .960 (.283) t= -3.526 (.001)* 
VAL 5.937 (1.138) 4.843 (1.362) 1.094 .939 (.072) t= -2.463 (.019)* 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
 

Table 78 lists the descriptive statistics, data normality, and statistical analysis for the sub-

constructs of trust. The statistical analysis results indicated that co-located responses were 

significantly higher than distant responses for affective trust (AFF, p=.002), while no 

significant difference was identified for cognitive trust (COG).  

Table 78. Descriptive statistics, data normality, and statistical analysis results for the sub-
constructs of trust in Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AFF 4.210 (.493) 3.457 (.756) .753 .960 (.286) t=-3.339 (.002)* 
COG 4.328 (.756) 4.132 (.529) .196 .937 (.063) Z= -1.236 (.209) 

Note: AFF= affective conflict, COG= cognitive conflict. * indicates statistical significance at p < .05. 
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7.3.3.5 Summary 

It was hypothesized as the communication technology became leaner, more constructs 

and sub-constructs would show significant differences between co-located and distant 

shared understanding. As illustrated in Figure 49, this hypothesis was supported. 

Specifically, as the technology became leaner (e.g., from Conditions 1 to 4), more 

constructs and corresponding sub-constructs showed significant differences between co-

located and distant responses.  
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Figure 49. A summary of communication technology impact on constructs and sub-
constructs of shared understanding. 

 

7.3.4 The Impact of Communication Technology on the Difference Between Co-located 

and Distant Shared Understanding by Sub-groups (different technology user groups) 

This section examines the differences between co-located and distant shared 

understanding across sub-groups that used different communication technologies. In 

contrast to the prior section, which compared the conditions as a whole (Condition 1 

versus Condition 2, etc.), this section looks at the experiences of the sub-groups within 

each condition. Note that in every condition, the two sub-groups used different 

technologies (65” versus 47” telepresence systems, telepresence versus laptops in 

Condition 2, telepresence versus mobile devices in Condition 3, and laptops versus 

mobile devices in Condition 4). A larger difference between responses to co-located and 

distant partners signified that the experiences of group members with their distant 

members differed from their experiences with their co-located partners. Two related 

hypotheses are stated below.  
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• H4-1: Sub-groups who used similar communication technology (Condition 1) will 

have the same responses in terms of constructs and sub-constructs that show 

significant differences between co-located and distant responses. 

• H4-2: More constructs and sub-constructs will show significant differences between 

co-located and distant shared understanding for sub-groups using leaner 

communication technologies.  

Initially, co-located and distant shared understanding responses for the four 

communication technology conditions were plotted to identify patterns (Figure 50). The 

four conditions are listed as below: 

• Condition 1 (COND1): telepresence 1 (65” screens) to telepresence 2 (47” screen)  

• Condition 2 (COND2): telepresence 1 to laptops 

• Condition 3 (COND3): telepresence 1 to mobile devices 

• Condition 4 (COND4): laptops to mobile devices.   

The descriptive statistics and differences between co-located and distant responses are 

reported in Table 79.  
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Note: TELE1= 65” TELE2=47”, TELE1(2)_COL= co-located shared understanding responses for 
telepresence users, TELE1(2)_DIS= distant shared understanding responses for telepresence users, 
LAPTOP_COL= co-located shared understanding responses for laptop users, LAPTOP_DIS= distant 
shared understanding responses for laptop users, MOBILE_COL= co-located shared understanding 
responses for mobile users, MOBILE_DIS= distant shared understanding responses for mobile users, 
AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= trust, 
CON= conflict.  

Figure 50. Mean responses of co-located and distant shared understanding by constructs 
and by communication technology condition. 

Table 79. Mean responses and differences by communication technology and by 
condition. 

C
on

di
tio

n 
1 

 Telepresence1 Telepresence2 

 Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Co-located 

Mean (SD) 
Distant 
Mean (SD) Difference 

AWE 6.068 (.823) 5.818 (.638) .25 6.362 (.392) 5.512 (.759) .85 
INT 6.640 (.414) 6.617 (.400) .023 6.921 (.175) 6.703 (.325) .218 

KNO 5.964 (.883) 5.616 (.596) .348 6.178 (.481) 5.642 (.751) .536 
COH 6.75 (.619) 6.262 (.798) .488 6.390 (1.108) 5.825 (1.159) .565 
TRU 4.041 (.543) 4.062 (.449) .021 4.343 (.386) 4.015 (.347) .328 

 CON 1.178 (.142) 1.350 (.314) .172 1.321 (.280) 1.312 (.246) .009 

C
on

di
tio

n 
2 

 Telepresence1 Laptop 

 Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Co-located 

Mean (SD) 
Distant 
Mean (SD) Difference 

AWE 6.225 (.477) 5.368 (1.23) .857 5.375 (1.715) 4.912 (.827) .463 
INT 6.75 (.320) 6.601 (.465) .149 6.296 (1.115) 6.078 (.768) .218 

KNO 6.285 (.575) 5.312 (.895) .973 5.187 (1.790) 4.562 (1.426) .625 
COH 7.375 (.395) 6.612 (.662) .763 6.546 (1.251) 5.172 (.996) 1.374 
TRU 4.447 (.541) 4.322 (.555) .125 4.187 (.918) 3.937 (.398) .25 

 CON 1.196 (.125) 1.427 (.216) .231 1.330 (.201) 1.581 (.634) .251 

C
on

di
tio

n 
3 

 Telepresence1 Mobile 

 Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Co-located 

Mean (SD) 
Distant 
Mean (SD) Difference 

AWE 5.925 (.766) 5.35 (.860) .575 6.5 (.676) 5.187 (.983) 1.313 
INT 6.468 (.480) 5.875 (1.12) .593 6.796 (.365) 6.406 (.888) .39 

KNO 6.026 (.494) 4.375 (1.23) 1.651 6.705 (.340) 5.089 (1.002) 1.616 
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Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict.  
 

Several patterns were identified as shown in Figure 50. First, co-located responses were 

generally higher than distant responses for all the constructs (except for conflict) 

regardless of the specific communication technology condition. For conflict, distant 

responses were higher than co-located responses; this finding indicates that participants 

experienced lower levels of conflict level with their co-located partners than with their 

distant partners. Second, the difference between co-located and distant responses showed 

an increasing trend from Condition 1 to Condition 4; that is, the differences become 

larger as the communication technologies become leaner. The mean difference between 

co-located and distant responses was the largest for Condition 4 (M=.990, SD=.654), 

followed by Condition 3 (M=.783, SD=.505), Condition 2 (M=.523, SD=.397), and 

Condition 1 (M=.317, SD=.257). Lastly, and somewhat surprisingly, participants who 

used mobile devices tended to show higher co-located responses than those who used 

richer communication technologies (i.e., telepresence or laptop). As illustrated in Figure 

50(c) and 7(d), mobile users’ co-located responses were higher than those of telepresence 

users and laptop users for all constructs.  

 

7.3.4.1 Communication Technology Condition 1 

Normality tests were conducted prior to performing statistical analyses to test the 

differences between co-located and distant responses within each sub-group. The test 

results, as well as statistical analyses, are reported in Table 80-Table 90. T-tests were 

conducted for data that followed the normal distribution, and the Wilcoxon test was used 

for the data that did not follow normal distributions.  

COH 6.281 (.990) 5.45 (1.014) .831 7.218 (1.209) 6.262 (1.211) .956 
TRU 3.937 (.939) 3.609 (.722) .328 4.562 (.307) 3.911 (.538) .651 

 CON 1.616 (.430) 1.783 (.380) .167 1.375 (.246) 1.701 (.553) .326 
C

on
di

tio
n 

4 
 Telepresence1 Mobile 

 Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Co-located 

Mean (SD) 
Distant 
Mean (SD) Difference 

AWE 5.712 (.935) 4.518 (.945) 1.194 6.512 (.390) 4.618 (1.094) 1.894 
INT 6.218 (.657) 5.859 (.931) .359 6.765 (.349) 5.875 (.952) .89 

KNO 5.687 (1.12) 4.205 (1.18) 1.482 6.241 (.555) 3.875 (.995) 2.366 
COH 6.640 (.943) 5.787 (.903) .853 6.765 (.864) 5.675 (1.002) 1.09 
TRU 4.25 (.625) 3.718 (.637) .532 4.25 (.445) 3.645 (.620) .605 

 CON 1.312 (.205) 1.649 (.407) .337 1.455 (.441) 1.740 (.876) .285 
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Table 80. Normality tests and T-test/Wilcoxon results comparing co-located and distant 
responses within sub-groups for Condition 1. 

Construct Shapiro-Wilk W (p-
value) 

Sub-group 1: 
Tele1 t / Z (p-value) 

Sub-group 2: 
Tele2 t / Z (p-value) 

AWE .978 (.756) t= -.678 (.509) t= -2.813 (.017)* 
INT .867 (.001) Z= -.266 (.789) Z= -1.91 (.056) 

KNO .931 (.041) Z= -1.213 (.225) Z= -1.63 (.102) 
COH .951 (.154) t= -1.364 (.195) t= -.997 (.335) 
TRU .980 (.799) t= .083 (.934) t= -1.785 (.096) 
CON .858 (.0006) Z= 1.212 (.225) Z= -.052 (.958) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

In Condition 1, the responses for co-located awareness for sub-group 2 (telepresence 47” 

screen) were significantly higher than distant awareness, even though both sub-group 2 

and sub-group 1 used telepresence systems (p=.017). However no statistical differences 

were identified for the remaining constructs; therefore, sub-construct level analysis was 

conducted only for awareness using the telepresence2 users’ responses. The results are 

reported in Table 81.  

Table 81. Descriptive statistics, normality test, and statistical analysis results of sub-
constructs of awareness in sub-groups using telepresence2 for Condition 1.  

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

ATT 6.562 (.347) 5.828 (.844) .734 .869 (.026) Z=-2.022 (.043)* 
UND 6.25 (.462) 5.906 (.498) .344 .758 (.0008) Z=-1.806 (.070) 
TASK 6.5 (.534) 4.812 (.970) 1.688 .896 (.071) t=-4.307 (.001)* 
EMO 5.937 (.863) 5.187 (1.131) .75 .939 (.337) t=-1.49 (.159) 

Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

Statistical analyses indicated that the telepresence2 users in Condition 1 showed a 

significant difference between co-located and distant attention (p=.043) and task 

(p=.001). This signifies that those who used the telepresence2 were less aware of their 

distant partners’ attention and what they were working on in comparison to those who 

used the telepresence1. Based on these results, H4-1, which stated that there would be be 

no difference between co-located and distant shared understanding for sub-groups that 

used the same communication technology, was not supported. This finding also implies 
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that even subtle variations in similar communication technologies (in this case slight 

difference in screen size: 65” vs. 47”) can produce different a experience.  

 

7.3.4.2 Communication Technology Condition 2  

In Condition 2, one sub-group used the telepresence1 system (65” screen), while the 

other sub-group used laptops. Table 82 reports the statistical analysis results.  

Table 82. Normality test and statistical analysis results to compare co-located and distant 
responses within sub-groups. 

Construct Shapiro-Wilk W (p-
value) 

Tele t / Z (p-value) Laptop t / Z (p-value) 

AWE .875 (.001) Z= -.842 (.399) Z= -1.629 (.092) 
INT .767 (<.0001) Z= -.713 (.475) Z= -1.271 (.203) 

KNO .880 (.002) Z= -2.05 (.039)* Z= -1.051 (.292) 
COH .943 (.093) t=-2.796 (.016)* t= -1.475 (.1634) 
TRU .904 (.007) Z= -.315 (.752) Z= -1.266 (.205) 
CON .844 (.0003) Z= 2.586 (.009)* Z= 0421 (.673) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

The results indicated that the sub-groups who used the telepresence system showed a 

significant difference between their co-located and distant responses for knowledge 

transferability (p=.039), cohesiveness (p=.016), and conflict (p=.009). These results 

indicate that the telepresence users experienced greater difficulty in transferring 

knowledge, less cohesion, and more conflict with their distant group members, while sub-

groups that used laptops did not experience any difference between their co-located and 

distant members. Therefore, sub-construct-level analyses were conducted for knowledge 

transferability and conflict with the telepresence users (cohesiveness was not included as 

it does not have sub-constructs). Table 83 reports the descriptive statistics, data 

normality, and statistical analysis results for the sub-constructs of knowledge 

transferability for the telepresence1 sub-group. 

Table 83. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of knowledge transferability to compare co-located and distant shared 

understanding of telepresence1 users for Condition 2. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 
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FUN 6.44 (.562) 5.312 (.883) 1.125 .911 (.121) t=-3.036 (.01)* 
STR 6.09 (.731) 4.968 (1.113) 1.125 .931 (.256) t=-2.388 (.034)* 
BEH 6.13 (.876) 5.062 (1.178) 1.063 .924 (.201) t=-2.046 (.061) 
PRO 6.38 (.582) 5.187 (1.032) 1.188 .867 (.025) Z=-2.495 (.0126)* 
CON 6.31 (.651) 5.25 (1.069) 1.062 .884 (.044) Z=-2.136 (.0326)* 
VAL 6.56 (.417) 6.437 (.495) 0.125 .776 (.001) Z=-.503 (.576) 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
 

The results indicated that there were significant differences between co-located and 

distant responses of design function (p=.01), design structure (p=.034), design procedure 

(p=.0126), and conflict (p=.0326). Those who used the telepresence1 system experienced 

more difficulty in transferring design knowledge of function, structure, procedure, and 

concept to their distant group members than to their co-located members, while those 

who used laptops did not perceive such differences.  

 

Table 84 reports the descriptive statistics, data normality, and statistical analysis results 

regarding the sub-constructs of conflict.  

Table 84. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of conflict to compare co-located and distant shared understanding of 

telepresence1 users for Condition 2. 

Construct Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

REL 1.083 (.125) 1.312 (.360) .23 .742 (.0005) Z=1.46 (.14) 
TAS 1.312 (.258) 1.812 (.417) .5 .935 (.297) t=2.88 (.01)* 

PROC 1.25 (.231) 1.187 (.298) .06 .812 (.004) Z=-.72 (.47) 
Note: REL= relationship conflict, TAS= task conflict, PROC= process conflict. * indicates statistical 
significance at p < .05. 
 

The results indicate that there was a significant difference between co-located and distant 

task conflict (p=.01). This implies that telepresence users felt a higher level of task-

related conflict with their distant group members than with their co-located members, 

while laptop users did not perceive any difference of task-related conflict between their 

co-located and distant group members.  
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7.3.4.3 Communication Technology Condition 3 

In Condition 3, one sub-group used the telepresence1 system while the other sub-group 

used mobile devices. Table 85 reports the normality test, and statistical analysis results 

that compares between co-located and distant responses of each construct.  

Table 85. Normality test and statistical analysis results to compare co-located and distant 
shared understanding within sub-groups for Condition 3. 

Construct Shapiro-Wilk W (p-
value) 

Tele t / Z (p-value) Mobile t / Z (p-value) 

AWE .979 (.791) t= -1.410 (.180) t= -3.110 (.008)* 
INT .856 (.0006) Z= .290 (.266) Z= -.752 (.451) 

KNO .967 (.423) t= -3.515 (.006)* t= -4.316 (.002)* 
COH .939 (.074) t= -1.658 (.119) t= -1.579 (.136) 
TRU .911 (.012) Z= -.683 (.494) Z= -2.428 (.015)* 
CON .946 (.112) t= .825 (.423) t= 1.525 (.159) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

According to the results, the sub-groups who used mobile devices showed significant 

differences between co-located and distant awareness (p=.008), knowledge transferability 

(p=.002), and trust (p=.015). Sub-groups who used the telepresence system also showed a 

significant difference between co-located and distant knowledge transferability (p=.006). 

The results imply that mobile users experienced more difficulty in being aware of and 

transferring knowledge to their distant partners—as well had lower levels of trust with 

them—in comparison to their co-located partners; similarly, the telepresence users 

experienced more difficulty in transferring knowledge to their distant partners. Sub-

construct-level analyses were conducted for all constructs showing significant 

differences. Table 86 reports the descriptive statistics, data normality, and statistical 

analysis results of sub-constructs of awareness for the mobile users.  

 

Table 86. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of awareness to compare co-located and distant shared understanding of 

mobile users for Condition 3. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

ATT 6.625 (.707) 5.437 (.896) 1.188 .844 (.011) Z=-2.311 (.020)* 
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UND 6.625 (.443) 5.531 (1.183) 1.094 .800 (.002) Z=-2.313 (.020)* 
TASK 6.437 (.863) 4.687 (1.286) 1.75 .893 (.062) t=-3.193 (.007)* 
EMO 6.187 (.997) 4.843 (.981) 1.344 .925 (.207) t=-2.715 (.016)* 

Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

The results indicated that there were significant differences between co-located and 

distant responses for all the sub-constructs of awareness. This implies that the mobile 

users experienced difficulty in being aware of distant members’ attention, level of 

understanding, what they were working on, and their emotions. However, those who used 

the telepresence system did not experience any difference between co-located and distant 

awareness. (p=.180 in Table 85). 

 

Table 87 reports the descriptive statistics, data normality, and statistical analysis results 

of sub-constructs of knowledge transferability for the telepresence users.  

Table 87. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of knowledge transferability to compare co-located and distant shared 

understanding of telepresence users for Condition 3. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 6.125 (.443) 4.625 (1.187) 1.5 .858 (.018) Z=-2.528 (.011)* 
STR 6.062 (.608) 4.124 (1.239) 1.938 .919 (.166) t=-3.969 (.002)* 
BEH 6.062 (.562) 4.187 (1.387) 1.875 .874 (.031) Z=-2.572 (.010)* 
PRO 5.937 (.863) 4.437 (1.178) 1.5 .872 (.029) Z=-2.298 (.021)* 
CON 5.812 (.798) 4.187 (1.667) 1.625 .892 (.061) t=-2.485 (.032)* 
VAL 6.125 (.640) 4.937 (1.821) 1.188 .813 (.004) Z=-1.331 (.183) 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
 

The results indicated that there were significant differences between co-located and 

distant for all knowledge types except value. The telepresence users experienced 

difficulty in conveying design knowledge of function (p=.011), structure (p=.002), 

behavior (p=.010), procedure (p=.021), and concept (p=.032) to their distant partners than 

to their co-located partners.  

 

Mobile device users also experienced difficulty when conveying different types of 

knowledge, which is reported in Table 88. 
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Table 88. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of knowledge transferability to compare co-located and distant shared 

understanding of mobile users for Condition 3. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 6.812 (.372) 5.125 (1.060) 1.687 .848 (.013) Z=-3.19 (.001)* 
STR 6.687 (.477) 4.437 (1.399) 2.25 .846 (.012) Z=-3.36 (.0008)* 
BEH 6.687 (.372) 4.812 (1.533) 1.875 .779 (.001) Z=-3.005 (.002)* 
PRO 6.625 (.443) 5.25 (.801) 1.375 .914 (.139) t=-4.245 (.001)* 
CON 6.812 (.372) 5.625 (.876) 1.187 .832 (.007) Z=-2.765 (.005)* 
VAL 6.625 (.582) 5.937 (.979) .688 .810 (.003) Z=-1.546 (.122) 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
 

Again, the results indicate significant differences for all types of knowledge except value. 

The mobile device users experienced more difficulty in conveying design knowledge of 

function (p=.001), structure (p=.0008), behavior (p=.002), procedure (p=.001), and 

concept (p=.005) to their distant partners than to their co-located partners. These results 

are identical to the statistical analysis results reported for telepresence users in Table 87.  

 

Finally, Table 89 reports the descriptive statistics, data normality, and statistical analysis 

results of sub-constructs of trust for mobile users.  

Table 89. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of trust to compare co-located and distant shared understanding of mobile 

users for Condition 3. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AFF 4.578 (.340) 3.75 (.648) 0.828 .915 (.143) t=-3.197 (.008)* 
COG 4.531 (.618) 4.234 (.672) 0.297 .824 (.005) Z=-.918 (.358) 

Note: AFF= affective conflict, COG= cognitive conflict. * indicates statistical significance at p < .05. 
 

The results indicate that there is a significant difference between co-located and distant 

partners for affective trust (p=.008). Mobile users experienced significantly higher level 

of affective trust with their co-located partners than with their distant partners. However, 

telepresence users did not perceive any differences between co-located and distant trust.  
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7.3.4.4 Communication Technology Condition 4 

In Condition 4, one sub-group used laptops to communicate with their distant partners, 

while the other sub-group used mobile devices. Table 90 reports the descriptive statistics, 

data normality, as well as construct level statistical analysis between co-located and 

distant shared understanding.  

Table 90. Normality test and statistical analysis results to compare co-located and distant 
responses within sub-groups for Condition 4. 

Construct Shapiro-Wilk W (p-
value) Laptop t / Z (p-value) Mobile t / Z (p-value) 

AWE .967 (.438) t= -2.538 (.023)* t= -4.610 (.001) * 
INT .942 (.089) Z= -.640 (.522) Z= -2.128 (.033) * 

KNO .983 (.884) t=-2.567 (.022)* t= -5.869 (.0001) * 
COH .933 (.049) Z= -1.629 (.103) Z= -1.840 (.065) * 
TRU .980 (.806) t= -1.682 (.114) t= -2.236 (.043) * 
CON .889 (.003) Z= 1.893 (.058) * Z= .105 (.916) 

Note: AWE= awareness, INT= interactivity, KNO= knowledge transferability, COH= cohesiveness, TRU= 
trust, CON= conflict. * indicates statistical significance at p < .05. 
 

According to the analysis, there were significant differences between perceptions of co-

located and distant partners for awareness (p=.001), knowledge transferability (p=.022), 

and conflict (p=.058) for the laptop users. For mobile users, all of the constructs showed 

significant difference between co-located and distant responses except for conflict 

(p=.916). Therefore, sub-construct-level statistical analyses were conducted for 

awareness, knowledge transferability, and conflict for laptop users, and awareness, 

interactivity, knowledge transferability, cohesiveness, and trust for mobile device users. 

 

Table 91 reports the descriptive statistics, data normality, and sub-construct level 

statistical analysis results of awareness of laptop users.  

Table 91. Descriptive statistics, data normality, and statistical analysis results that 
compare co-located and distant sub-constructs of awareness of laptop users for Condition 

4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

ATT 6.0 (.876) 5.015 (.791) 0.985 .936 (.305) t=-2.357 (.033)* 
UND 5.687 (.997) 4.656 (.990) 1.031 .379 (.379) t=-2.074 (.056)* 
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TASK 5.75 (.925) 3.687 (1.30) 2.063 .952 (.525) t=-3.653 (.003)* 
EMO 5.125 (1.482) 4.218 (1.520) 0.907 .921 (.177) t=-1.207 (.247) 

Note: ATT= awareness of attention, UND= awareness of understanding, TASK=awareness of task, 
EMO=awareness of emotion. * indicates statistical significance at p < .05. 
 

The analyses indicate that there were significant differences between co-located and 

distant partners with respect to attention (p=.033), understand (p=.056), and task 

(p=.003). This implies that laptop users experienced more difficulty being aware of their 

distant partners’ attention, level of understanding, and current tasks.  

 

For the mobile users, all of the sub-constructs of awareness were significantly different, 

as reported in Table 92. 

Table 92. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of awareness to compare co-located and distant shared understanding of 

mobile users for Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

ATT 6.562 (.546) 5.203 (.970) 1.359 .897 (.072) t=-3.451 (.005)* 
UND 6.312 (.651) 4.75 (1.362) 1.562 .892 (.061) t=-2.926 (.015)* 
TASK 6.75 (.267) 3.468 (1.441) 3.282 .847 (.012) Z=-3.36 (.0008)* 
EMO 6.375 (.443) 4.468 (1.319) 1.907 .876 (.034) Z=-2.623 (.008)* 

 

The results imply that both laptop and mobile users experienced difficulty in being aware 

of their distant partners’ attention, understanding, and task. However, laptop users did not 

experience much difference between co-located and distant partners with respect to 

emotion, meaning that they were as aware of their distant partners’ emotions as of their 

co-located partner’s emotions. In contrast, mobile users experienced differences in their 

awareness of co-located and distant partners’ emotions.  

 

Table 93 reports the descriptive statistics, data normality, and sub-construct level 

statistical analysis results of interactivity for mobile users.  
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Table 93. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of interactivity to compare co-located and distant shared understanding of 

mobile users for Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference 

Shapiro-
Wilk W (p-

value) 
t / Z (p-value) 

LIS1 6.75 (.377) 6.125 (.707) 0.625 .815 (.004) Z=-1.825 (.068) 
LIS2 6.815 (.372) 5.906 (.731) 0.909 .822 (.005) Z=-2.533 (.011)* 
RES1 6.75 (.377) 5.906 (1.267) 0.844 .728 (.0004) Z=-1.408 (.159) 
RES2 6.75 (.377) 5.562 (1.425) 1.188 .745 (.0006) Z=-1.932 (.053)* 

Note: LIS1= willingness to listen to the co-located partner, LIS2= perception of distant partners’ 
willingness to listen, RES1= one’s willingness to respond to her co-located partner, RES2= one’s 
perception of distant member’s willingness to respond. *indicates statistical significance at p < .05. 
 

The results indicated that for mobile users, there were significant differences between co-

located and distant responses of a team member’s perception of a distant partner’s 

willingness to listen (LIS2, p=.011), and his or her perception of a distant partner’s 

willingness to respond (RES2, p=.053). This finding implies that mobile users perceived 

that their distant partners were less willing to listen and respond when compared to their 

co-located partners. In contrast, laptop users did not perceive any difference between co-

located and distant interactivity.  

 

The sub-construct level statistical analysis results of knowledge transferability for laptop 

and mobile users are reported in Table 94 and Table 95, respectively.  

Table 94. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of knowledge transferability to compare co-located and distant shared 

understanding of laptop users for Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 5.812 (1.099) 4.187 (1.222) 1.625 .960 (.662) t=-2.794 (.014)* 
STR 5.687 (1.155) 4.031 (1.365) 1.656 .939 (.345) t=-2.618 (.020)* 
BEH 5.875 (.876) 4.312 (1.307) 1.563 .939 (.343) t=-2.807 (.015)* 
PRO 5.75 (.963) 4.25 (1.224) 1.5 .943 (.387) t=-2.722 (.017)* 
CON 5.312 (1.602) 3.812 (1.791) 1.5 .909 (.114) t=-1.765 (.099) 
VAL 5.687 (1.334) 4.812 (1.222) 0.875 .907 (.104) t=-1.367 (.193) 

Note: FUN= design function, STR= design structure, BEH= design behavior, PRO= design procedure, 
CON= design concept, VAL= design value. * indicates statistical significance at p < .05. 
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Table 95. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of knowledge transferability to compare co-located and distant shared 

understanding of mobile users for Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

FUN 6.312 (.458) 3.75 (1.195) 2.562 .915 (.142) t=-5.662 (.0003)* 
STR 6.312 (.513) 3.625 (1.322) 2.687 .919 (.165) t=-5.357 (.0004)* 
BEH 6.187 (.651) 3.562 (1.116) 2.625 .924 (.196) t=-5.745 (.0001)* 
PRO 6.25 (.462) 3.812 (1.387) 2.438 .875 (.033) Z=-3.234 (.001)* 
CON 6.125 (.916) 3.875 (1.642) 2.25 .889 (.055) t=-3.384 (.006)* 
VAL 6.187 (.923) 4.875 (1.575) 1.312 .858 (.018) Z=-2.141 (.032)* 

 

Based on the statistical analyses, all of the sub-constructs of knowledge transferability 

showed a significant difference between co-located and distant responses for both laptop 

and mobile user groups, except for design knowledge of value (VAL), which was 

significant only for mobile users. These results imply that both laptop and mobile user 

groups experienced more difficulty in conveying design knowledge of function, structure, 

behavior, procedure, and concept to their distant partners than to their co-located 

partners. However, the amount of effort required to successfully convey design 

knowledge of value to distant group members was equivalent to those required for co-

located group members for the laptop users.  

 

Table 96 lists the descriptive statistics, data normality, and sub-construct level statistical 

analysis results of trust for mobile users. The results indicate that there were significant 

differences between co-located and distant affective trust (AFF, p=.038) for the mobile 

users, while no significant difference was identified between co-located and distant 

cognitive trust.  

Table 96. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of trust to compare co-located and distant shared understanding of mobile 

users in Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

AFF 4.187 (.472) 3.398 (.825) .789 .937 (.318) t=-2.347 (.038)* 
COG 4.375 (.626) 4.14 (.488) .235 .930 (.247) t=-.834 (.419) 

Note: AFF= affective conflict, COG= cognitive conflict. * indicates statistical significance at p < .05. 
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Table 97 reports the descriptive statistics, data normality, and statistical analysis results 

for the sub-constructs of conflict for the laptop users. The results indicate that there was a 

significant difference between co-located and distant partners with respect to process 

conflict (PROC, p=.030) for the laptop users—that is, conflict about the process the team 

was using. In addition, there was a marginal difference in relationship conflict between 

co-located and distant responses. The results imply that while laptop users experienced 

more process conflict with their distant members, mobile users did not perceive any 

difference in levels of conflict between their co-located and distant partners, as noted 

earlier.  

Table 97. Descriptive statistics, data normality, and statistical analysis results of sub-
constructs of conflict to compare co-located and distant shared understanding of laptop 

users for Condition 4. 

Sub-
construct 

Co-located 
Mean (SD) 

Distant 
Mean (SD) Difference Shapiro-Wilk 

W (p-value) t / Z (p-value) 

REL 1.104 (.197) 1.262 (.184) .158 .796 (.002) Z=1.782 (.061)* 
TAS 1.812 (.578) 2.203 (.706) .391 .944 (.401) t=1.209 (.247) 

PROC 1.125 (.188) 1.578 (.495) .453 .810 (.003) Z=2.17 (.030)* 
Note: REL= relationship conflict, TAS= task conflict, PROC= process conflict. * indicates statistical 
significance at p < .05. 
 

7.3.4.5 Summary 

Two hypotheses were developed for RQ4.4. The first hypothesis stated that sub-groups 

who used similar communication technologies (Condition 1) would yield the same results 

in terms of constructs and sub-constructs that showed significant differences between co-

located and distant responses (H4-1). The second hypothesis stated that more constructs 

and sub-constructs would show significant differences between co-located and distant 

shared understanding for sub-groups who used leaner communication technologies (H4-

2). To evaluate these hypotheses, Figure 51 was developed to identify the constructs and 

sub-constructs where significant differences where noted for each sub-group by condition, 

as detailed in the previous sections.  
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Telepresence1*(SG1)*
and*

Telepresence2*(SG2)*

Telepresence1*(SG1)*
and*

Laptops*(SG2)*

Telepresence1*(SG1)*
*and*

Mobile*devices*(SG2)*

Laptops*(SG1)*
and*

Mobile*devices*(SG2)*

Condi&on'1' Condi&on'2' Condi&on'3' Condi&on'4'

SG1*

SG2*

• Awareness'
***9*A;en<on,*Task*

• Knowledge'transferability'
'''9*Func<on,*Structure,*Procedure*
• Cohesiveness'
• Conflict'
***9*Task*

• Knowledge'transferability'
'''9*Func<on,*Structure,*Behavior,*
*****Procedure,*Concept*****

• Awareness'
***9*A;en<on,*Understand,*Task*
• Knowledge'transferability'
'''9*Func<on,*Structure,*Behavior,*
*****Procedure*
• Conflict'
***9*Rela<onship,*Process*

• Awareness'
***9*A;en<on,*Task,*Understand,*Emo<on*
• Knowledge'transferability'
'''9*Func<on,*Structure,*Behavior,*
*****Procedure,*Concept*
• Trust'
***9*Affec<ve*

• Awareness'
***9*A;en<on,*Task,*Understand,**
*****Emo<on*
•  Interac&vity'
***9*Other’s*willingness*to*listen*
***9*Other’s*willingness*to*respond*
• Knowledge'transferability'
'''9*Func<on,*Structure,*Behavior,*
*****Procedure,*Concept,*Value*
• Cohesiveness'
• Trust'
***9*Affec<ve*  

 
Note: Telepresence1= 65” screen, Telepresence2= 47” screen, SG1= sub-groups who used richer 
communication technology, SG2= sub-groups who used leaner communication technology. 

Figure 51. A summary of communication technology impact on constructs and sub-
constructs of shared understanding by sub-groups. 

As illustrated in Figure 51, the analysis results for SG1 and SG2 in Condition 1 were not 

the same; therefore, H4-1 was not supported. In Condition 3 and Condition 4, more 

constructs and sub-constructs showed significant differences between co-located and 

distant responses. However, in Condition 2, those who used richer media (SG1) showed 

significant differences on knowledge transferability, cohesiveness, and conflict, while no 

significant differences were identified for SG2, which used leaner media. Therefore, H4-

2 was supported for Conditions 3 and 4; however, Condition 2 represents a confounding 

case.  

 

7.4 DISCUSSION 

7.4.1 Media Impact on Co-located Shared Understanding 

The first research question was developed to investigate how different combinations of 

communication technologies would impact shared understanding between co-located 

partners. The corresponding hypothesis (H1) stated that the level of co-located shared 

understanding would not vary among different communication technology conditions. 

Conceptually, this means that conversing with co-located partners should not require any 
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use of communication technology; by extrapolation, there should be no or minimal 

impact of communication technology on co-located shared understanding. However, 

communication technology could indirectly influence co-located shared understanding. 

One of the patterns identified from the analysis to test the last hypothesis (H4-2) (§7.3.4) 

showed that those who used mobile devices tended to show higher shared understanding 

among themselves than those who used richer communication technologies, such as 

telepresence or laptops. A possible explanation for this finding is that the leaner 

communication technology might have inhibited participants’ willingness to 

communicate to their distant partners, while those who used richer communication 

technologies did not experience this hesitancy. In other words, communication to distant 

partners becomes more difficult when a leaner communication technology is used. In 

such cases, group members are expected to communicate more frequently with their co-

located partners—resulting in a relatively higher level of co-located shared 

understanding. It should be noted that such a scenario could also occur even with the 

richest technology condition (e.g., telepresence) in cases when communication becomes 

difficult due to technical problems. However, in this study no technical glitches were 

noted. Since the results revealed no significant differences in shared understanding 

between co-located partners across the communication technology conditions, the 

hypothesis (H4-1) was supported. Based on this finding, it is plausible to conclude that 

the type of communication technology is unlikely to have a significant impact on co-

located shared understanding.  

 

7.4.2 Media Impact on Distant Shared Understanding 

The second research question investigated the impact of different combinations of 

communication technology on distant shared understanding. It was hypothesized that 

distant shared understanding would decrease as combinations of communication 

technology became leaner (H2). The hypothesis was partially supported in that the results 

revealed that communication technology had a significant impact on distant awareness 

and distant knowledge transferability. The subsequent sections explain the results of these 

two constructs.  
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7.4.2.1 Distant Awareness 

Results from construct level analyses indicated that distant awareness was significantly 

higher for Condition 1 (telepresence systems) than for Condition 4 (laptops and mobile 

devices). The sub-construct level analysis of distant awareness revealed that as the 

communication technology became leaner, group members experienced difficulty of 

being aware of distant partners’ level of understanding, as well as what they were 

working on. The decreasing patterns of distant-level understanding and distant-level task 

knowledge are illustrated in Figure 46. Similar to the construct-level analysis results, both 

of these were significantly higher in Condition 1 than in Condition 4. 

 

These findings correspond to previous research confirming that awareness is directly 

affected by the physical separation of team members (Martins et al., 2004; McKenna & 

Green, 2002; Schmidt, 2002). Similarly, Schiller and Mandviwalla (2007) stated that 

awareness is restricted by the channels of a communication medium, which implies that 

using multiple channels or richer media (i.e., video channel) increases awareness over 

cases that use leaner media (i.e., text). The results from this study align with those 

findings, but also suggest that awareness can vary even within the same media channel 

(video). Specifically, all the conditions utilized in this study included a video channel—

yet the outcomes showed significant differences. These findings support the notion that 

not all video channels are equivalent, but can vary significantly depending on the 

technical specifications of the device that people use. Condition 1 (telepresence systems) 

utilized much larger screens compared to the laptops and mobile devices used in 

Condition 4. Due to the larger screen size, the media was capable of streaming distant 

partners in life-size form. Consequently, group members were able to view and capture 

distant partners’ subtle facial expressions, which may have enhanced their awareness of 

those distant partners’ level of understanding. As reported in Chapter 4, group members 

became cognizant of their distant partners’ level of understanding not only by their 

explicit questioning and commenting, but also by observing their facial expressions—

which improved overall communication. For example, speakers were able to change the 

content of a message depending on whether they perceived that their distant partners 

understood it. As a consequence, new information can be conveyed if the recipient 
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understands the previous message, while supplementary information can, and should, be 

conveyed if the recipient does not understand the previous message. 

 

Another difference between a telepresence system and laptop or mobile devices is the 

viewing angle of the camera. A telepresence system camera is able to cover a much wider 

area compared to the cameras equipped on the laptop and mobile devices; this means that 

members were able to view not only their distant partners, but also their workspaces. In 

contrast, due to the limited viewing angle of laptops and mobile devices, participants had 

to constantly manipulate the camera angle to show their work or explicitly had to ask 

whether their distant partners could see what they intended to show, as illustrated in 

Figure 52. Knowing what others are working on reduces time and effort to complete the 

task since group members can avoid repetition of an already completed work by a distant 

group member. Additionally, they can target information exchanges to the task at hand 

rather than interrupting one task with information that may be off topic or not 

immediately relevant.  

 

 

Figure 52. Manipulating camera angle (1) to show co-located partner’s demonstration of 
using a wheelchair (left), (2) to show their work on the laptop (right). 

The findings are particularly critical when considering that numerous video 

communication devices are currently available, with varying sizes, functionalities, and 

form factors. These variants can change users’ perceptions of others’ awareness 

depending on what device they use.  
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7.4.2.2 Distant Knowledge Transferability 

Similar results were found for distant knowledge transferability. Results for construct 

level analyses indicated that distant knowledge was significantly higher for Condition 1 

(telepresence systems) than for Condition 4 (laptops and mobile devices). The sub-

construct level analysis of distant knowledge transferability revealed that design 

knowledge related to function, behavior, and procedure was significantly more difficult 

to transfer to distant partners for Condition 4 than for Condition 1.  

 

Distant knowledge transferability refers to the amount of effort required to successfully 

transfer design knowledge to distant partners. According to the media richness theory 

(Daft & Lengel, 1986), richer media is required as information equivocality and 

uncertainty increases. Conceptual design constitutes different types of knowledge, some 

of which can be characterized as highly equivocal. In particular, design knowledge 

related to function, behavior, and procedure can be considered to be the types that require 

richer media, and simultaneously, are most susceptible to the effects of the 

communication technology. Design knowledge of behavior and procedure are distinct, as 

the former refers to the movement of a design or components of the design, while the 

latter refers to a series of associated movements of a design or design components in 

relation to user actions. However, both sub-constructs also share a similarity that both 

require visual communication to describe movements. When explaining design behavior, 

participants frequently used their hands and small objects or amended their sketch to 

explain the movement of a design component, as shown in Figure 53. Similarly, in order 

to explain a design procedure, participants often used their entire body to simulate a 

user’s actions in accordance with the wheelchair movement, as illustrated in Figure 52 

(left).  
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Figure 53. Explaining behavioral knowledge by (1) using hands and objects (left), (2) 
amending a design sketch (right). 

Using a richer media (i.e., the telepresence systems) helped to explain these highly 

equivocal and ambiguous knowledge types, which often required referential 

communication to efficiently convey spatial and behavioral knowledge (Figure 54).  

 

Figure 54. A distant partner indicating his sketch in the telepresence condition. 

On the other hand, design knowledge regarding function refers to the teleology of a 

design or design components. Conceptually, function knowledge can be easily conveyed 

verbally. In this study, for example, the functional goal of the task was to enable 

paraplegic users to easily traverse across a standard roadside curb. However, function 

knowledge frequently can include behavioral information. For example, “traversing 

across” is a behavioral aspect within the functionality, and may require more than words 

to convey meaning. Similar examples could be found throughout the design session, as 

evidenced by the fact that group members constantly discussed the functionality of the 
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components of the design solution in conjunction with discussions of behavior. 

Therefore, the behavioral component of function knowledge may contribute to the 

difficulty of communicating function to distant partners using leaner technology.  

 

Again, it is important to note that all of the technology conditions utilized in this study 

enabled visual communication. However, the results showed that the different 

technologies (i.e., the forms and formats of the visual channels) affected knowledge 

transferability to distant partners. One possible reason may be associated with the degree 

of co-presence, which refers to the sense of being together with people who are in a 

remote physical environment (Mühlbach, Böcker, & Prussog, 1995; Slater, Sadagic, 

Usoh, & Schroeder, 2000). Clark and Marshall (1978) provided different types of co-

presence—namely, physical, linguistic, indirect, and cultural. Particularly in a distributed 

conceptual design setting, linguistic co-presence plays an important role, since it refers to 

when co-presence is established without the referent being physically present. For 

example, during the design sessions (Experiments 1 and 2), participants had to rely on 

their verbal explanations to describe a ramp that can be attached to the wheelchair, 

without having the actual ramp. When their distant partners fully understood the ramp 

(i.e., shape, movement), then linguistic co-presence was achieved. However, in order to 

achieve this linguistic co-presence, verbal explanations must be supported with visual 

information. In this regard, the results suggest that group members experienced similar 

perceptions of co-presence when they use the telepresence system (Conditions 1-3). 

However, the perception of co-presence tended to decrease significantly when the 

telepresence system was not utilized, (e.g., Condition 4: laptops and mobile devices). One 

of the primary differences across the four conditions was the size of the screens, with 

screen size decreasing markedly across devices (telepresence to laptop to mobile). The 

larger screens utilized in the telepresence condition may have increased the perception of 

co-presence, while smaller screens with limited viewing angles in laptops or mobile 

devices seemed to have decreased the perception of co-presence of group members. 

 

Previous studies demonstrated the importance of visual information to convey such 

information (Kraut et al., 2003; Marshall & Novick, 1995). However, this study 
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expanded those findings by demonstrating that knowledge transferability may vary 

depending on the richness of video channel characterized by the communication 

technology. Specifically, the effectiveness of knowledge transfer differed significantly 

for those who used the telepresence systems (Condition 1), as well as for those who used 

laptops and mobile devices (Condition 4). Moreover, the results also revealed that design 

knowledge associated with function, behavior, and procedure (those that require visual 

communication) became difficult to convey when the communication technology became 

leaner. Such findings can be effectively used in selecting or designing communication 

technologies for distributed conceptual design teams. 

 

7.4.3 Media Impact on the Differences between Co-located and Distant Shared 

Understanding 

The third research question examined the difference between co-located and distant 

shared understanding by communication technology condition. It was hypothesized that 

more constructs and sub-constructs would show significant differences between co-

located and distant shared understanding as the communication technology condition 

became leaner (H3). The hypothesis was supported, as reported in Table 98.  
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Table 98. A summary of statistical significance of constructs and sub-constructs showing 
significant differences between co-located and distant partners by communication 

technology condition. 

Condi&on'1' Condi&on'2' Condi&on'3' Condi&on'4'

Construct'level'

Sub6construct''
level'

• Awareness'
•  Knowledge'transferability'

• Awareness'
•  Knowledge'transferability'
•  Cohesiveness'

• Awareness'
•  Knowledge'transferability'
•  Cohesiveness'
•  Trust'

• Awareness'
•  Knowledge'transferability'
•  Cohesiveness'
•  Trust'
•  Interac&vity'

• Awareness(
'''6'AAen&on''
'''6'Task'
'
•  Knowledge(transferability(
'''6'Structure'

• Awareness(
'''6'AAen&on''
'''6'Task'
'
•  Knowledge(transferability(
'''6'Structure'
'''6'Func&on'
'''6'Procedure'
'''6'Concept(

• Awareness(
'''6'AAen&on''
'''6'Task'
'''6'Understanding'
'''6'Emo&on'
'
•  Knowledge(transferability(
'''6'Structure'
'''6'Func&on'
'''6'Procedure'
'''6'Concept(
'''6'Behavior'
'''6'Value'
'
•  Trust(
'6'Affec&ve'

• Awareness(
'''6'AAen&on''
'''6'Task'
'''6'Understanding'
'''6'Emo&on'
'
•  Knowledge(transferability(
'''6'Structure'
'''6'Func&on'
'''6'Procedure'
'''6'Concept(
'''6'Behavior'
'''6'Value'
'
•  Trust(
6'Affec&ve'
'
•  Interac7vity(
'''6'Other’s'willingness'to'listen'
'''6'Other’s'willingness'to'respond'  

Note: underlined constructs or sub-constructs indicate new entry compared to the previous communication 
technology condition.  
 

The number of constructs and sub-constructs that showed significant differences in 

responses to co-located and distant partners increased as the communication technology 

condition became leaner (from Conditions 1 to 4). This pattern implies that the extent of 

the impact of communication technology on shared understanding increases as the 

technology becomes leaner. In addition, when a construct or sub-construct showed a 

significant difference in a specific technology condition, it also showed significant 

differences for the leaner technology conditions. For example, structure, a sub-construct 

of knowledge transferability, was significant in Condition 1, and it continued to be 

significant in the remaining conditions (Conditions 2 to 4). Therefore, in the following 

discussion, a construct or a sub-construct that was explained in the richer condition will 

not be explained in the following conditions to avoid repetition.  

 

7.4.3.1 Condition 1 

For Condition 1, the co-located and distant responses of awareness and knowledge 

transferability were significantly different. These results occurred in the richest 
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communication technology condition—i.e., when both sub-groups used similar 

telepresence systems to communicate with each other. This implies that regardless of 

communication technology condition, group members’ experiences of awareness and 

knowledge transferability for co-located and distant partners are likely to be different in 

PDCDTs. In other words, awareness and knowledge transferability can be considered as 

the constructs that may have an immediate impact due to geographical separation 

between sub-group members. Another possible reason could be the difficulty and 

complexity of communication during a conceptual design task. As reported in the 

Literature Review (Chapter 2, §2.5.4), according to the task-technology fit theory, the 

capabilities of information technology must match the characteristics of the task in order 

to enhance performance (Zigurs & Buckland, 1998). Conceptual design encompasses 

different types of tasks. According to Campbell’s (1988) task categories, conceptual task 

includes problem solving, decision-making, judgment, and fuzzy tasks. Similarly, based 

on McGrath’s (1984) task taxonomy, conceptual design encompasses generation, 

selection, negotiation, and execution tasks. This implies that communication technologies 

must be capable of providing a variety of functionalities to match different 

communicative characteristics needed to accomplish these different types of tasks. 

However, as results indicated, Condition 4 (during which group members used laptops 

and mobile devices) did not have the capabilities that were required to effectively support 

different types of tasks associated with conceptual design.  

 

According to the sub-construct-level analysis results, the differences between co-located 

and distant shared understanding were due to attention and task for awareness, and 

structure for knowledge transferability. Even in the richest technology condition where 

both sub-groups used telepresence systems, group members experienced difficulty in 

knowing distant partners’ attention, catching their attention, and knowing what they were 

working on. Therefore, it is possible that the telepresence system continued to fall short 

in conveying the subtle behavioral and contextual cues of distant partners. For awareness 

of task, it is suspected that participants may have experienced slight difficulty in viewing 

their distant partners’ exact hand drawing on a piece of paper. Based on observations of 

the design sessions, the telepresence systems used in this study clearly conveyed the 
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hand-drawn sketches when the paper was facing towards the camera (e.g., Figure 54 and 

Figure 55). However, due to the angle of the camera—which did not allow manual 

change—it appeared to be difficult to clearly observe the process of sketching when the 

paper was on the table. To avoid this shortcoming, participants were allowed to share 

screens or to use an electronic shared drawing space. However, most participants 

preferred hand drawing, and that may have also contributed to the lack of awareness 

regarding task. Interestingly, a lack of task awareness could be associated with the 

significant difference identified for knowledge transferability of structure. To 

communicate the design knowledge of structure, group members frequently used pointing 

or referring gestures to pinpoint the exact location of a component of their design 

solution, which was usually sketched on a piece of paper. In doing so, participants had to 

awkwardly hold up the paper and point out specific locations to share it with their distant 

partners (Figure 55). While doing this, the angle of camera may not have accurately 

captured their gestures.  

 

Figure 55. A participant pointing on his sketch while explaining his design idea (enlarged 
version on the right). 

 

Conceptually, the design knowledge of behavior or procedure also requires visual 

communication. However, no significant differences of behavior (BEH) and procedure 

(PRO) were identified for Condition 1. A possible reason is that when communicating 

behavioral or procedural design knowledge, participants naturally used their upper body, 

which could be accurately captured by the camera as illustrated in Figure 56. 
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Figure 56. A participant explaining his lever motion to distant partners.  

 

7.4.3.2 Condition 2 

In Condition 2, cohesiveness and the three sub-constructs of knowledge transferability 

(function, procedure, and concept) were added to attention and design knowledge of 

structure as a construct (or sub-construct) with significant differences. Interestingly, there 

were some associations among these constructs and sub-constructs, since the difficulty of 

explaining design knowledge of function, procedure, and concept may have led to a lack 

of cohesion towards distant partners. With respect to the cohesiveness result, this finding 

implies that feelings of cohesion toward distant partners started to decrease when only 

one of the sub-groups used the telepresence system. As described in Chapter 4, 

cohesiveness refers to the aggregate of group members’ perception of closeness to each 

other and to the group as a whole. Burke and Aytes (1998) reported that cohesiveness is 

likely to increase when group members communicate more with each other; therefore, 

perceived cohesion is affected by the extent to which communication technologies 

facilitate communication. For Condition 2, because participants experienced difficulty in 

explaining design knowledge of function, procedure, and concept, this may have 

inhibited communication to distant partners—which in turn may have negatively affected 

cohesion towards distant partners. In conceptual design, as noted earlier, design 
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knowledge that requires extensive visual communication is difficult to convey. The 

design knowledge of function and procedure requires visual communication of behavioral 

information. In contrast, the design knowledge of concept, which refers to the mechanism 

that can be applied to achieve certain behavioral outcomes, in general does not require 

extensive visual communication. Few representing examples of concept are using lever, 

pulley, or hydraulic systems to lift something with less amount of force. However, it is 

suspected that because groups consisted of participants from different academic majors (a 

mixture of engineering and non-engineering), the engineering majors often had to explain 

the outcomes of applying a concept through behavioral explanations. Consequently, intra-

sub-group communication difficulties ensued, which led to less cohesiveness between co-

located and distant members.  

 

7.4.3.3 Condition 3 

For Condition 3, trust (affective), awareness (level of understanding and emotion), and 

knowledge transferability (behavior and value) were added as constructs with significant 

differences. Previous studies have described the vulnerability of distributed teams due to 

distrust among team members; thus, the literature is full of studies that address the 

importance of trust among distributed teams (Huang & Ocker, 2006; Jarvenpaa, Knoll, & 

Leidner, 1998; Mayer et al., 1995; Plotnick, Hiltz, & Ocker, 2011; Sarker & Sahay, 

2002). The findings in this study align with the literature, in that communication 

technology negatively impacted trust in situations when leaner communication 

technologies were used. However, these results also contribute to specifically identifying 

when group members’ perception of affective trust between their co-located and distant 

group members differed in the continuum of communication technology richness. Group 

members’ perceptions of trust towards their co-located and distant partners were not 

significantly different for Conditions 1 and 2. However, for Condition 3—when sub-

groups utilized telepresence and mobile devices—co-located and distant responses of 

affective trust were significantly different. In fact, the communication technologies 

utilized for Condition 3 had the largest difference in terms of richness compared to other 

conditions. Such discrepancy in richness of communication technology may have 

incurred the difference in perceptions of affective trust towards co-located and distant 
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partners. The degree of richness depends on the capability of a communication 

technology to process rich information. Thus, the telepresence system was better in terms 

of processing rich information in comparison to mobile devices. As research shows, 

affective trust is associated with interpersonal relationships and emotional connections 

between individuals (Johnson & Grayson, 2005; McAllister, 1995). Therefore, social 

cues such as subtle facial expressions, behaviors, and gestures are critical elements for 

establishing interpersonal trust. The telepresence users were able to receive such social 

cues, while mobile device users received a limited amount of social cues in terms of 

scale, which may have restricted effective relationship building or emotional investments 

with their distant partners.  

 

The lack of social cues also explains the significant difference between co-located and 

distant responses of awareness of other’s level of understanding and emotion. As 

described in Chapter 4 (Excerpts #8 and #9), group members became cognizant of their 

distant partner’s level of understanding not only from their explicit questioning and 

commenting, but also by observing their facial expressions.  

 

Regarding the sub-construct of knowledge transferability, design behavior and value 

were added as constructs with significant differences along with the remaining sub-

constructs of knowledge transferability. This implies that communicating design-related 

knowledge (regardless of the type) to distant partners becomes significantly more 

difficult and requires extensive effort for successful conveyance in cases when the 

“richness difference” between two communication technologies is large (e.g., 

telepresence and mobile devices). Interestingly, the findings for Condition 3 showed a 

pattern in that the significantly different constructs and sub-constructs were, to some 

extent, associated with a participant’s feelings and emotions (e.g., affective trust, 

awareness of emotion, design knowledge of value). This pattern implies that when 

communication technologies significantly differ in terms of richness, group members’ 

feelings and emotions towards their distant partners can be impacted. Moreover, these 

emotion-related constructs are also associated with each other. For instance, the difficulty 

of becoming aware of distant partners’ emotion due to the lack of media richness may 
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have led to the difference in affective trust between co-located and distant partners. In 

addition, as explained in Chapter 6 (§6.4.5.3), design value is closely associated with 

one’s belief or value system, which is based on background, education, expertise, and 

experience. When two or more personal value systems conflict, it could negatively 

impact emotion. As explained in Chapter 4, one participant with extensive experience 

taking care of patients in wheelchairs focused on the safety aspect; in contrast, an 

industrial design major emphasized simplicity and the aesthetic aspects of his design. If 

participants experience difficulty in being aware of another’s emotion in such potentially 

confrontational situations, this could have a negative impact on affective trust.  

 

7.4.3.4 Condition 4 

Finally for Condition 4, interactivity (LIS2, RES2) was added as a construct (or sub-

constructs) with significant differences—meaning that (1) group members perceived that 

their co-located partners were more willing to listen to them than their distant partners 

(LIS2), and (2) their co-located partners were more willing to respond to them than their 

distant partners (RES2). These findings confirmed that when any of the sub-groups were 

not using a telepresence system, their willingness to listen and to respond to their distant 

group members tended to decrease. This is associated with the fact that neither 

communication technology (laptops or mobile devices) were capable of effectively 

conveying complex design-related information and knowledge. Note that all the sub-

constructs of knowledge transferability showed significant differences for Condition 4, 

meaning that group members experienced significant difficulty in explaining design 

knowledge to their distant partners, regardless of its type. Recall that the sub-construct 

level analysis of knowledge transferability for Condition 3 yielded the same result, yet 

interactivity among sub-group members was not significant. This outcome can be 

attributed to whether a telepresence system (i.e., richer media) was utilized or not. 

Because effective communication to distant partners was difficult for Condition 3 

participants, sub-group members were more likely to converse with their co-located 

partners. Frequent intra-sub-group communication then led to a lack of cohesiveness. 

This in turn may have impacted interactivity. A similar finding was reported in Chapter 4, 

where both sub-groups used laptops to communicate with each other. In such a setting, 
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members did not feel obligated to respond to their distant partners; in fact, some members 

even intentionally disregarded their distant partners.  

 

7.4.4 Media Impact on the Differences between Co-located and Distant Shared 

Understanding by Sub-groups 

The last research question (RQ4.4) examined how co-located and distant shared 

understanding differed between sub-groups that used different communication 

technologies. Two hypotheses were stated. First, sub-groups that used a similar 

communication technology (Condition 1) would yield the same result in terms of the 

constructs and sub-constructs that show significant differences between co-located and 

distant responses (H4.4-1). Second, more constructs and sub-constructs would show 

significant differences between co-located and distant shared understanding as the 

communication technology became leaner (H4.4-2). Thus, RQ4.4 was designed to 

identify the particular sub-group (those who used richer media or those who used leaner 

media) that was impacted by the technology conditions. Table 99 reports the analytical 

results of sub-groups that used the relatively richer communication technology, while  

Table 100 reports the analytical results of sub-groups that used the relatively leaner 

communication technology. For convenience, these sub-groups will be referred to sub-

group1 (SG1) and sub-group2 (SG2), respectively. As reported in Table 99 and  

Table 100, the first hypothesis (H4-1) was not supported, while the second hypothesis 

(H4-2) was supported.  
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Table 99. A summary of statistical significance of the difference between co-located and 
distant shared understanding by communication technology condition (SG1). 

Condi&on'1' Condi&on'2' Condi&on'3' Condi&on'4'

Construct'level'

Sub6construct''
level'

Telepresence)1:)
• None'

Telepresence)1:)
•  Knowledge'transferability'
•  Cohesiveness'
•  Conflict'

Telepresence1:)
•  Knowledge'transferability'

Laptop:)
• Awareness'
•  Knowledge'transferability'
•  Conflict'

•  Knowledge)transferability)
'''6'Func&on'
'''6'Structure'
'''6'Procedure'
'''6'Concept'
•  Conflict)
'''6'Task'

•  Knowledge)transferability)
'''6'Func&on'
'''6'Structure'
'''6'Behavior'
'''6'Procedure'
'''6'Concept)

• Awareness)
'''6'AGen&on''
'''6'Understanding'
'''6'Task'
'
•  Knowledge)transferability)
'''6'Func&on'
'''6'Structure'
'''6'Behavior'
'''6'Procedure'
'
•  Conflict)
'''6'Rela&onship'
'''6'Process'  

 

Table 100. A summary of statistical significance of the difference between co-located and 
distant shared understanding by communication technology condition (SG2). 

Condi&on'1' Condi&on'2' Condi&on'3' Condi&on'4'

Construct'level'

Sub6construct''
level'

Telepresence)2:)
• Awareness'

Laptop:)
• None'

Mobile)device:)
• Awareness'
•  Knowledge'transferability'
•  Trust'

Mobile)device:)
• Awareness'
•  Interac&vity'
•  Knowledge'transferability'
•  Cohesiveness'
•  Trust'

• Awareness)
'''6'ABen&on'
'''6'Understand'
'''6'Task'
'''6'Emo&on'
'
•  Knowledge)transferability)
'''6'Func&on'
'''6'Structure'
'''6'Behavior'
'''6'Procedure'
'''6'Concept'
'
•  Trust)
)))6'Affec&ve)

• Awareness)
'''6'ABen&on''
'''6'Understanding'
'''6'Task'
'''6'Emo&on'
'
•  Interac=vity)
'''6'Others’'willingness'to'listen'
'''6'Others’'willingness'to'respond'
'
•  Knowledge)transferability)
'''6'Func&on'
'''6'Structure'
'''6'Behavior'
'''6'Procedure'
'''6'Concept'
'''6'Value'
'
•  Trust)
'''6'Affec&ve'

Telepresence)2:)
• ABen&on'
•  Task'

 
 

7.4.4.1 Condition 1 

SG2 showed a significant difference between co-located and distant awareness for 

Condition 1. According to the sub-construct-level analysis results (Table 100), significant 

differences between co-located and distant attention and task were identified. Since SG1 

and SG2 used similar communication technologies (a telepresence1=65” screen and a 
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telepresence2=47” screen, respectively), the analytical results for both sub-groups were 

expected to yield the same result. However, only SG2 members perceived a significant 

difference between co-located and distant awareness. This result implies that even a 

slight difference in screen size can produce a significant difference in awareness. 

Specifically, telepresence2 users who used the slightly smaller screen to communicate 

with their distant partners experienced significant difficulty in being aware of their distant 

partners’ attention as well as what they were working on. Another possible explanation 

can be attributed to the display configuration when sharing screens. As illustrated in 

Figure 55, when group members shared screens with their distant partners (or vice versa), 

the shared screen appeared on the display and obstructed the view of distant partners in 

telepresence2 (SG2). Even though the shared screen could be moved around in the 

display, participants tended not to manipulate the position. In contrast, SG1 did not have 

to deal with this dilemma since they had an additional screen that was dedicated to 

displaying the shared screen, as illustrated in Figure 54. Thus, the smaller screen size and 

possible obstruction of distant partners’ video stream may have led SG2 members to 

perceive a significant difference with respect to distant awareness of attention and task 

towards their co-located and distant partners. 

 

7.4.4.2 Condition 2 

For Condition 2, SG1 showed significant differences between co-located and distant 

knowledge transferability, cohesiveness, and conflict; whereas no significant differences 

were identified for SG2. For knowledge transferability, the sub-construct-level analyses 

results indicated that co-located and distant responses of design knowledge of function, 

structure, procedure, and concept were significantly different. It should be noted that SG1 

members used the telepresence system, while SG2 members used laptops. Results 

revealed that those who used richer media (SG1) needed to expend more energy to 

successfully convey certain types of design knowledge. To reiterate, knowledge 

transferability refers to the amount of effort required to successfully transfer from a 

sender’s perspective. Thus, this concept relies heavily on the extent to which the intended 

recipient easily understands the message. As illustrated in Figure 57, when knowledge 
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was sent from sub-group1, rich information was captured and transferred by the 

telepresence system.  

 

 

 

 

Richer''
communica-on''
technology'

(SG1)'

Leaner'
communica-on''
technology'

(SG2)'
Perceived'rela-ve'

difficulty'of''
knowledge'transfer'

Communica-on''
technology'
capability'

Ri
ch
'in
fo
rm

a-
on

'

 

Figure 57. Relationship between perceived relative difficulty of distant knowledge 
transfer and capability of receiver’s communication technology to process rich 

information. 

However, successful conveyance of rich information depends on the capability of the 

receiver’s communication technology to process it. Since laptops were deficient in 

comparison to the telepresence system in terms of processing rich information, the rich 

information sent from the telepresence system became, in essence, lean information 

(represented by the number of arrows in Figure 57). This may have created difficulty for 

the SG2 members to understand the telepresence users’ explanations—thereby causing 

telepresence users’ to perceive difficulty in transferring design knowledge. Therefore, as 

illustrated in Figure 57, a sender’s perceived relative difficulty in distant knowledge 

transfer (relative to co-located knowledge transferability) has an inverse relationship to 

the ability of the receiver’s capability of communication technology to process rich 

information. Interestingly, sub-groups who used laptops (SG2) did not perceive any 

significant difficulty in conveying design knowledge to the telepresence users (SG1). 

This was likely due to the fact that telepresence users easily understood laptop users’ 

explanation regarding design knowledge—mainly because the telepresence system was 

capable of receiving and presenting information sent from laptop users. Based on these 
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findings, using a telepresence system is beneficial when a person needs to understand 

information from his/her distant partner who is using a laptop. Conversely, richer media 

does not necessarily guarantee successful conveyance of complex design knowledge 

when distant partners are using leaner media (e.g., laptops). These findings suggest the 

importance of selecting effective communication technologies for PDCDTs. Specifically, 

in conceptual design, those who need to understand complex design ideas should use 

richer communication technologies to establish shared understanding with a designer who 

might be in a distant location.  

 

It is likely that SG1’s perception of difficulty in conveying design knowledge may have 

led to their perception of significant differences between co-located and distant 

cohesiveness and conflict. As explained in Study 1 (Chapter 4, Figure 31) knowledge 

transferability affects cohesiveness through interactivity. When participants experienced 

difficulty in transferring knowledge to their distant partners, they tended to talk only to 

their co-located partners (i.e., higher intra-sub-group interactivity and lower inter-sub-

group interactivity). This further impacts cohesiveness, since a low level of inter-sub-

group interactivity results in a low level of group cohesion. However, additional studies 

are needed to examine such communication patterns (similar to those conducted in Study 

2, Chapter 5) in order to provide supporting evidences for Condition 2. Likewise, the 

difficulty in knowledge conveyance perceived by SG1 may have created conflict towards 

their distant partners. This is evident since sub-construct-level analysis of conflict 

revealed that SG1 members perceived significantly higher task-related conflict toward 

their distant partners—possibly due to the frustration associated with the ineffective 

transfer of design knowledge.  

 

By considering the variances between sub-groups, these results further elucidate on how 

communication technology impacts each sub-group on the difference between co-located 

and distant shared understanding. For Condition 2, the results explained in Section 7.3.3 

reported significant differences in awareness, knowledge transferability, and 

cohesiveness. Based on the results revealed in this section, it is reasonable to conclude 

that such differences in knowledge transferability and cohesiveness were due to the 
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responses reported by SG1 members. Therefore, when sub-groups use different 

communication technologies (e.g., telepresence and laptops), those who use a 

telepresence system may experience negative impacts in terms of transferring knowledge 

or feeling of cohesion.  

 

7.4.4.3 Condition 3 

For Condition 3, SG1 (telepresence users) showed a significant difference between co-

located and distant knowledge transferability, while SG2 members (mobile device users) 

showed significant differences between co-located and distant awareness, knowledge 

transferability, and trust. The Sub-construct-level analyses of knowledge transferability 

indicated that both sub-groups perceived difficulty in conveying design knowledge of 

function, structure, behavior, procedure, and concept. When this result is compared to the 

findings for Condition 2, design knowledge of behavior was added as a sub-construct 

with a significant difference for Condition 3. Despite this addition, it is interesting that 

the telepresence users (SG1) perceived significant differences in cohesiveness and 

conflict for Condition 2, but those results did not appear in Condition 3. One possible 

reason for this outcome is that the telepresence users’ expectations towards mobile device 

users could have been relatively lower than their expectations towards the laptop users. In 

other words, the interaction and communication behaviors of telepresence users tended to 

be more lenient towards the mobile device users. In fact, this supposition became evident 

during the experiment. Telepresence users were constantly asking for confirmation to 

ensure that mobile device users were able to see them or understand what they were 

talking about. Similarly, the mobile device users also emphasized their mobile devices in 

terms of its form, capability, functionality, and limitations to the telepresence users—all 

of which served to enhance the telepresence users’ understanding of the mobile device 

users’ situation. Thus, despite the difficulty in conveying knowledge to mobile device 

users, the telepresence users in Condition 3 did not become as frustrated as in Condition 

2.  

 

Not surprisingly, SG2 members who used the leanest communication technology in the 

experiment experienced significant differences in all the sub-constructs of awareness. In 
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contrast, the telepresence users did not perceive similar difficulties. As described earlier, 

this outcome is likely due to the differences in the level of richness between a 

telepresence system and a mobile device.  

 

Recall that one of the findings from Condition 3 in RQ4.3 (§7.4.3.3) revealed an 

interesting pattern—namely, that emotion related constructs and sub-constructs started to 

show significant differences for Condition 3 (e.g., affective trust, awareness of emotion). 

According to the results described in this section, this outcome was associated with the 

mobile device users. Specifically, only the SG2 members perceived significant 

differences in awareness of emotion as well as affective trust between their co-located 

and distant partners. This result also implies that when there is a larger difference in 

terms of the richness of the communication technology, those who use a leaner 

communication technology (e.g., a mobile device) are more likely to experience emotion-

related issues than those who use a richer communication technology (a telepresence 

system).  

 

7.4.4.4 Condition 4 

In Condition 4, which utilized the leanest combination of communication technologies in 

the experiment (i.e., laptops and mobile devices), showed the greatest differences in 

terms of the number of constructs and sub-constructs that evidenced significant variations 

between co-located and distant responses. SG1 showed significant differences between 

co-located and distant responses of awareness (attention, understand, task), knowledge 

transferability (function, structure, behavior, procedure), and conflict (relationship, 

process), while SG2 showed significant differences for awareness (all sub-constructs), 

interactivity (other’s willingness to listen and to respond), knowledge transferability (all 

sub-constructs), cohesiveness, and trust (affective). These results support the notion that 

sub-groups are more likely to be susceptible to the negative influence of various 

constructs and sub-constructs on shared understanding when leaner combinations of 

communication technologies are used.  
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Results described in a prior section (§7.4.3.4) revealed that co-located and distant 

interactivity was significantly different for Condition 4. Findings in this section indicate 

that these differences are associated with SG2, since responses from SG2 members 

showed significant differences between co-located and distant interactivity. Specifically, 

the mobile device users (SG2) perceived that their distant partners’ willingness to listen 

and to respond to them were significantly lower in comparison to their co-located 

partners. Although a number of factors have influenced interactivity, this particular 

finding is likely due to the confounding influences from other constructs and sub-

constructs. Initially, participants were likely to have experienced difficulty in conveying 

knowledge to their distant partners due to lean communication technologies. This notion 

was supported by the significant differences in knowledge transferability identified for 

both sub-groups. Interestingly, mobile device users perceived difficulty in conveying 

design knowledge of concept and value. In general, one’s design knowledge of concept 

and value tends to be less dependent on visual communication. However, when sub-

group members used mobile devices, even those that did not depend on visual 

communication had some difficulty conveying this information. Because of the 

communication difficulties, more frequent intra-sub-group communication is expected. 

As explained in this chapter (as well as in Chapter 4), frequent intra-sub-group 

communication not only leads to a lack of cohesiveness among overall group 

membership, but also negatively impacts trust (Chapter 4, Figure 24). When group 

members notice that their distant partners are not sharing information/knowledge, they 

feel lack of affective trust toward them. This process can be heightened if group members 

also experience difficulty in being aware of their distant partners. Moreover, negative 

feelings and emotions are less likely to be perceived by distant partners, which also 

reduces the chance of resolving problematic issues.  

 

In terms of results concerning awareness, both sub-groups showed significant differences 

between co-located and distant awareness. Specifically, when sub-groups utilized laptops 

and mobile devices, they were likely to experience difficulty in being aware of their 

distant partners’ attention, level of understanding, and task. Sub-groups that who used 

leaner technology (mobile devices) experienced difficulty in being aware of their distant 
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partners’ emotions. In fact, only mobile device users evidenced some awareness of 

emotion difficulties—in contrast to telepresence and laptop users who did not experience 

significant difficulty in being aware of their distant partners’ emotions when compared to 

their co-located partners. As described earlier, social cues can be essential in becoming 

cognizant of another’s emotion. Thus, the reduced screen size of the mobile devices may 

have scaled down the videos to a level that made it difficult to capture subtle changes in 

distant partners’ facial expressions, thereby hindering the mobile device users in this area.  

 

Lastly, SG1 members experienced significantly higher conflict (relationship and process) 

towards their distant partners than towards their co-located partners. As defined earlier, 

relationship conflict refers to perceived interpersonal tension and enmity among team 

members, whereas process conflict refers to perceived disagreements regarding how to 

complete a task (Jehn, 1995). Interestingly, conflict showed significant differences only 

with sub-groups who used relatively richer media (SG1) than their distant partners (i.e., 

Condition 2 and Condition 4). A possible explanation for this pattern is that conflict may 

become an issue for those who use relatively richer media—principally because they are 

more likely to become frustrated towards their distant partners due to the difficulty of 

knowledge conveyance despite the sophistication of the medium. As media richness 

becomes leaner from Conditions 1 to 4, it is interesting that conflict was not an issue in 

Condition 3 (in contrast, it was significant for Condition 2). As explained earlier, this can 

be due to the extent to which richer communication technology users are aware of the 

communication challenges of distant partners, who use leaner media. This richness 

difference between communication technologies was the most significant for Condition 

3—and telepresence users seemed to understand that their mobile device partners were 

challenged in this regard. Another supporting explanation is that since telepresence users 

did not experience difficulty of being aware of their distant partners, this may have also 

helped them to understand the difficulty of mobile devices users.  

 

7.5 LIMITATIONS 

There are a number of limitations in this study that need to be addressed. First, as 

mentioned earlier, the sample size used in this study was relatively small. Each 
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communication technology condition had 16 data points (for a total of 64) for each co-

located and distant shared understanding response. The small sample size issue becomes 

more critical when analyzing the communication technology affect by sub-groups 

(RQ4.4). Only a single pair of 8 data points was used to conduct the t-test and Wilcoxon 

test. However, in general, there is no specific lower limit with respect to sample size to 

conduct these analyses. Still, the conclusions derived from these analyses should be 

considered with a level of caution, since future studies would benefit from a larger 

sample size. Second, the groups utilized in this study were newly formed—in other words, 

group members did not know each other prior to the study, and had no anticipation of 

future collaboration. As described in the Literature Review (Chapter 2, §2.4.2.3), team 

history significantly influences team performance, collaboration and interaction styles, as 

well as cohesiveness (Cramton, 2001; Huang & Ocker, 2006; Karau & Williams, 1993). 

In that sense, the groups in this study do not represent organically formed PDCDTs. 

However, since the focus of the study was to investigate communication technology 

impact on shared understanding, it was necessary to exclude any confounding factors that 

may have influence the study results.  

 

7.6 CONCLUSIONS 

When considering the results for each research question, a general consensus emerged—

namely, that when communication technology becomes leaner, the extent of 

communication technology impact on shared understanding increases (except for co-

located shared understanding, RQ4.1). To reiterate, “extent” refers to the number of 

constructs and sub-constructs that showed significant differences either among different 

technology conditions (RQ4.3) or between co-located and distant responses (RQ4.3 & 

RQ4.4). These findings are meaningful since they demonstrate that communication 

technologies that utilize video channels do not always guarantee similar outcomes. To 

some extent, the experiences of using telepresence devices, laptops, and mobile devices 

all differed in terms of shared understanding. As previously explained, there is currently a 

variety of devices with different forms, functionalities, and technical specifications that 

can be used for video communication. If such devices are known to yield different 

outcomes, it would be essential to understand the likely consequences of using or more of 
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them in combination. Moreover, findings from this study may also help to explain the 

discrepancies between theoretical and empirical findings in computer-mediated 

communication discipline. Specifically, certain established theories (e.g., social presence 

and media richness theories) suggest that richer media will yield better performance. 

However, empirical studies that have compared text, audio, and video communications 

have consistently reported no significant performance improvements between audio and 

video communications. Despite these empirical results it is still problematic to conclude 

that classic theories do not hold, since the level of richness within video communication 

can be considered as a continuum. And as demonstrated in this study, the outcomes 

within this video communication continuum can vary significantly.  

 

Results from this study revealed how different communication technology conditions can 

influence the collaborative experiences of co-located and distant group members. Based 

on findings detailed herein, group members do not tend to experience any significant 

differences towards their co-located partners in terms of shared understanding. However, 

perceptions of shared understanding appeared to change when the communication 

technology became leaner. Specifically, distant awareness and knowledge transferability 

were negatively impacted. The negative influence associated with using a leaner 

communication technology became significant when the telepresence system was 

excluded. Thus, to some extent, using a telepresence system (Conditions 1-3) helped 

group members avoid difficulties in being aware of their distant partners, as well as 

explaining design knowledge of structure to their distant partners.  

 

Figure 58 illustrates a summary of communication technology impact on constructs of 

shared understanding. This summary diagram specifies the communication technology 

impact on (1) the constructs of shared understanding, and (2) the sub-groups that used 

different communication technologies.  
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group1, SG2: sub-group2. Red letters or (*) indicates sub-groups that were impacted in that condition. 

Figure 58. A summary of communication technology impact on constructs of shared 
understanding. 

• Condition 1: Group members experienced a lack of awareness and difficulty in 

successfully transferring design knowledge to their distant partners due to physical 

separation. 

• Condition 2: Group members who used the telepresence system (SG1) experienced 

a lack of cohesiveness towards their distant partners.  

• Condition 3: Group members who used mobile devices experienced a low level of 

trust towards their distant partners.  

• Condition 4: Group members who used mobile devices (SG2) experienced a lack of 

interactivity towards their distant partners.  

The lack of cohesiveness that emerged in Condition 2 persisted and had a negative 

influence in leaner communication technology conditions. The negative influence 

associated with lack of trust emerged in Condition 3 and remained until Condition 4. 

Lastly, interactivity emerged in the leanest technology condition (Condition 4). 

Additional empirical studies designed to examine different communication technologies 

within the continuum of video communication are needed to fully understand how 

different types of video communication produces different experiences. Based on 

findings from this study, various guidelines for managerial interventions, as well as 

improvements in technical specifications, are suggested in Chapter 8.  
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CHAPTER 8. CONCLUSION 
 

8.1 RESEARCH SUMMARY 

This dissertation examined the concept of shared understanding within the context of 

partially distributed conceptual design teams. The study encompassed four distinct 

research threads:  

• Study 1: Model of factors influencing shared understanding in partially distributed 

conceptual design teams (PDCDTs). 

• Study 2: Approaches for investigating intra- and inter-sub-group communication 

patterns in PDCDTs.  

• Study 3: Development and validation of an instrument to measure shared 

understanding in PDCDTs. 

• Study 4: Investigating the impact of using different combinations of 

communication technologies on shared understanding. 

Study 1 qualitatively examined the concept of shared understanding in PDCDTs. The 

findings were then used in developing and validating an instrument to measure shared 

understanding in PDCDT context in Study 3. In Study 2, more in-depth examination of 

intra- and inter-sub-group communication patterns was conducted using different 

analytical approaches. Lastly, in Study 4, the shared understanding instrument developed 

in Study 3 was used to investigate how different combinations of communication 

technologies impact shared understanding.  

 

8.1.1 Study 1 

The objective of Study 1 (Chapter 4) was to conceptualize the concept of shared 

understanding within the context of partially distributed conceptual design teams 

(PDCDTs). Qualitative data from Experiment 1 were used, which included visual 

observations, results from the shared understanding questionnaire, video recordings of the 

experiment sessions, and participant reflections from individual semi-structured 

interviews. Four primary outcomes were produced from Study 1: 
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(1) Identified factors (themes and emergent states) that have direct/indirect 

associations with  shared understanding in PDCDTs.  

(2) Developed an input-process-output (IPO) model of shared understanding in 

PDCDTs using the identified factors.  

(3) Described barriers to shared understanding in PDCDTs.  

(4) Described strategies to establish shared understanding in PDCDTs.  

As detailed in the Literature Review (Chapter 2, §2.3), shared understanding is one of the 

most important components impacting overall team performance. Despite this known 

association, researchers continue to describe a level of confusion with the terminology. 

Moreover, a relatively small number of studies have examined the concept in the context 

of PDCDTs. The first outcome from Study 1 helped to resolve this confusion and fill in 

some of the “PDCDT gaps” by identifying themes (awareness, interactivity, knowledge 

transferability, and cohesiveness) and emergent states (trust, collaboration pattern, role, 

and conflict) that are associated with shared understanding. Each theme and emergent 

state was explained with representative interview excerpts from the participants in 

Chapter 4. The second outcome was the development of the IPO model of shared 

understanding, which categorized and showed the conceptual associations among the 

themes, emergent states, along with input and output variables. The input variables—i.e., 

personality, background/major, team formation, task, and communication technology—

were included, in addition to the output variables of performance and communication 

satisfaction (Chapter 2, §4.3.2). Finally, the strategies for, as well as barriers against, 

establishing and maintaining shared understanding were explained based on the rich 

qualitative data collected from Experiment 1. These findings also contributed in 

developing practical guidelines and recommendations, which is reported in Section 8.2. 

 

The findings from Study 1 contributed to defining shared understanding in PDCDTs, as 

follows: when more than two people have an accurate interpretation of specific targets 

that are relevant to achieving the common, mutually-understood goals of a task. Based on 

the identification of themes and emergent states, a more systematic and holistic approach 

to comprehending shared understanding both in theory and in practice is possible. To 

clarify, themes have direct impact on determining the level of shared understanding 
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among team members, while emergent states describe immediate consequences due to the 

level of shared understanding. These associations were categorized as “process” variables 

along with other input and output variables in the IPO model of shared understanding. 

This model can be used as a framework to guide virtual team managers when forming 

and managing PDCDTs. Specifically, when forming a PDCDT, managers should initially 

focus on the input variables in the IPO model of shared understanding (since input 

variables are to some extent controllable) to ensure shared understanding among team 

members. For example, if a task (an input variable) requires visual communication, a 

richer communication technology (an input variable) should be utilized to ensure 

effective knowledge transferability (a process variable) among distant partners. 

Moreover, the IPO model of shared understanding also enables virtual team managers to 

identify and dissect problems that may occur during the collaboration. For example, if 

team members report a conflict, it could be due to one or more combinations of themes 

that may have negatively impacted shared understanding, thus making it easier to 

introduce interventions to resolve the issue. In addition, the strategies for, as well as 

barriers against, establishing and maintaining shared understanding provide contextual 

information that can be used in developing practical guidelines for practitioners to 

effectively utilize PDCDTs. Such information can also enable communication technology 

designers to guide their software/hardware development efforts for the enhancement of 

shared understanding in PDCDTs (reported in §8.2). 

 

8.1.2 Study 2 

Study 2 described the analytical approaches for examining verbal communication 

patterns in PDCDTs, particularly in relation to the conceptual design phases and design 

topics. Based on the video coding of the recorded design sessions collected in Experiment 

1, three analytical approaches were developed, conducted and subsequently described: (1) 

examining the frequency of intra- and inter-sub-group communication, (2) identifying 

and quantifying design topics (content of utterances), and (3) investigating closeness 

among group members by examining speaker—addressee(s) relationships throughout the 

conceptual design task. Three primary outcomes emerged from Study 2:  
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(1) Provided three approaches (frequencies of utterances, message content, and 

closeness) for examining communication patterns in PDCDTs.  

(2) Described and demonstrated how each approach provides explanations regarding 

different aspects of communication patterns in  PDCDTs. 

(3) Described and demonstrated how the three approaches can be synthesized to 

understand team dynamics as revealed by communication patterns.  

As explained in Chapter 5, despite the increasing prevalence of global collaboration and 

the pressing need to overcome communication barriers in conceptual design tasks, 

relatively few studies have examined verbal communication patterns of distributed teams 

(Connaughton & Shuffler, 2007; Iacono & Weisband, 1997; Olson & Olson, 2000). As 

this study confirmed, examining the communication patterns of PDCDTs can help to 

identify in-group dynamics and the extent of knowledge sharing between sub-groups. The 

analysis procedures described in Study 2 addressed these issues and detailed three 

analytical approaches. The results obtained from the first analysis (examining the 

frequency of intra- and inter-sub-group communication) identified situations when sub-

groups worked independently or together throughout the conceptual design phases. 

Specifically, the percent occurrences of intra- and inter-sub-group communications can 

be calculated to quantify communication patterns in each design phase and by sub-

groups. Thus, the findings revealed during which design phase intra-sub-group 

communication occurred the most, as well as which sub-group contributed more to 

yielding such result. This analytical approach is particularly important since frequent 

intra-sub-group communication can be considered as an evidence of in-group dynamics, 

but which may have the unintended consequences of reducing knowledge sharing 

between sub-group members in partially distributed teams. It should be noted that the 

overall patterns indicated that intra-sub-group communication occurred most noticeably 

during the documentation phase, followed by the concept generation phase (with some 

exceptions). 

 

To understand possible reasons for frequent intra-sub-group communication, a second 

analysis involving the content of communications was conducted. Based on the second 

analysis, the following aspects of communication patterns in PDCDTs were clarified: (1) 



 

 270 

percent occurrence of design topics by design phase, (2) percent occurrence of design 

topics of intra-sub-group communication by sub-groups, and (3) percent differences of 

design topics of intra-sub-group communication by sub-groups. According to the 

qualitative findings from Study 1 (Chapter 4), one of the primary reasons for intra-sub-

group communication challenges was associated with the difficulty of communicating 

design solution-related messages to their distant partners. The initial analysis (examining 

the frequency of intra- and inter-sub-group communication) showed frequent intra-sub-

group communication during the concept generation and documentation phases. Based on 

the second analysis, it was possible to identify the types of design topics that constituted 

intra-sub-group communication in each design phase. However, as reported in the results 

section from Chapter 5, intra- and inter-sub-group communication by design topics 

showed similar percentages in each design phase. For instance, overall, group members 

tended to discuss design solution-related topics relatively more frequently during the 

concept generation and evaluation phases; thus, similar increases in the percentages of 

design solution-related utterances were identified for both intra- and inter-sub-group 

communications. However, the percent difference between sub-groups with respect to 

specific design topics showed an interesting pattern. Specifically, the relatively high 

performing groups demonstrated a marginal difference in the percent occurrences of 

design solution-related topics (e.g., structure and behavior) between sub-groups in 

comparison to the relatively low performing groups. A larger difference in design 

solution-related intra-sub-group communication between sub-groups implies an 

unbalanced contribution between sub-groups, since design solution-related topics tend to 

be the most frequently discussed, as well as the most critical types of knowledge, in terms 

of completing a design task. As explained in the Introduction (Chapter 1), the fact that 

each member had a unique knowledge base, as well as different expertise and 

experiences, prevents design fixation and may potentially promote innovation and 

creativity. However, this benefit decreases when only one sub-group’s members are 

contributing to idea generation and evaluation. Thus, examining the percent differences 

associated with solution-related design knowledge not only explains sub-group dynamics, 

but can also help predict performance.  

 



 

 271 

The analytical results produced by examining the frequency of speaker and addressee(s) 

relationships by design phase revealed the emergence of member roles, role changes over 

time, and the influence of roles on member interactions. Identifying roles, especially 

when no roles were externally assigned to group members, is particularly important since 

group members’ content of communication (design topics) may change accordingly. In 

this study, five roles were identified: (1) leader, (2) criticizer, (3) boundary spanner, (4) 

detailed designer, and (5) supporter. One of the results from the second analysis revealed 

that certain sub-groups demonstrated a relatively higher frequency of design solution-

related intra-sub-group communication in comparison to their distant counterparts. One 

possible rationale for this outcome can be linked to member roles. For example, since 

individuals who were considered to be group leaders tended to generate ideas for design 

solutions, they also produced more design solution-related messages. However, since 

design solution-related messages were relatively difficult to explain and required visual 

communication, these leaders were inclined to talk only to their co-located partners. This 

pattern increased intra-sub-group communication, especially with respect to design 

solution-related topics.  

 

These three analytical approaches can be synthesized to disambiguate the complex nature 

of communication in PDCDTs. As mentioned earlier, each analytical approach was able 

to explain different aspects of communication patterns; however, the integrated results 

can produce a more holistic and in-depth understanding of when, who, and why such 

patterns emerged over time. Although the scope of this study was limited to a PDCDT 

context, similar analytical approaches can be used to examine communication patterns of 

partially distributed teams in general. 

 

8.1.3 Study 3 

Because the concept of shared understanding has not been well investigated in the 

context of PDCDTs, measuring this concept has also been largely unexplored. For this 

study, shared understanding was initially defined based on the Literature Review 

(Chapter 2), after which themes and emergent states that appeared to directly or indirectly 

impact shared understanding were identified and explained via Study 1 (Chapter 4). 
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Subsequently, Study 3 was designed to develop and validate an instrument to measure 

shared understanding. As a result, a two-part questionnaire was developed based on the 

themes and emergent states identified, which was then used to collect data in Experiment 

2. The collected data were also used to validate the questionnaires.  

 

As noted, the instrument consisted of a two-part questionnaire: (1) a co-located shared 

understanding questionnaire (C-SUQ), and (2) a distant shared understanding 

questionnaire (D-SUQ). Each type consisted of a set of “sub-questionnaires” designed to 

assess the themes (awareness, interactivity, knowledge transferability, and cohesiveness) 

and emergent states (trust and conflict). Although the overall questionnaire responses 

represented a group’s level of shared understanding, the distinction between the C-SUQ 

and D-SUQ was meant to capture group members’ perceptions of shared understanding 

in more detail—mainly because their responses towards co-located and distant partners 

could be compared. This distinction will enable researchers and practitioners to use the 

questionnaires independently to accommodate different team configurations (i.e., fully 

co-located or distributed). In practice, the shared understanding questionnaire can be 

utilized to monitor the level of shared understanding of partially distributed teams, 

identify any problems or difficulties that they are experiencing, and guide them in 

developing strategies to overcome such difficulties in order to improve communication 

and performance through a high level of shared understanding among team members. 

 

In summary, the results from Study 3 have helped to advance theoretical progress in 

measuring shared understanding within the context of PDCDTs.  The primary outcomes 

from this study are listed below:  

(1) Developed a set of questionnaire to measure shared understanding in PDCDTs.  

(2) Validated the shared understanding questionnaire. 

(3) Developed a brief summary explanation of how to analyze the data collected from 

the shared understanding questionnaire in practice (this was shared with industry 

partners in the NSF Center for e-Design, reported in §8.2.2). 
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8.1.4 Study 4 

As mentioned in the Introduction (Chapter 1), rapid and ongoing advances in the 

communication technology industry have meant that people routinely use multiple 

devices to conduct business with colleagues locally, nationally, and internationally. In 

fact, they are likely to use different combinations of communication devices for their 

distant collaborations. However, as examined in the Literature Review (Chapter 2), the 

majority of studies that investigated existing theories in computer-mediated 

communication discipline relied on equivalent communication technology condition. To 

address this shortcoming, Study 4 looked at how different combinations of 

communication technologies impacted shared understanding in PDCDTs. Specifically, 

this study used the data collected in Experiment 2, wherein the shared understanding of 

group members was measured using the shared understanding questionnaire developed in 

Study 3. Four combinations of communication technology conditions with varying 

degrees of richness were utilized—from Condition 1 (the richest) to Condition 4 (the 

leanest): 

• Condition 1: telepresence 1 (65” screens) to telepresence 2 (47” screen)  

• Condition 2: telepresence 1 to laptops 

• Condition 3: telepresence 1 to mobile devices 

• Condition 4: laptops to mobile devices. 

 
This study was framed by the four research questions listed below: 

(1) Research Question 1 (RQ1): How do different combinations of communication 

technologies impact the level of co-located shared understanding? 

(2) Research Question 2 (RQ2): How do different combinations of communication 

technologies impact the level of distant shared understanding? 

(3) Research Question 3 (RQ3): How do different combinations of communication 

technologies impact the differences between the co-located and distant shared 

understanding? 

(4) Research Question 4 (RQ4): How do the differences between co-located and 

distant shared understanding levels differ between sub-groups that used different 

communication technologies?   
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Based on a series of statistical analyses, six primary goals were achieved: 

• Examined and described how different combinations of communication 

technologies can impact co-located shared understanding in PDCDTs 

• Examined and described how different combinations of communication 

technologies can impact distant shared understanding in PDCDTs 

• Examined and described how different combinations of communication 

technologies impact the differences between co-located and distant shared 

understanding in PDCDTs 

• Examined and described how the differences between co-located and distant shared 

understanding differed within sub-groups that used different communication 

technologies in PDCDTs 

• Identified specific factors that lowered the level of shared understanding as the 

communication technology became leaner 

• Developed a set of communication technology design guidelines and 

recommendations to enhance shared understanding in PDCDTs (reported in §8.2.1). 

Overall, shared understanding among co-located and distant group members varied 

depending on the combinations of communication technology that they used. Results 

from this study revealed that the type of communication technology utilized by co-

located members was unlikely to have a significant impact on co-located shared 

understanding. In contrast, the type of communication technology did impact group 

member’s perceptions of distant shared understanding. Specifically, when a leaner 

combination of communication technologies was used (e.g., laptop to mobile device), 

group members perceived a lower level of shared understanding towards their distant 

partners. As detailed in Study 4, deficits in awareness (distant level of understanding, 

distant task) and knowledge transferability (design function, behavior, and procedure) 

were the main causes for the decrease in shared understanding.  Similarly, a greater 

difference between co-located and distant shared understanding was identified as groups 

used leaner combinations of communication technologies. This finding has negative 

implications for overall team dynamics and performance, since significant differences 

between co-located and distant shared understanding denotes that the experiences of co-

located and distant partners were significantly different. Interestingly, awareness and 
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knowledge transferability showed significant differences even when similar 

communication technologies were used (Condition 1: Telepresence 1 (65”) and 

Telepresence 2 (47”)). This outcome indicates that even a slight difference in the form 

factors of a communication technology (in this case screen size) may affect shared 

understanding. Later analyses revealed that those who used the Telepresence 2 (47”) 

experienced lower levels of awareness and knowledge transferability than those who used 

the Telepresence 1 (65”).  

 

As the communication technologies became leaner (Conditions 2 – 4), analyses revealed 

significant differences among more constructs and sub-constructs, in addition to those 

identified for Condition 1 (awareness and knowledge transferability). It is important to 

note that for Condition 3, emotion-related constructs (e.g., trust) and sub-constructs (e.g., 

affective trust, awareness of emotion) showed significant differences between co-located 

and distant responses. This observation implies that team members’ emotions could be 

affected when sub-groups use communication technologies that are significantly different 

in terms of richness (e.g., telepresence and mobile devices). Indeed, further analysis 

revealed that emotion-related issues did emerge among those who used leaner 

communication technology—namely, the mobile devices. In contrast, for Condition 2 

(telepresence 1 and laptops), those who used the telepresence system experienced more 

difficulty in explaining design knowledge of function, structure, procedure, and concept 

to their distant partners, whereas laptop users did not experience such difficulties. This 

implies that although richer media can be beneficial in terms of understanding distant 

partners’ explanations, it does not necessarily contribute to explaining complex ideas to 

those who use leaner communication technology (i.e., laptops). However, this notion is 

contingent on the degree of “richness difference” between communication technologies. 

In other words, when the difference becomes significant (i.e., Condition 3), both sub-

groups are likely to experience difficulty in communicating design knowledge.  

 

Interesting patterns of conflict were also identified. First, conflict was significantly 

different for Conditions 2 and 4. Second, within Conditions 2 and 4, those who used 

richer media perceived significant differences in conflict between their co-located and 
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distant partners. Third, the types of conflict (sub-constructs) that emerged using relatively 

richer media (Condition 2) differed from leaner media (Condition 4). For Condition 2, 

task-related conflict showed a significant difference, while in Condition 4, relationship- 

and process-related conflicts showed significant differences. These patterns suggest that 

those who use richer communication technology could be susceptible to feelings of task-

related conflict when their distant partners are using leaner communication technologies.  

However, when differences in communication technologies become significant, 

relationship- and process-related conflicts could emerge among those who use richer 

communication technologies. Recommendations and guidelines were developed based on 

the findings summarized in this section.  

 

8.2 GUIDELINES & RECOMMENDATIONS 

Based on the findings detailed in this dissertation, a set of guidelines and 

recommendations are provided that can be used to enhance shared understanding in 

PDCDTs. These strategies are expected to be useful for managers or members of 

PDCDTs, as well as communication technology designers. The first section lists 

guidelines and recommendations associated with communication technology selection, 

and the latter section describes the analytical procedures used to interpret the data 

collected by the shared understanding questionnaire. 

 

8.2.1 Communication Technology  

(1) Selecting communication technology: 

• Consider the types of knowledge that constitutes a task when selecting 

communication technologies. 

• Consider using a richer media when design knowledge requires visual 

communication, such as explaining structural or behavioral characteristics of a 

design.  

• Consider the roles of team members (e.g., designer, leader, etc.), since the choice of 

communication technology should be used based the roles and relationships among 

PDCDT members. 
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o Roles that are complementary to each other (e.g., idea generator and 

detailed designer) collaborate more closely with one another. 

o Distant partners should be able to watch the process of designer’s hand 

drawing or sketches to enhance their understanding of the design idea. 

o A richer media should be used for those who need to understand design 

ideas to enhance their understanding (this only applies to when the 

difference of richness between two communication technologies are 

similar to the difference between a telepresence system and a laptop). 

• The communication technology should allow group members to control their distant 

partners’ camera angle in order to enhance awareness as well as their level of 

understanding. 

(2) When using a combination of different communication technologies: 

• Using two similar telepresence systems (slight difference in screen size) 

o Communication technology should be capable of conveying distant 

partners’ awareness of attention and what they are working on 

(workspace). Particularly, those who use a leaner communication 

technology (e.g., slightly smaller screen size) are susceptible to these 

issues. 

o The communication technology should be capable of conveying design 

knowledge of structure. 

• Using telepresence system and laptops 

o Communication technology should be capable of conveying design 

knowledge of function, procedure, and concept. Particularly, those who 

use a telepresence system are susceptible to these issues. 

o Team members might experience less cohesion towards their distant 

partners. Particularly, those who use a telepresence system are susceptible 

to this issue. 
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• Using telepresence system and mobile devices 

o Communication technology should be capable of conveying distant 

partners’ awareness of attention, task, level of understanding, and 

emotion. Particularly, those who use mobile devices are likely to be 

susceptible to this issue. 

o Communication technology should be capable of conveying design 

knowledge of function, structure, behavior, procedure, concept, and value. 

This issue is likely to affect both technology user groups. 

o Team members might experience less cohesion towards their distant 

partners. 

o Team members might perceive lack of affective trust towards their distant 

partners. Particularly, those who use mobile devices are likely to 

experience this issue. 

• When laptops and mobile devices are used 

o Communication technology should be capable of conveying distant 

partners’ awareness of attention, task, level of understanding, and 

emotion. Both technology user groups are likely to be susceptible to this 

issue.  

o Communication technology should be capable of conveying design 

knowledge of function, structure, behavior, procedure, concept, and value. 

Both technology user groups are likely to be susceptible to this issue. 

o Team members might perceive less cohesion towards their distant 

partners. 

o Laptop users are likely to perceive a lack of affective trust towards their 

distant partners.  

o Mobile device users are likely to perceive a lack of interactivity (distant 

partners’ willingness to listen and to respond to them).  
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o Laptop users are likely to perceive relationship- and process-related 

conflicts towards their distant partners. 

 

8.2.2 Procedure to Analyze Data Collected from the Shared Understanding 

Questionnaire 

8.2.2.1 Brief Summary of the Shared Understanding Questionnaire 

The shared understanding questionnaire (Appendix J) is comprised of six constructs (e.g., 

awareness, interactivity) and corresponding sub-constructs (e.g., awareness: attention, 

level of understanding, task, and emotion). The definitions for each construct and sub-

construct are provided in Appendix I. Each construct was assessed by a sub-

questionnaire. Within each questionnaire, there are two types of questions: co-located and 

distant shared understanding questions (C-SUQ and D-SUQ, respectively). The C-SUQ 

questions ask a respondent’s perception towards his / her co-located partners, whereas the 

D-SUQ questions ask perception towards distant partners.  

 

Initially, construct-level analysis can be conducted to identify group members’ 

perceptions towards their co-located and distant partners in terms of each construct. A 

low response indicates that a respondent experienced a low level for that specific 

construct. When interesting patterns are identified (i.e., low mean responses), the 

descriptive statistics of the corresponding sub-constructs can be examined. These 

analytical strategies can be applied in practice to reveal group members’ perception of: 

(1) co-located shared understanding, (2) distant shared understanding, and (3) the 

differences between co-located and distant shared understanding.  

 

8.2.2.2 Analysis of Co-located Shared Understanding 

Calculating the means of all co-located responses within each questionnaire can identify 

the overall perception of co-located shared understanding. For example, a group 

members’ perception of awareness towards his/her co-located partner can be identified by 

calculating the mean of C-ATT1, C-ATT2, C-UND, C-TASK, and C-EMO (Appendix J). 

The same techniques can be applied to other questionnaires to identify a respondent’s 

perception of interactivity, knowledge transferability, cohesiveness, trust, and conflict 
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towards his/her co-located partners. When an interesting pattern is identified, sub-

construct-level analysis can be conducted. For example, if the mean responses for 

knowledge transferability resulted in a 2 on a scale from 1 (strongly disagree to a 

statement that it was easy to explain certain design knowledge) to 7 (strongly agree to the 

statement), the mean responses of each sub-construct can be examined to specifically 

identify which design knowledge (e.g., function, structure, behavior) was difficult to 

explain.  

 

8.2.2.3 Analysis of Distant Shared Understanding 

Similarly, calculating the means of all distant responses within a questionnaire can 

identify the overall perception of distant shared understanding. For example, a group 

members’ perception of interactivity towards their distant partners can be identified by 

calculating the mean of D-LIS1, D-LIS2, D-RES1, and D-RES2 (Appendix J). The same 

analysis can be applied to other questionnaires to identify a respondent’s perception of 

awareness, knowledge transferability, cohesiveness, trust, and conflict towards his / her 

distant partners. Likewise, each sub-construct responses can be examined when a 

construct shows a relatively low mean response. 

 

8.2.2.4 Difference Between Co-located and Distant Shared Understanding 

The difference between co-located and distant responses in a questionnaire (i.e., 

knowledge transferability) indicates the extent to which respondents experience 

differently towards their co-located and distant group members regarding that specific 

construct. For instance, a larger mean difference of C-KNO (co-located knowledge 

transferability) and D-KNO (distant knowledge transferability) indicates that the amount 

of effort required to successfully transfer certain design knowledge differed according to 

whether the recipient was co-located or distant. When a larger mean difference is 

identified, sub-construct responses can be examined to identify what caused that 

outcome. To do this, t-test can be used to compare the co-located and distant responses of 

sub-constructs. 
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8.3 CONTRIBUTIONS & FUTURE RESEARCH 

This dissertation research conceptualized shared understanding, described approaches for 

examining communication patterns, developed and validated a two-part shared 

understanding questionnaire, and examined the impact of different combinations of 

communication technologies on shared understanding in PDCDTs. In Study 1, themes 

(awareness, interactivity, knowledge transferability, and cohesiveness) and emergent 

states (trust, collaboration pattern, role, and conflict) associated with shared 

understanding were identified. Rich qualitative data were collected and used to describe 

each construct and sub-construct, as well as their associations. Although these results 

have contributed to a better understanding of shared understanding in PDCDTs, the 

findings discussed herein also provide opportunities for future research to develop and 

test related empirical hypotheses. For example, the qualitative results provided in Study 1 

indicate that interactivity could be impacted by knowledge transferability. The notion can 

be empirically tested by examining how interactivity among team members change as a 

function of their level of knowledge transferability. Likewise, input variables associated 

with knowledge transferability can also be examined to elicit a greater understanding of 

these processes. For instance, tasks that require visual communication and tasks that do 

not can be compared to examine the impact on knowledge transferability and 

interactivity. The empirical results from such hypotheses testing will reveal more fine-

grained relationships among the variables in the IPO model of shared understanding; such 

data can subsequently be used to develop practical guidelines and recommendations.  

 

In Study 2 (Chapter 5), different approaches were developed and described to examine 

communication patterns in PDCDTs. The physical separation—as well as the limited 

capabilities of communication technologies to process different types of design 

knowledge—meant that members required more time and effort to achieve inter-sub-

group communication. The first approach focused on quantifying the frequencies of intra- 

and inter-sub-group communication to identify emerging patterns by design phase. The 

second approach focused on quantifying the utterances by types of design knowledge to 

identify any patterns associated with intra- and inter-sub-group communication and types 

of design knowledge. The third approach quantified the speaker and addressee(s) 
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relationship and developed network diagrams to identify patterns of closeness among 

group members by design phase. Each analytical approach elucidated certain unique 

aspects among the communication patterns. Moreover, the results from each approach 

can be synthesized to provide more detailed and insightful understanding concerning the 

complicated nature of communication in PDCDTs.  

 

These suggested approaches can be used to examine and identify evidence of in-group 

dynamics or the extent of knowledge sharing among group members. These analytical 

approaches can also contribute to enhancing our theoretical understanding of the 

relationships between intra- and inter-sub-group communication and overall team 

performance. It should be noted, however, that one of the challenges of using the 

suggested approaches is that they require extensive time and effort to identify speaker 

and addressee, as well as undertake the content coding of the utterances. Moreover, the 

scheme for coding utterances highly depends on the type of task at hand. In this study, 

teams worked on a conceptual design task; therefore, utterances were categorized based 

on different types of design knowledge. This means that a different coding scheme must 

be used in a different context, which makes the analysis less rigorous and to some extent 

more difficult to compare across distributed teams working on different tasks. In this 

regard, future research must address these issues so that the empirical findings derived 

from these analytical approaches can advance our understanding of communication 

patterns in partially distributed teams in meaningful ways.  

 

In Study 3, the two-part shared understanding questionnaire was developed and validated. 

This questionnaire can be used in practice to understand the current status of PDCDTs in 

terms of team members’ levels of shared understanding. The constituting constructs and 

sub-constructs can further identify the causes of the results, while at the same time 

provide opportunities for enhancing shared understanding. However, as explained in 

Chapter 6 (§6.6), the instrument has some inherent limitations that must be addressed—

and this will require further investigation. Particularly, the high correlation between 

awareness and interactivity, as well as the lack of consistency among the cohesiveness 

items, reduced the validity of the instrument. Future studies should focus on resolving 
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these issues by conducting structural equation modeling with a larger sample size. It is 

also suggested that the instrument should be tested in many different contexts, such as 

using different communication technologies and different team configurations. 

Furthermore, as explained earlier, in order to use the IPO model of shared understanding 

as a prescriptive and predictive model, the associations among the constructs and sub-

constructs within the shared understanding questionnaire must be empirically 

investigated. 

 

In Study 4, the impact of different combinations of communication technologies on 

shared understanding was examined. Overall, the findings revealed that the lack of shared 

understanding became more salient as communication technologies became leaner. Thus, 

this study adds to a currently limited body of knowledge seeking to explain shared 

understanding under non-equivalent communication technology conditions—despite the 

fact that PDCDT members often use different communication technologies (explained in 

Chapter 1, §1.2.3). Moreover, the results detailed here have contributed to identifying 

specifically what constructs and sub-constructs caused the results. For example, for 

Condition 3 (telepresence 1 and mobile devices), group members perceived emotion-

related constructs and sub-constructs (affective trust, awareness of emotion) differently 

than their co-located and distant partners, which suggests that when the communication 

technology used by each sub-group differs extensively in terms of richness, affective trust 

issues are likely to emerge. As discussed earlier, this outcome is likely associated with 

the fact that group members were unaware of distant partners’ emotion. The findings also 

indicated that group members are likely to seek for different information regarding their 

distant partners, such as facial expressions, body gestures, or workspace. From 

information receivers’ perspective, they are likely to seek for information regarding their 

distant partners’ body or hand gestures, or sketches. From information senders’ 

perspective, they are likely to seek for their distant partners’ facial expressions, as facial 

expression is a good indicator to determine information receivers’ level of understanding. 

This aligns with one of the recommendations for communication technology that group 

members should be able to control their distant partners’ camera angle to become aware 
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of relevant information that may differ in terms of information sender and receiver 

perspectives.  

 

The study also specifically identified which sub-group (using different communication 

technologies) was negatively impacted. In the case of Condition 3, affective trust issues 

emerged with those who used mobile devices (leaner media). These findings provide 

important insights for both practitioners who need to manage virtual teams, as well as 

communication technology designers.  

 

This study also helps to explain the mixed results of former empirical studies that tested 

salient theories in the field of computer-mediated communication (explained in Chapter 

2, §2.5.6) by applying the concept of knowledge transferability, and categorizing 

different types of design knowledge. As reported in the results section in Chapter 7, each 

type of design knowledge required varying levels of effort for successfully conveying 

information to distant partners when using different combinations of communication 

technologies. This finding was especially noticeable in conveying conceptual design 

information, since group members experienced more difficulty in transmitting the types 

of design knowledge requiring visual communication (e.g., function, structure, behavior, 

and procedure); thus, these knowledge types were more susceptible to changes in 

communication technology conditions. Therefore, future studies should examine shared 

understanding using the same communication technology conditions employed in this 

study to confirm the internal validity of the study results.  

 

With communication technologies advancing at a rapid pace, more options are being 

made available for distant collaboration. As such, future studies should also examine 

different combinations of communication technologies to accurately identify how their 

form factors and functionalities affect shared understanding—all with the goal of 

improving the collaborative experiences of PDCDT members. Lastly, the concept of 

knowledge transferability should be tested in different collaborative tasks that entail 

different types of knowledge. Findings from these suggested studies are likely to 
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contribute to expanding both the theoretical and practical knowledge of the impact of 

various combinations of communication technologies on shared understanding.  
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APPENDIX A: CLOSED-ENDED SHARED UNDERSTANDING 
QUESTIONNAIRE 
 

The responses for all questions will be obtained using the following scale: 

Very%badly% Completely%well%

1 % %2 % %3 % %4 % %5 % %6 % %7%

 
 

Phase 1–Initiation 

1. How well do you understand the characteristics (requirements) of a successful solution to this 
problem? 

2. To what extent does your group hold a shared understanding of the characteristics 
(requirements) of a successful solution to this problem? 

3. How well do you understand the problems in this design task? 
4. To what extent does your group hold a shared understanding of the problems in this design 

task? 
5. How well do you understand the most important / critical problem in this design task? 
6. To what extent does your group holds a shared understanding of the most important / critical 

problem in this design task? 
 
Phase 2–Concept generation 
1. How well do you understand about what the product has to do?  
2. To what extent does your group hold a shared understanding of what the product has to do? 
3. How well do you understand the components (the parts or pieces and how they fit together) of 

the product? 
4. To what extent does your group hold a shared understanding of the components (the parts or 

pieces and how they fit together) of the product? 
5. How well do you understand regarding how the product works (i.e., what do the parts do)? 
6. To what extent does your group hold a shared understanding of how the product works (i.e., 

what do the parts do)? 
 
Phase 3–Concept evaluation 
1. How well do you understand the selected solution? 
2. To what extent does your group holds a shared understanding of the selected solution? 
3. How well do you understand the possible failures of the solution? 
4. To what extent does your group hold a shared understanding of the possible failure of the 

solution? 
5. How well do you understand the ease of use of the solution? 
6. To what extent does your group hold a shared understanding regarding the ease of use of the 

selected solution? 
7. How well do you understand the safety aspect of the solution? 
8. To what extent does your group holds shared understanding regarding the safety aspect of the 

solution? 
9. How well do you understand the economic feasibility of the solution? 
10. To what extent does your group holds shared understanding regarding the economic 

feasibility of the solution? 
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APPENDIX B: DESIGN BRIEF 

 
1. INTRODUCTION 
Over 255,000 Americans are currently spinal cord injured. There are 12,000 new injuries 
in the US each year. 52% of those spinal cord injured are paraplegic. Paraplegics can 
experience anything from impairment of leg movement to complete loss of leg movement 
all the way up to the chest. Paraplegics are able to move their arms and hands. 
 
Despite the amount of citizens with paraplegia, and the work of the Americans with 
Disabilities Act and its “Standards for Accessible Design,” there is still a significant lack 
of wheelchair ramp access to buildings, sidewalks, and other facilities (Figure 1). Often, 
existing wheelchair ramps are not built to ADA standards (Figure 2). To traverse these 
curb obstacles, wheelchair users typically require external assistance (Figure 3). 
 

 
 
 
2. OBJECTIVE 
You have been hired by Pride Mobility, a leading wheelchair manufacturer, to design a 
device to add to an existing hand/arm-powered wheelchair that will allow paraplegic 
wheelchair users to traverse a standard roadside curb unassisted. 
 
3. CONSTRAINTS & REQUIREMENTS 
Your design solutions must satisfy the following limitations and requirements. 
! Your solution must not require periodic maintenance (e.g., using battery). 
! Your solution should be user friendly. The senior residents should have no difficulties in operating your 

system/device. 
 
4. PROCEDURE 
The conceptual design consists of several phases. In this experiment your design team is required to follow 
the procedures described below: 
 
! Phase 1 (Initiation) 
• Understanding potential users 
• Understanding the client 
• Identify requirements / constraints 
• Identify problems 

 
! Phase 2 (Concept generation) 
• Generate ideas 
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• Specify the functionalities (How does it operate?) 
• Specify components  
• Must have at least two ideas 

 
! Phase 3 (Concept evaluation) 
 

Main heading Examples 

Function Characteristics of essential auxiliary function carriers that follow out of necessity 
from the chosen solution principle or concept variant 

Working 
principles 

Characteristics of the selected principle or principles with respect to simple and 
clear-cut function, adequate effect, few disturbing factors 

Embodiment Small number of components, low complexity, low space requirement, no special 
problems with layout or form design 

Safety Preferential treatment of direct safety techniques (inherently safe), no additional 
safety measures needed, industrial and environmental safety guaranteed 

Ergonomics Satisfactory man-machine relationship, no strain or impairment of health, good 
aesthetics 

Production Few and established production methods, no expensive equipment, small number of 
simple components 

Quality control Few tests and checks needed, simple and reliable procedures 
Assembly Easy, convenient and quick, no special aids needed 
Transport Normal means of transport, no risks 
Operation Simple operation, long service life, low wear, easy and simple handling 
Maintenance Little and simple upkeep and cleaning, easy inspection, easy repair 
Recycling Easy recovery of parts, safe disposal 
Costs No special running or other associated costs, no scheduling risks 

(The bold text indicates the factors that you MUST consider.) 
 
5. OUTPUTS (as a team) 
! One solution 
! A detailed conceptual sketch for each solution (as detail as you can get) 
• Estimated dimensions, weights, and location of the device / system 
• Estimated force required to operate the device / system. 

! Use case scenarios for each solution that describes how users can use the device / system. A procedural 
instruction of how to operate your design is the key for a successful use case scenario. 

! The documents must be electronic files. (e.g., word, power point, etc.) 
! You may use images that you have sketched during the conceptual design phases as well as images from 

the web.  
! The goal is to explain your design idea to someone who is outside your design team. Your design 

evaluation will be based only on these documents. 
 
6. RESOURCES 
! Typical wheelchair specifications: http://www.companionwalker.com/wheelchairspecs-imp.html  
! Typical curb height: 6-8 inches 
! American Disabilities Act (ADA) information:  
• http://www.ada.gov/  
• http://www.ada.gov/pubs/adastatute08.htm (full act, as amended in 1990)  
• http://en.wikipedia.org/wiki/Americans_with_Disabilities_Act_of_1990 
• ADA Accessibility Guidelines for Buildings and Facilities (ADAAG): 
• http://www.access-board.gov/adaag/html/adaag.htm 
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APPENDIX C: INFORMED CONSENT FORMS (EXPERIMENTS 1 & 2) 

VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 
  

Informed consent form for participants of Research Involving Human Subject 
  
Title of the Project: Examining Shared Understanding and Co-presence Concept in Distributed 
Collaborative Conceptual Design (Experiment 1) 
 
Faculty investigators: Drs. Brian M. Kleiner, and Marie C. Paretti 
 
Graduate research assistant: Yoon Suk Lee 
  
I. PURPOSE OF THIS RESEARCH 
  
Shared understanding is an important concept for better performance and experience during 
collaborative works. In this work, the concept of shared understanding will be investigated in the 
domain of collaborative conceptual design. Establishing and maintaining shared understanding is 
particularly difficult in collaborative conceptual design, due to its ambiguous and dynamic 
properties. Yet, team members must establish shared understanding of one another for effective 
communication. In this regard, the primary objective of this research is to identify the barriers to 
shared understanding and to examine how people overcome those barriers in distributed 
collaborative conceptual design.  
 
II. PROCEDURES 
  
The study will take place at the Macroergonomics and Group Decision Support Laboratory in 
Whittemore Hall. A total of 16 (4 teams) undergraduate students will be recruited. Students with 
different majors will form a team in order to simulate a multidisciplinary team. All the 
participants will either be in their junior or senior years. The experiment will take approximately 
3 hours at most.  If you choose to participate this study, you will be asked to sign the informed 
consent form (this document). You will keep a copy for yourself. Then you will complete a 
demographic questionnaire followed by a personality questionnaire. The demographic 
questionnaire asks about your general background questions as well as prior experiences related 
to conceptual design and communication technology usage. Then the researcher will provide 
instructions on how to use the communication technology.  
 
The conceptual design session will last approximately 2.5 hours. You will be collaborating with 
your team members to engage in the conceptual design task and will be asked to inform the 
researcher upon completion of each phase (initiation, concept generation, and concept 
evaluation). After completing each phase, you will individually complete the closed and open-
ended shared understanding questionnaires using the laptop provided to each of you. Then, you 
will work as a team to develop two deliverables: a conceptual sketch and a brief documentation of 
use case scenarios. The submitting of the deliverables signifies termination of the concept design 
session. The semi-structured interview will be administered few days after the conceptual design 
session. The semi-structure interview sessions will take approximately 15 to 30 minutes, and will 
be audio recorded.  
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III. RISKS 
 
There will be no more than minimal risk of harm involved in this experiment. That is, you will be 
exposed to no greater risks than those encountered in everyday life. 
 
IV. BENEFITS OF THIS RESEARCH 
 
The study may benefit you by providing additional design experiences, which may improve your 
design skills and may enhance social skills while working with other peers.    
 
The study may benefit the society by examining barriers to shared understanding in a distributed 
collaborative conceptual design context. The findings from this study will lay the foundation for 
designing communication systems for distributed collaboration.  
 
V. EXTENT OF ANONYMITY AND CONFIDENTIALITY 
  
This research will assure your confidentiality. We will have your signatures on the Informed 
Consent document. However, this document will be kept in a locked cabinet for 5 years and your 
name will not be released. At the end of the 5-year period, we will destroy the documents. Your 
name will not be associated with the content of this observation, but you will be assigned a three- 
digit number to protect your privacy. Your number is _______.   
  
All data will be collected by the researchers only. Only the researchers who are affiliated in this 
study will have access to the data. We will use digital camcorders so we can analyze your 
activities later.  This is important so we don’t miss critical information. All responses will be 
coded so as not to include the name of the participant. The information you provide will have 
your name removed and only a three- digit participant number will identify you during analysis 
and any written reports of the research.  
  
This study is being conducted solely for research and development purposes, and the resulting 
data and interpretations will also be the part of the researchers’ academic work. Consistent with 
these academic purposes, any results would be freely publishable. However, to protect your 
identity, personal names will not be used in any published works. We are willing to share drafts 
of reports with you before submitting them for publication.  
 
VI. COMPENSATION  
  
Three extra credits will be provided for those who are recruited by the SONA system. A $20 
monetary compensation will be provided for those who are recruited other than by the SONA 
system. Out of the five teams, the team members on the team that performs the best will receive 
$25. 
 
VII. FREEDOM TO WITHDRAW 
  
Participation in the study is voluntary and the decision about whether you wish to participate is 
strictly your own. You may discontinue participation at any time. However the compensation will 
be given to those who complete the experiment. 
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VIII. APPROVAL OF RESEARCH  
 
This research project has been approved by the Institutional Review Board for Research 
Involving Human Subjects at Virginia Polytechnic Institute and State University. 
  
IX. PARTICIPANT’S RESPONSIBILITIES 
  
Upon signing this form, I voluntarily agree to participate in this study.I have no restrictions to my 
participation in this study.   
   
X. PARTICIPANT’S PERMISSION 
  
I have read and understand the Informed Consent and conditions of this study. I understand that 
the experiment will be videotaped to support data recording and further analysis. All of my 
questions have been answered. I agree to participate in this experiment.  
  
____________________________                                        ____________________ 
Participant’s Signature                                                            Date 
  
Should I have any questions about the research or its conduct, I may contact: 
  
Faculty Investigator:  
 
 Brian M. Kleiner 
 Phone: (540) 231-4926 
 Professor, Department of Industrial and Systems Engineering 
 Email: bkleiner@vt.edu 
 
Marie C. Paretti  
Phone: (540) 231-1812 
Assistant Professor, Department of Engineering Education                 
Email: mparetti@vt.edu  
 
Graduate Research Assistant:  
Yoon Suk Lee 
Phone: (540) 230-0236 
 Ph.D Student, Grado Department of Industrial and Systems Engineering 
Email: yoonlee@vt.edu 
 
Dr. David M. Moore,            Email : moored@vt.edu          Phone: (540) 231-4991 
Chair, IRB 
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 

 
Informed consent form for participants of Research Involving Human Subject 

  
Title of the Project: Examining Shared Understanding and Co-presence Concepts in Distributed 
Collaborative Conceptual Design (Experiment 2) 
 
Faculty investigators: Drs. Brian M. Kleiner, and Marie C. Paretti 
 
Graduate research assistant: Yoon Suk Lee 
  
I. PURPOSE OF THIS RESEARCH 
  
Shared understanding is an important concept for better performance and experience during 
collaborative works. In this work, the concept of shared understanding will be investigated in the 
domain of collaborative conceptual design. Establishing and maintaining shared understanding is 
particularly difficult in collaborative conceptual design, due to its ambiguous and dynamic 
properties. Yet, team members must establish shared understanding of one another for effective 
communication. In this regard, the primary objective of this research is to identify the barriers to 
shared understanding and to examine how people overcome those barriers in distributed 
collaborative conceptual design.  
 
II. PROCEDURES 
  
The study will take place at the Virginia Tech Visual Computing Laboratory (Torgersen Hall 
3050).  A total of 64 (16 teams) undergraduate students will be recruited. Students with different 
majors will form a team in order to simulate a multidisciplinary team. All the participants will 
either be in their junior or senior years. The experiment will take approximately 3 hours at most. 
If you choose to participate this study, you will be asked to sign the informed consent form (this 
document). You will keep a copy for yourself. Then you will complete a demographic 
questionnaire followed by a personality questionnaire. The demographic questionnaire asks about 
your general background questions as well as prior experiences related to conceptual design and 
communication technology usage. Then the researcher will provide instructions on how to use the 
communication technology.  
 
The conceptual design session will last approximately 2.5 hours. You will be collaborating with 
your team members to engage in the conceptual design task and will be asked to inform the 
researcher upon completion of each phase (concept generation and concept evaluation). After 
completing each phase, you will individually complete two questionnaires. The first questionnaire 
is to measure four aspects that are associated with shared understanding concept. The second 
questionnaire is to ask your perception of trust and conflict while completing each design phase. 
Then, you will work as a team to develop two deliverables: a conceptual sketch and a brief 
documentation of use case scenarios. The submitting of the deliverables signifies termination of 
the concept design session. After the submission, you will be asked to complete the overall 
satisfaction questionnaire. 
 
III. RISKS 
 
There will be no more than minimal risk of harm involved in this experiment. That is, you will be 
exposed to no greater risks than those encountered in everyday life. 
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IV. BENEFITS OF THIS RESEARCH 
 
The study may benefit you by providing additional design experiences, which may improve your 
design skills and may enhance social skills while working with other peers. The study may 
benefit the society by examining barriers to shared understanding in a distributed collaborative 
conceptual design context. The findings from this study will lay the foundation for designing 
communication systems for distributed collaboration.  
 
V. EXTENT OF ANONYMITY AND CONFIDENTIALITY 
  
This research will assure your confidentiality. We will have your signatures on the Informed 
Consent document. However, this document will be kept in a locked cabinet for 5 years and your 
name will not be released. At the end of the 5-year period, we will destroy the documents. Your 
name will not be associated with the content of this observation, but you will be assigned a three- 
digit number to protect your privacy. Your number is _______. 
  
All data will be collected by the researchers only. Only the researchers who are affiliated in this 
study will have access to the data. We will use digital camcorders so we can analyze your 
activities later. This is important so we don’t miss critical information. All responses will be 
coded so as not to include the name of the participant. The information you provide will have 
your name removed and only a three- digit participant number will identify you during analysis 
and any written reports of the research.  
  
This study is being conducted solely for research and development purposes, and the resulting 
data and interpretations will also be the part of the researchers’ academic work. Consistent with 
these academic purposes, any results would be freely publishable. However, to protect your 
identity, personal names will not be used in any published works. We are willing to share drafts 
of reports with you before submitting them for publication. 
 
VI. COMPENSATION  
  
For those who are recruited from the SONA system will gain 3 extra credits. Participants who are 
recruited by any other methods will receive 10/hour monetary compensation or equivalent value 
of a gift card for an online retailer. 
 
VII. FREEDOM TO WITHDRAW 
  
Participation in the study is voluntary and the decision about whether you wish to participate is 
strictly your own. You may discontinue participation at any time. However the compensation will 
be given to those who complete the experiment. 
  
VIII. APPROVAL OF RESEARCH  
 
This research project has been approved by the Institutional Review Board for Research 
Involving Human Subjects at Virginia Polytechnic Institute and State University. 
  
IX. PARTICIPANT’S RESPONSIBILITIES 
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Upon signing this form, I voluntarily agree to participate in this study. I have no restrictions to 
my participation in this study. 
 
 
X. PARTICIPANT’S PERMISSION 
  
I have read and understand the Informed Consent and conditions of this study. I understand that 
the experiment will be videotaped to support data recording and further analysis. All of my 
questions have been answered. I agree to participate in this experiment.  
  
____________________________                                        ____________________ 
Participant’s Signature                                                            Date 
  
Should I have any questions about the research or its conduct, I may contact: 
  
Faculty Investigator:          
 
 Brian M. Kleiner 
 Phone: (540) 231-4926 
 Professor, Department of Industrial and Systems Engineering 
 Email: bkleiner@vt.edu 
 
Marie C. Paretti  
Phone: (540) 231-1812 
Assistant Professor, Department of Engineering Education                 
Email: mparetti@vt.edu  
 
Graduate Research Assistant:  
Yoon Suk Lee 
Phone: (540) 230-0236 
 Ph.D Student, Grado Department of Industrial and Systems Engineering 
Email: yoonlee@vt.edu 
 
Dr. David M. Moore,            Email : moored@vt.edu          Phone: (540) 231-4991 
Chair, IRB 
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APPENDIX D: DEMOGRAPHIC QUESTIONNAIRE 
The purpose of this questionnaire is for you to provide some general information about yourself 
and your experience.  Please complete the following demographic questionnaire. 
 
GENERAL INFORMATION 
1. Age:  
 
2. Gender:  
" Female 
" Male 

3. Ethnicity: 
" African-American 
" Asian-American 
" European-American 
" Hispanic-American 
" Native-American 
" Other 

4. If other, what ethnicity?  
 
DESIGN EXPERIENCE 
5. What is your major? 
 
6. Do you have any professional design experience?   
" Yes 
" No 

7. If yes, what was the design objective?   
 
8. If you worked in a team, what was your role? 
 
TECHNOLOGY EXPERIENCE 
9. Which of the following communication tools have you used? (check all that apply) 
" Instant messaging (e.g., MSN, AOL, Google Talk, Yahoo Messenger, Jabber, iChat, etc.) 
" Treaded discussions (e.g., online forums, discussion groups, etc.) 
" Audio conferencing (e.g., Skype, speakerphone, Adobe Connect etc.) 
" Video conferencing (e.g., Skype, Microsoft NetMeeting, CISCO WebEx, etc.) 
 
10. How often do you use those technologies to communicate with others? 
" Never 
" Less than Once a Month 
" Once a Month 
" 2-3 Times a Month 
" Once a Week 
" 2-3 Times a Week 
" Daily 
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APPENDIX E: PERSONALITY QUESTIONNAIRE 
The following pages contain phrases describing people's behaviors. Please use the rating scale 
next to each phrase to describe how accurately each statement describes you. Describe yourself 
as you generally are now, not as you wish to be in the future. Describe yourself as you honestly 
see yourself. Your responses will be kept in absolute confidence. Please read each statement 
carefully, and then click the circle that corresponds to the accuracy of the statement. 
 
*The responses for all 60 questions will be obtained using the following scale: 
" Very Inaccurate 
" Moderately Inaccurate 
" Neither Accurate Nor Inaccurate 
" Moderately Accurate 
" Very Accurate 

 
1. Worry about things.  
2. Make friends easily.  
3. Have a vivid imagination.  
4. Trust others.  
5. Complete tasks successfully.  
6. Get angry easily.  
7. Love large parties.  
8. Believe in the importance of art.  
9. Use others for my own ends. 
10. Like to tidy up. 
11. Often feel blue. 
12. Take charge. 
13. Experience my emotions intensely.  
14. Love to help others. 
15. Keep my promises. 
16. Find it difficult to approach others. 
17. Am always busy. 
18. Prefer variety to routine. 
19. Love a good fight. 
20. Work hard. 
21. Go on binges. 
22. Love excitement.  
23. Love to read challenging material.  
24. Believe that I am better than others. 
25. Am always prepared. 
26. Panic easily.  
27. Radiate joy.  
28. Tend to vote for liberal political candidates. 
29. Sympathize with the homeless. 
30. Jump into things without thinking. 
31. Fear for the worst. 
32. Feel comfortable around people. 
33. Enjoy wild flights of fantasy. 
34. Believe that others have good intentions. 
35. Excel in what I do.  
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36. Get irritated easily. 
37. Talk to a lot of different people at parties. 
38. See beauty in things that others might not notice. 
39. Cheat to get ahead. 
40. Often forget to put things back in their proper place. 
41. Dislike myself. 
42. Try to lead others. 
43. Feel others' emotions. 
44. Am concerned about others. 
45. Tell the truth. 
46. Am afraid to draw attention to myself. 
47. Am always on the go.  
48. Prefer to stick with things that I know. 
49. Yell at people. 
50. Do more than what's expected of me. 
51. Rarely overindulge. 
52. Seek adventure. 
53. Avoid philosophical discussions. 
54. Think highly of myself. 
55. Carry out my plans. 
56. Become overwhelmed by events. 
57. Have a lot of fun. 
58. Believe that there is no absolute right or wrong. 
59. Feel sympathy for those who are worse off than myself. 
60. Make rash decisions. 
61. Am afraid of many things. 
62. Avoid contacts with others. 
63. Love to daydream. 
64. Trust what people say. 
65. Handle tasks smoothly. 
66. Lose my temper. 
67. Prefer to be alone. 
68. Do not like poetry. 
69. Take advantage of others. 
70. Leave a mess in my room. 
71. Am often down in the dumps. 
72. Take control of things. 
73. Rarely notice my emotional reactions. 
74. Am indifferent to the feelings of others. 
75. Break rules. 
76. Only feel comfortable with friends. 
77. Do a lot in my spare time. 
78. Dislike changes. 
79. Insult people. 
80. Do just enough work to get by. 
81. Easily resist temptations. 
82. Enjoy being reckless. 
83. Have difficulty understanding abstract ideas. 
84. Have a high opinion of myself. 
85. Waste my time. 
86. Feeling that I'm unable to deal with things. 
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87. Love life. 
88. Tend to vote for conservative political candidates. 
89. Am not interested in other people's problems. 
90. Rush into things. 
91. Get stressed out easily. 
92. Keep others at a distance. 
93. Like to get lost in thought. 
94. Distrust people. 
95. Know how to get things done. 
96. Am not easily annoyed. 
97. Avoid crowds. 
98. Do not enjoy going to art museums. 
99. Obstruct others' plans. 
100. Leaving my belongings around. 
101. Feel comfortable with myself. 
102. Wait for others to lead the way. 
103. Don't understand people who get emotional. 
104. Take no time for others. 
105. Break my promises. 
106. Am not bothered by difficult social situations. 
107. Like to take it easy. 
108. Am attached to conventional ways. 
109. Get back at others. 
110. Put little time and effort into my work. 
111. Am able to control my cravings. 
112. Act wild and crazy. 
113. Am not interested in theoretical discussion. 
114. Boast about my virtues. 
115. Have difficulty starting tasks. 
116. Remain calm under pressure. 
117. Look at the bright side of life. 
118. Believe that we should be tough on crime. 
119. Try not to think about the needy. 
120. Act without thinking. 
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APPENDIX F: SAMPLE TRANSCRIPT OF SEMI-STRUCTURED 

INTERVIEW 

 
 
 
 
 
 

 
 
Interviewer: What do you think was the most significant difficulty that influenced your 
team's performance? 
P16: In general the difficulty was the fact that everyone was from a different background. Though 
you could appreciate the different perspectives there was this fact that everyone felt that they had 
something better to contribute, such as like I knew the medical aspect of a wheelchair, I knew 
who I've worked with patients who've used them and I've heard their individual comments… was 
the interior designer chick (P13), she was focused on just the design of the chair didn't really 
think of the crowd like who would be using that chair, and so that was conflicting, I mean if we, 
we known each other yeah we probably would have probably cater that a little bit easier but I 
didn't know her (P13), she didn't know me so... that was an issue. The two engineers (P14 & P15) 
they thought straight up of just numbers and how to do it, they they those are ...(?)... 
[00:01:12.25] they didn't know any of the health or like the design aspect of it but they were very 
handy when it came to like crunching the numbers so, they were very good at that aspect so you 
could appreciate that everyone had a skill but, I mean it could just be a personality-wise and time-
wise and did general experiment, because you're not asked everyday to design a wheelchair, I 
know every engineers just like umm... 'nope I can't say I've ever done that' there is like again in 
my field that's what I do everyday and then the designer (P13) I mean I highly doubt she's ever 
been asked to design a wheelchair. So she (P13) was just going for what she thought would be it, 
a stylish chair but that's just my personal opinion but and that's I think the whole thing could have 
been thought through differently because at the beginning everyone wanted to automatically jump 
onto their own way of solving it on their own way. No one really thought like when I tried to, I 
remember I tried to ask the gentleman that was next to me (P15), umm like ok, wheelchair, this is 
who usually in my reason who uses it, and I mean he (P15) told me 'I really don't know', which I 
was I appreciated the honesty and he (P15) even said that he do numbers and dimensions and like 
the other two girls (P13 & P14) in their group, the opposite end of the camera seemed to be going 
into minute details that weren't rather relevant to the study cause we were only told to design a 
function according to ADA standards, that's it. We are not testing it, we are not designing what 
color the chair would be, we're not. And other two girls (P13 & P14) just kind of went 
unnecessarily in detail the whole thing, which I can commend them for yeah it's good but it's a 
waste of your time, so... 
 
Interviewer: Are you saying that that's (the conflict that P16 felt) kind of because of their 
background or expertise? 
P16: It could be, it could be I mean I know that my sister is in architecture so I know she spends a 
lot of time in studio and I know interior design people like that girl (P13) probably spends a lot of 
time in studio, she (P13) probably is very used to doing the down to the minute detail, which you 
can admire that about her, and same with the engineer (P14) I mean she's used to crunching those 
numbers until the last that she can't crunch anymore and that's common (?)... aspect from both of 
them [00:03:42.09] but it was it was unnecessary in this particular study. 

Group 3 Major Room 
P13 Industrial Design A 
P14 Electrical Engineering A 
P15 Industrial & Systems Engineering B 
P16 Human Nutrition, Foods, and Exercise B 
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Interviewer: So it kind of didn't really help that much in doing this task, this specific task. 
P16: Helped in what aspect? What are you referring to, their number counting? 
 
Interviewer: Yeah I mean whatever they did, my question was what was the significant 
difficulty? 
P16: And my main answer was... 
 
Interviewer: Their different backgrounds, so it kind of helped in some ways but it also... 
P16: It hurt time-wise cause I mean my partner (P15) and I we already narrowed down what we 
believe, ok we answer the question, like I answered it from the medical aspect, I couldn't tell you 
anything engineer or design-wise, and I point back of it that. 
 
Interviewer: So you just mentioned your partner, so that would be the one who was sitting 
next to you? 
P16: Yeah, the guy (P15) that was, I mean I know that we were supposed to be doing like the 
whole group thing, but the way that you split us up, like two people on this room, two people on 
other, it actually felt like we were two different groups. I don't know if you all did that 
intentionally as part of the study and you're smiling so I'm guessing that was. 
 
Interviewer: No it wasn't. 
P16: So definitely, the fact that you separated us up and you made us communicate over media, 
umm is a flaw particular about systematic errors but the equipment just not working, have 
sometimes like the audio delay would just cut out going and out, I mean, that stuff can hurt cause 
then like I missed or the other person missed what I said and I have to repeat it and that cost time, 
whereas if you had us all in one room, we probably and like have us all at the same table we 
probably could have had a smoother more contact direct approach to the whole thing, I could see 
their drawings that they were doing, we could  brainstorm better, because when they were 
drawing things, I couldn't see what they were drawing and then they tried to hold it up on the 
camera and I couldn't see it still and I just kind of unfortunately had to go off of what they (P13 & 
P14) were just saying to me, which I don't like doing that. 
 
Interviewer: So that means even though they tried to explain using their sketches putting on 
the camera, you kind of get the idea but you didn't get the like the details... 
P16: You definitely got that left out on the details, you got a left out mainly after a while I was 
just felt like two bubbles, like they had their own thing going on and then my partner (P15) and I 
kind of had our own thing going on, we both kind of took a very chill approach to this whole 
thing and they went above and beyond which is committable trait (?) but it was highly 
unnecessary on their part but. So I felt like if you had us all in one room, I'm a very, I'm 
personally a very like hands-on, ok like let's work together and we will find some way to figure 
this out. But the way that I couldn't have any contact with them except over computer which I 
mean as you know it's the computer media like talk has a lot less media richness than face to face, 
so... that's where just a lot of area and whole a lot of information falls into cracks, so and it costs 
you time. 
 
Interviewer: So how would you resolve that? 
P16: Well if I had it my absolute way I would have just gotten up and came in here (to the same 
room) but... 
 
Interviewer: That would be the solution for everything, but let's just assume that you have 
to stay in a distant... 
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P16: Oh yeah like if I was talking to them and I was like in Nevada and they were in I don't know 
California or something like that, then yeah that's that's an unavoidable situation you can't do that, 
but we're on the same room I'll just walk on over, it's not a big deal. In that aspect for this 
particular study, the… I guess I'm not used to a tablet so I've never really written on one before 
this study. So I felt absolutely retarded when I tried to write on it, and that's why I had the 
engineer do it (P15), cause he knew how to do it. But I felt like when they were writing on it and 
when we were trying to write on it, our ideas got shuffled and something like the computer 
probably has a mental seizure like what the hell are you doing, and things would get left out, 
things were not in the right order and the other group (P13 & P14) kind of just kept on 'well let's 
keep going' and I like having things just out, out, out (organized) all in one A-Z one two three, I 
like it organized and I remember when I suggested to the other group over the computer like to 
type in even though we verbally said, just type it in so we can see it. She's (P13) like 'no I think 
it's fine' she kept on going and then... 
 
Interviewer: Who do you mean by she? 
P16: The Asian girl (P13), the interior designer. When she (P13) didn't right it down at the very 
end of the study, I realized that I think we might have left that particular detail out of the whole 
thing because we didn't visually see it, we did not have a visual cue of it, which I feel hurt the 
design. So and... 
 
Interviewer: So what does it mean to you to type things on a shared place? 
P16: I personally, I'm not a big fan of it I don't like Google docs or anything, because they don't 
give you any form of like the alert if someone has amended it, and they don't tell you where 
they've amended it, so you may log into your Google doc or something and type something and 
you may come back to there and somebody might have come back and amended something that's 
above it, which you have no idea unless you back through and read the whole thing. So I'm not a 
big fan of it, I'd rather do it the old way which is you email to a person and they email you back, 
and then you can see where they've changed it, and over more than one person is fixing at once, 
particularly ...(?)... two of us type at the same time, it just it didn't work. And the whole system I 
guess just didn't take that well. I don't think that's very good because you're not physically sitting 
down with somebody going over like underlying it with a red pen, but you're relying on a 
computer to do it for you and I'm sorry the computers just wasn't as good as face to face, which is 
what I prefer. That is a big, that and just the whole like, the computers and the whole that we 
weren't in the same room was a big flaw to the study. [00:10:03.07] 
 
Interviewer: How was your experience of communicating with your partners? 
P16: My partner (P15) that was in the room with me, we were on the same level with each other, 
he was a lot more quiet in the study, mainly because he, he told me this is not his experience in 
this particular field and that’s respectful to at least ...(?)... and not pretend like you know it. Again 
this is the whole bubble situation I felt like him and I were in our bubble and the other room and 
then the two girls (P13 & P14) were in their own little bubble and like after a while like if you 
remember, if you go back and watch the audio and the recordings my partner (P15), there would 
be periods where my partner and I are just sitting there waiting for those two (P13 & P14) and I 
would have to prompt them, I'd be like are you ready? or like are you ready to go? And they 
would still be focused in writing on something and then they wouldn't really talk through their, 
like they (P13 & P14) won't talk it through us, they would talk it amongst themselves and we just 
listen, which I think hurt the entire group just because it divided us, cause my partner (P15) and I 
we didn't necessarily see eye to eye with them because we can see their designs, in medical aspect 
I personally hated her (P13) whole design I thought it was very irrelevant and... like my 
knowledge of general wheelchairs and general ...(?)... ADA standards and safety aspect a lot of 
designs ADA probably would have turned it (P13’s design) over. They've looked at it and say 
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'you gotta be shitting me that's not safe at all' the chair would have never gone with the prototype 
I guarantee it but I think the fact that those two girls again, and it could just be their personality, it 
could be their majors, I'd have ...(?)... knowing that, I'm sure they (P13 & P14) are nice girls 
outside the study but yeah, they just, they kept themselves and it took too much unnecessary 
prompting from me to get them to share their ideas, they did not willingly share their ideas and 
then when I tried to share my idea or when my partner tried to share their idea (P15)  they 
immediately shut them down and or suggested that theirs (P13 & P14) was better, indirectly. 
When I tried to suggest mine, they didn't even, like it probably went just in one ear and not the 
other or that's how it seemed to me. They were very good ...(?)... on [00:12:31.02] keeping their 
own. And I mean that's a bias thing, the design girl (P13) I mean I guarantee that's just a bias 
thing on her part. That's how any interior design (P16 kept on saying interior design instead of 
industrial design) that I've ever met is you ever DIS their whole thing they automatically don't 
like whatever had  ...(?)... Even if say it's not feasible at all like the triangle thing (P13’s idea 
which became this team’s final design solution) that she (P13) had, that's not feasible, the board 
thing (ramp idea by P14) that the other the engineer girl (P14) had that's not feasible. That's 
actually a hazard.  
 
Interviewer: But like didn't you kind of agree with their idea? 
P16: I agreed with them eventually to shut them up because I didn't understand what they said. 
When they tried to show us the conceptual drawings, I could barely see what she (P13) meant by 
like the lever one, lever one was a good idea, that's decent idea in the fact that yes that is feasible 
that could work but having those pole stand out that's actually that's against the standards (?) 
[00:13:23.12], you're not supposed to have anything act like that. So unless they like slip back in 
and like the person can pop them out of the chair maybe like the armrest could have turned into 
them, that probably would have worked a little bit better, but they, I could see where she (P13) 
was going with it but she (P13) again she was so [00:13:45.13] gone hoing (?) from my point of 
view she (P13) seemed like she was not budge on anyone else's that's the only one she (P13) 
wanted. 
 
Interviewer: And she means... 
P16: The interior designer (P13) . It seemed like to me that only she only wanted her design and 
no one else’s, she was willing to fix her design no one else’s, like I literally suggested my design 
once and then they both of them just kind of brushed it off, which is rude but... after a while them 
attempting to explain theirs I said 'yeah it's a good idea in theory but also if you go back to audio, 
I mentioned the safety aspect two, I think two or three times, I mentioned the safety aspect and 
literally [00:14:28.11] in one ...(?)... the other they (P13 & P14) they didn't just take any of it into 
consideration and the girl who had the board that she (P14) said could just come up to the side, 
again that's not possible (talking about the ramp idea designed by P14). That's not, that would 
happen in your dreams but that is not possible, I have spent time personally in a wheelchair, that's 
not possible. So from my personal experience of being in a wheelchair, that's where a lot of it is 
my personal experience of being in a wheelchair and also the fact that I worked with a lot of 
patients in wheelchairs. That was my motivation from my personal design which I mean it's not 
flawless by any mean I mean I'm not a wheelchair designer at all, but I thought of all the designs 
yes I would bias, I would say mine was probably the more realistic of few that would even had a 
chance to be prototyped. The rest of them I think they thought too deeply in it and they weren't 
realistic with it by far. 
 
Interviewer: And your design, this is your drawings. [Showed P16’s design, drawn on a 
paper] 
P16: That was like my original design with the belt, the belt (belt that covers the wheels like tank 
wheels) because like it could go up the tread, cause if you had the tread on there that would work, 
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the whole thing was about the turning, but if you have like a center piece under, and most of them 
do, it basically props the whole thing up and moves it, actually if you've ever seen a mechanical 
chairs that a lot of people have like a lot of ALS patients or something have it at a, their chairs 
they have this exact almost built but they just kind of pop up and they turn, the whole chair turns, 
so like turning ...(?)... they suck but power wise they got a lot, granted I know we weren't meeting 
to do electrical here that particular chair that they tried to say a crank or something but I mean if a 
person has a spinal degeneration of any form, which I feel like a lot of the people didn't 
understand that. They don't understand what a spinal injury is, if it's a lumbar yeah they're fairly, 
they ...(?)..., if it's any where up in the ...(?)... any of that it could be a quadriplegic, but a 
quadriplegic is not gonna be in a automatic wheelchair, they are not gonna be excuse me in a 
man-powered chair, so this study was more focused for a paraplegic or something like that, so 
and the whole crank issue that interior designer (P13) girl had could in theory but the she (P13) 
didn't think again at the safety aspect of it. Like when you take off and even the engineering guy 
(P15) that was sitting next to me said well think about it, is that x force and he tried to do all this 
geo-talk and I just kind of like 'yeah that's right, whatever you're talking about, but umm again it 
was a good idea but with that particular patient with a spinal injury you don't want to do that, that 
drawing force could actually do further damage. So after a while doing that cranking take off that 
jolt motion that in theory could damage nerves at over a long period of time, which could worsen 
their condition and it could also probably ...(?)...  them physical therapy for a while. And 
Medicare won't pay for that. That's not a cost efficient choice. 
 
Interviewer: It seems like you know a lot about in that area. 
P16: That's my field. 
 
Interviewer: Yeah. 
P16: So Medicaid, Medicare it won't pay for a chair that they would deem unsafe that does not 
adhere by ADA standards, so if like their (P13 & P14) ideas, that's why I kept saying they're not 
safe, they are not gonna pass. But they were so gut ho(?) on their design, I just, they obviously 
weren't taking me seriously because I'm not a designer, engineer, excuse me I just know the 
medical portion that is my field. 
 
Interviewer: It's seems like bringing more practical, you're thinking more in a practical 
way, they are thinking more in the ideal and theoretical way, so I think there is a gap.  
P16: There was a big gap. It was three against one. That's why after a while I was just like yeah, 
wave the white flag, you just do what you want, obviously you don't want my input, you don't 
respect my field when I tell you this is what I do, obviously you still gonna be like well I'm gonna 
design it because I'm a designer, so... ok, go for it. 
 
Interviewer: Let me try to confirm this. Which action or what kind of behavior from your 
partners made you feel that they just want to stick with their idea, they're not really buying 
your idea. Like what kind of specific behaviors or actions lead to think or perceive in that 
way? 
[00:19:29.08] 
P16: I would actually say the probably within like the first hour or so when we did the, it was in 
the second part after we did like idea draws and we decided to share it with each other. 
 
Interviewer: So concept generation? 
P16: Yeah the second part (concept generation) and when we all went around and like tried to 
you know tell our thing, they initially like the guy (P15) next to me, he told his, and they (P13 & 
P14) didn't really have any reaction to it from what I can remember and so his (P15) basically just 
kind of flew off into the wind and then when I told mine, I mean I could have honestly gone an 
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hour on mine talking about how yes this would work and I can tell you the ADA standards but, I 
could tell easily as soon as I started explaining mine, the body motions of both of those girls (P13 
& P14; distant partners) Asian girl (P13) looked away and the other girl (P14) would back down 
at her paper which to me like body cues, if you are not actively listening to me if you were not 
actively nodding and continue in like ...(?)... do the conversation, I can tell you, I've lost you and 
you're not interested, it's pointless to talk. 
 
Interviewer: So while you were explaining it to them you were actually watching them 
through the screen. 
P16: Yeah I was watching to see if they would actually listen and they (P13 & P14) weren't, I 
could tell they just weren't. The guy next to me he (P15) even looked kind of was like looking off 
to the side, looking onto the computer, I mean I could tell that honestly they didn't give a hood(?) 
[00:20:56.01]. So I spared on my soapbox lecture (?) and just let them do ...(?)... and then they 
got on their hose (?) and again those two girls (P13 & P14) in their bubble, thought theirs was 
superb ideas and that's kind of when I was like well I'm just gonna wave the white flag, I'm not 
numbered here so... 
 
Interviewer: Oh ok. I see. We had like initiation phase and then we had concept generation 
and concept evaluation and then documentation. There were like roughly four distinct 
phases. Which phase do you think you had the least amount of shared understanding? 
P16: The least amount of shared understanding. Well shoot, I would say literally every phase 
after two. Like during two it was when it started and then afterward they didn't care what I said. 
They... my opinion to them was irrelevant, so... did I give in anyway yeah, but did they care? No. 
Look at their body language when I talk, both of them (P13 & P14), they're like either, the 
landscape girl (P16 got confused and said landscape instead of industrial design girl which is 
P13), when I anytime I talk you can watch, and she's (P13) down on her paper writing something. 
She and then the other girl (P13 & P14), she's looking off, they both were not in any way in a 
form actively listening to me or caring what I said. 
 
Interviewer: Yeah. This is the result from the closed-ended [showed closed-ended 
responses], is that the reason why you put, you gave high scores for the level of 
understanding for yourself, but for the group as a whole, it's pretty low compared to yours, 
like these are yours and these are your perception of group’s shared understanding. 
P16: I understood I guess again that's medical, I understood the situation, I understood what you 
guys were asking (the design brief) but I felt like the rest of the group did not. They did not 
understand that we are to design a wheelchair that is a man-powered chair which means ok it's 
probably for a maybe a lower spinal injury so for someone who has the ability to do a manual 
wheelchair, so I've been around and again I've been in myself, so I understood the study from that 
aspect. I understood what was to be done and conceptually how it would... in good theory it 
should be done just based on what I have patients in the past telling me 'oh I wish my chair did 
this' or 'oh I wish this would be better' and like weight distribution 'I wish my chair was wider and 
lower so I wouldn't tip'. Cause if you have a skinny chair and it's higher, it's gonna tip. Anyone 
who's ever done physics knows that. And I feel like, like I understood it well. They did not. 
Because they didn't particularly cared for me to discuss it, cause I was not... I was not one of 
those smart engineers or something, I'm just an H&FE major, which I think is just bla~ 
(sarcastic).  
 
Interviewer: Ok, I think that’s it. Thanks. 
[THE END] 
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APPENDIX G: OVERALL SATISFACTION QUESTIONNAIRE 

This questionnaire is to understand your opinions about the task that you just completed. 
Please read each statement carefully and select the number that best describes to what 
extent you agree or disagree with that statement. Your responses will not be disclosed to 
anyone else except for the researcher.  
 

Items Strongly!
Disagree! Neutral! Strongly!

Agree!  
1. This task was easy. 1! 2! 3! 4! 5! 6! 7!  
2. This task was boring. 1! 2! 3! 4! 5! 6! 7!  
3. This task took longer than it should have. 1! 2! 3! 4! 5! 6! 7!  
4. This task was enjoyable. 1! 2! 3! 4! 5! 6! 7!  
5. My partners and I achieved a good result. 1! 2! 3! 4! 5! 6! 7!  
6. My partners and I worked poorly as a team. 1! 2! 3! 4! 5! 6! 7!  
7.  I was able to talk and express myself freely. 1! 2! 3! 4! 5! 6! 7!  
8. I was able to get my partner to understand me. 1! 2! 3! 4! 5! 6! 7!  
9. I found it difficult to keep track of the conversation. 1! 2! 3! 4! 5! 6! 7!  
10. I understood what my partners were trying to tell me. 1! 2! 3! 4! 5! 6! 7!  
11. My partners and I were polite to each other. 1! 2! 3! 4! 5! 6! 7!  
12. My partners and I were formal in our working style. 1! 2! 3! 4! 5! 6! 7!  
13.  I generally felt comfortable working with this partner. 1! 2! 3! 4! 5! 6! 7!  
From Marshall, C. R., & Novick, D. G. (1995). Conversational Effectiveness in Multimedia 
Communications. Information Technology & People, 8(1), 54–79. © Emerald Group Publishing Limited all 
rights reserved. 
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APPENDIX H: RUBRIC FOR DESIGN PRODUCT 
 

Criterion Distinguished (5) Proficient (3) Emerging (1) 

Creativity 

The design is novel 
and reflects creative 
use of students’ 
knowledge. 

Parts of the design 
are unusual and 
reflect independent 
thinking. 

The design uses 
only standard 
strategies and 
components. 

Use of 
Abstractions/ 

Models/ 
Diagrams 

There is an 
appropriate use of 
abstractions/ 
models/diagrams that 
include important 
pieces in a reasonable 
relationship to each 
other. 

The design reveals an 
attempt to use 
abstractions/models 
/diagrams, but they 
are incomplete or 
don't fit together 
well. 

There is either no 
indication of 
abstractions/models 
/diagrams in the 
design or a failed 
attempt to include 
such. 

Design 
Development 

There is sufficient 
detail in the design to 
produce 
implementation. 

There is some detail 
in the design, but 
significant pieces are 
missing. 

The design is almost 
entirely without 
detail. 

Completeness 

The design captures 
the requirements 
completely or is 
missing only one or 
two minor ones. 

Most of the 
requirements are 
captured in the 
design, but a few 
significant ones are 
missing. 

The design failed to 
capture a substantial 
proportion of the 
requirements. 

Correctness The design has no 
major obvious flaws. 

The design generally 
appears correct, but 
there are one or more 
significant flaws. 

The design has a 
number of flaws. 

System 
Cohesion 

The system is defined 
by a set of 
components that 
contribute directly to 
the functionality of 
the system with the 
responsibilities 
distributed 
appropriately among 
the components. 

The system is defined 
by a set of 
components that 
contribute directly to 
the functionality of 
the system but the 
responsibilities are 
not distributed 
effectively. 

The system is 
defined by a set of 
components that 
contribute 
somewhat to the 
functionality of the 
system. 

From Sims-Knight, J., Upchurch, R., & Fortier, P. (2005). Assessing Students’ Knowledge of Design 
Process in a Design Task. Presented at the 35th ASEE/IEEE Frontiers in Education Conference. Copyright 
© 2005 IEEE.  
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APPENDIX I: DEFINITIONS OF CONSTRUCTS AND SUB-

CONSTRUCTS THAT CONSTITUTE SHARED UNDERSTANDING 

 
The shared understanding questionnaire consists of six themes: awareness, interactivity, 
knowledge transferability, cohesiveness, trust, and conflict. Each theme consists of sub-
themes, except for cohesiveness. The themes and sub-themes are described in the 
following table. To distinguish co-located and distant items in the instrument, two 
prefixes were used: ‘C-‘ for co-located, and ‘D-‘ for distant items.  
 

THEMS & SUB-THEMES 
(Code) DESCRIPTION 

AWARENESS (AWE) Moment-to-moment perception, comprehension, and projection of necessary elements 
to do the work 

Attention (ATT) Extent to which one being aware of other’s attention, and the amount of effort 
required to catch other’s attention 

Understand (UND) Extent to which one being aware of other’s level of understanding 

Task (TASK) Extent to which one being aware of what others’ are working on (task) 

Emotion (EMO) Extent to which one being aware of other’s emotion 

INTERACTIVITY (INT) Willingness to listen and to respond 

Listen1 (LIS1) One’s willingness to listen to other group members 

Listen2 (LIS2) One’s perception of other’s willingness to listen 

Respond2 (RES1) One’s willingness to respond to other group members 

Respond2 (RES2) One’s perception of other’s willingness to respond 

KNOWLEDGE 
TRANSFERABILITY (KNO) Amount of effort required to successfully transfer design knowledge 

Function (FUN) Objective of a design solution or components of the design 

Structure (STR) Structural components, their properties and relationships of a design solution 

Behavior (BEH) Movement of a design or components of the design 

Procedure (PRO) Procedure to operate a design solution 

Concept (CON) Theoretical principles or mechanisms that are applied to a design solution 

Value (VAL) Quality of a design solution 

COHESIVENESS (COH) One’s perception of closeness to other group members 

TRUST (TRU) Belief that the trustee will meet the positive expectations of the trustor 

Affective (AFF) One’s level of confidence regarding feelings of care and concern that other group 
members demonstrate  

Cognitive (COG) One’s willingness to rely on other group members’ competence and reliability 

CONFLICT (CON) Awareness of discrepancies, incompatible wishes, or irreconcilable desires towards 
other group members. 

Relationship (REL) Awareness of interpersonal incompatibilities that includes affective components 

Task (TAS) Awareness of differences in viewpoints and opinions pertaining to task 

Process (PROC) Awareness of controversies about aspects of how task should proceed 
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APPENDIX J: SHARED UNDERSTANDING QUESTIONNAIRES 
This questionnaire is to understand your opinions about the six aspects that are 
associated with shared understanding. Please read each statement carefully and select 
the number that best describes to what extent you agree or disagree with the statement. 
Your responses will not be disclosed to anyone else except for the researcher.  
 

1. AWARENESS 
 Awareness Strongly!

Disagree!
Disagree! Somewhat!

Disagree!
Neutral! Somewhat!

Agree!
Agree! Strongly!

Agree!  

C-ATT1 I was able to catch my co-located partner’s 
attention. 1! 2! 3! 4! 5! 6! 7!  

D-ATT1 I was able to catch my distant partner’s 
____________ attention. 1! 2! 3! 4! 5! 6! 7!  

D-ATT1 I was able to catch my distant partner’s 
____________ attention. 1! 2! 3! 4! 5! 6! 7!  

C-ATT2 I was aware of my co-located partner’s 
attention. 1! 2! 3! 4! 5! 6! 7!  

D-ATT2 I was aware of my distant partner’s 
____________ attention. 1! 2! 3! 4! 5! 6! 7!  

D-ATT2 I was aware of my distant partner’s 
____________ attention. 1! 2! 3! 4! 5! 6! 7!  

C-UND I was aware of whether my co-located 
partner understood my explanation. 1! 2! 3! 4! 5! 6! 7!  

D-UND I was aware of whether my distant partner 
____________ understood my explanation. 1! 2! 3! 4! 5! 6! 7!  

D-UND I was aware of whether my distant partner 
____________ understood my explanation. 1! 2! 3! 4! 5! 6! 7!  

C-TASK I was aware of what my co-located partner 
was working on. 1! 2! 3! 4! 5! 6! 7!  

D-TASK I was aware of what my distant partner 
____________ was working on. 1! 2! 3! 4! 5! 6! 7!  

D-TASK I was aware of what my distant partner 
____________ was working on. 1! 2! 3! 4! 5! 6! 7!  

C-EMO I was aware of my co-located partner’s 
feelings. 1! 2! 3! 4! 5! 6! 7!  

D-EMO I was aware of my distant partner’s 
____________ feelings. 1! 2! 3! 4! 5! 6! 7!  

D-EMO I was aware of my distant partner’s 
____________ feelings. 1! 2! 3! 4! 5! 6! 7!  
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2. INTERACTIVITY 

 Interactivity Strongly!
Disagree!

Disagree! Somewhat!
Disagree!

Neutral! Somewhat!
Agree!

Agree! Strongly!
Agree!  

C-LIS1 I was willing to listen to my co-located 
partner. 

1! 2! 3! 4! 5! 6! 7!
 

D-LIS1 I was willing to listen to my distant partner 
____________. 

1! 2! 3! 4! 5! 6! 7!
 

D-LIS1 I was willing to listen to my distant partner 
____________. 

1! 2! 3! 4! 5! 6! 7!
 

C-LIS2 My co-located partner was willing to listen to 
me. 

1! 2! 3! 4! 5! 6! 7!
 

D-LIS2 My distant partner ____________ was 
willing to listen to me. 

1! 2! 3! 4! 5! 6! 7!
 

D-LIS2 My distant partner ____________ was 
willing to listen to me. 

1! 2! 3! 4! 5! 6! 7!
 

C-RES1 I was willing to respond to my co-located 
partner. 

1! 2! 3! 4! 5! 6! 7!
 

D-RES1 I was willing to respond to my distant partner 
____________. 

1! 2! 3! 4! 5! 6! 7!
 

D-RES1 I was willing to respond to my distant partner 
____________. 

1! 2! 3! 4! 5! 6! 7!
 

C-RES2 My co-located partner was willing to respond 
to me. 

1! 2! 3! 4! 5! 6! 7!
 

D-RES2 My distant partner ____________ was 
willing to respond to me. 

1! 2! 3! 4! 5! 6! 7!
 

D-RES2 My distant partner ____________ was 
willing to respond to me. 

1! 2! 3! 4! 5! 6! 7!
 

Note: The interactivity questionnaire items are originally from the Relational Communication Scale 
(Burgoon & Hale, 1987). The material was adapted and was reprinted with permission of Copyright © 
1987, Routledge. 
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3. KNOWLEDGE TRANSFERABILITY 

 Knowledge transferability Strongly!
Disagree!

Disagree! Somewhat!
Disagree!

Neutral! Somewhat!
Agree!

Agree! Strongly!
Agree!  

C-FUN It was easy to explain what the design 
solution achieves to my co-located partner. 1! 2! 3! 4! 5! 6! 7!  

D-FUN It was easy to explain what the design 
solution achieves to my distant partners. 1! 2! 3! 4! 5! 6! 7!  

C-STR1 
It was easy to explain what the design 
solution looks like (e.g., shape, length, 
angle) to my co-located partner. 

1! 2! 3! 4! 5! 6! 7!  

D-STR1 
It was easy to explain what the design 
solution looks like (e.g., shape, length, 
angle) to my distant partners. 

1! 2! 3! 4! 5! 6! 7!  

C-STR2 
It was easy to explain where the parts and 
pieces of the design solution are attached to 
my co-located partner. 

1! 2! 3! 4! 5! 6! 7!  

D-STR2 
It was easy to explain where the parts and 
pieces of the design solution are attached to 
my distant partners. 

1! 2! 3! 4! 5! 6! 7!  

C-BEH It was easy to explain how the design 
solution moves to my co-located partner. 1! 2! 3! 4! 5! 6! 7!  

D-BEH It was easy to explain how the design 
solution moves to my distant partners. 1! 2! 3! 4! 5! 6! 7!  

C-PRO 
It was easy to explain the procedure of how 
to operate the design solution to my co-
located partner. 

1! 2! 3! 4! 5! 6! 7!  

D-PRO 
It was easy to explain the procedure of how 
to operate the design solution to my distant 
partners. 

1! 2! 3! 4! 5! 6! 7!  

C-CON 
It was easy to explain the mechanism (e.g., 
pulley, hydraulic, spring, lever systems) of 
the design solution to my co-located partner. 

1! 2! 3! 4! 5! 6! 7!  

D-CON 
It was easy to explain the mechanism (e.g., 
pulley, hydraulic, spring, lever systems) of 
the design solution to my distant partners. 

1! 2! 3! 4! 5! 6! 7!  

C-VAL 

It was easy to explain the values (e.g., 
safety, ergonomics, aesthetics, costs, etc.) 
regarding the design solution to my co-
located partner. 

1! 2! 3! 4! 5! 6! 7!  

D-VAL 

It was easy to explain the values (e.g., 
safety, ergonomics, aesthetics, costs, etc.) 
regarding the design solution to my distant 
partners. 

1! 2! 3! 4! 5! 6! 7!  
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4. COHESIVENESS 

 Cohesiveness 

1! 2! 3! 4! 5!

Strongly!
Disagree! Neutral! Strongly!

Agree!

6! 7! 8! 9!
 

1. Our team is united in trying to reach its goals 
for performance. 1! 2! 3! 4! 5!

Strongly!
Disagree! Neutral! Strongly!

Agree!

6! 7! 8! 9! 

2. We all take responsibility for any loss or 
poor performance by our team. 

1! 2! 3! 4! 5!

Strongly!
Disagree! Neutral! Strongly!

Agree!

6! 7! 8! 9! 

3. 
If members of our team have problems 
during the task, everyone wants to help them 
so we can move forward. 

1! 2! 3! 4! 5!

Strongly!
Disagree! Neutral! Strongly!

Agree!

6! 7! 8! 9! 

4. 

Please circle the number below which best describes your relationship with your co-located partner.  

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

Self% Co(located%
partner%

1! 2! 3! 4!

5! 6! 7!  

5. 

Please circle the number below which best describes your relationship with your distant partner 1. 

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

1! 2! 3! 4!

5! 6! 7!  
 
 

6. 

Please circle the number below which best describes your relationship with your distant partner 2. 

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

Self% Distant%
partner%

1! 2! 3! 4!

5! 6! 7!  
Note: Questions 1~3 were adapted from the Group Environment Questionnaire (GEQ) (Widmeyer et al., 
1985), and questions 4~6 were adapted from the Inclusion of Self in Other instrument (Aron et al., 1992). 
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5. TRUST 

Items Strongly!
Disagree! Neutral! Strongly!

Agree!
 

C-AFF1 My co-located partner and I have a sharing relationship. We 
can both freely share our ideas. 1! 2! 3! 4! 5!

 

D-AFF1 My distant partner __________ and I have a sharing 
relationship. We can both freely share our ideas. 1! 2! 3! 4! 5!

 

D-AFF1 My distant partner __________ and I have a sharing 
relationship. We can both freely share our ideas. 1! 2! 3! 4! 5!

 

C-AFF2 I can talk freely to my co-located partner about difficulties I 
am having during the design task. 1! 2! 3! 4! 5!

 

D-AFF2 I can talk freely to my distant partner __________ about 
difficulties I am having during the design task. 1! 2! 3! 4! 5!

 

D-AFF2 I can talk freely to my distant partner __________ about 
difficulties I am having during the design task. 1! 2! 3! 4! 5!

 

C-AFF3 If I shared my problems with my co-located partner, I know 
(s)he would respond caringly. 1! 2! 3! 4! 5!

 

D-AFF3 If I shared my problems with my distant partner 
__________, I know (s)he would respond caringly. 1! 2! 3! 4! 5!

 

D-AFF3 If I shared my problems with my distant partner 
__________, I know (s)he would respond caringly. 1! 2! 3! 4! 5!

 

C-AFF4 My co-located partner and I have both made considerable 
emotional investments in our working relationship. 1! 2! 3! 4! 5!

 

D-AFF4 
My distant partner __________ and I have both made 
considerable emotional investments in our working 
relationship. 

1! 2! 3! 4! 5!
 

D-AFF4 
My distant partner __________ and I have both made 
considerable emotional investments in our working 
relationship. 

1! 2! 3! 4! 5!
 

C-COG1 My co-located partner approaches his/her job with 
dedication.  1! 2! 3! 4! 5!

 

D-COG1 My distant partner __________ approaches his/her job with 
dedication.  1! 2! 3! 4! 5!

 

D-COG1 My distant partner __________ approaches his/her job with 
dedication.  1! 2! 3! 4! 5!

 

C-COG2 I can rely on my co-located partner not to make my job 
more difficult by careless work. 1! 2! 3! 4! 5!

 

D-COG2 I can rely on my distant partner __________ not to make 
my job more difficult by careless work. 1! 2! 3! 4! 5!

 

D-COG2 I can rely on my distant partner __________ not to make 
my job more difficult by careless work. 1! 2! 3! 4! 5!

 
Note: The trust questionnaire items are originally from the Interpersonal Trust Measures (McAllister, 
1995). The material was adapted and was reprinted with permission of Copyright © 1995, Academy of 
Management. 
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6. CONFLICT 

Items None! A lot!Neither!
 

C-REL1 How much relationship tension was there between you and 
your co-located partner? 1! 2! 3! 4! 5!

 

D-REL1 How much relationship tension was there between you and 
your distant partner __________? 1! 2! 3! 4! 5!

 

D-REL1 How much relationship tension was there between you and 
your distant partner __________? 1! 2! 3! 4! 5!

 

C-REL2 How much emotional conflict was there between you and 
your co-located partner? 1! 2! 3! 4! 5!

 

D-REL2 How much emotional conflict was there between you and 
your distant partner __________? 1! 2! 3! 4! 5!

 

D-REL2 How much emotional conflict was there between you and 
your distant partner __________?  1! 2! 3! 4! 5!

 

C-TASK1 How much conflict of ideas was there between you and your 
co-located partner? 1! 2! 3! 4! 5!

 

D-TASK1 How much conflict of ideas was there between you and your 
distant partner __________? 1! 2! 3! 4! 5!

 

D-TASK1 How much conflict of ideas was there between you and your 
distant partner __________? 1! 2! 3! 4! 5!

 

C-TASK2 How often did you and your co-located partner have 
conflicting opinions about the task?  1! 2! 3! 4! 5!

 

D-TASK2 How often did you and your distant partner __________ have 
conflicting opinions about the task? 1! 2! 3! 4! 5!

 

D-TASK2 How often did you and your distant partner __________ have 
conflicting opinions about the task? 1! 2! 3! 4! 5!

 

C-PROC1 How often were there disagreements between you and your 
co-located partner about who should do what? 1! 2! 3! 4! 5!

 

D-PROC1 How often were there disagreements between you and your 
distant partner __________ about who should do what? 1! 2! 3! 4! 5!

 

D-PROC1 How often were there disagreements between you and your 
distant partner __________ about who should do what? 1! 2! 3! 4! 5!

 

C-PROC2 How much conflict was there between you and your co-
located partner about how to do the work? 1! 2! 3! 4! 5!

 

D-PROC2 How much conflict was there between you and your distant 
partner __________ about how to do the work? 1! 2! 3! 4! 5!

 

D-PROC2 How much conflict was there between you and your distant 
partner __________ about how to do the work? 1! 2! 3! 4! 5!

 
Note: The conflict questionnaire items are originally from the Intragroup Conflict (Jehn et al., 2001). The 
material was adapted and was reprinted with permission of Copyright © 2001, Academy of Management. 
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APPENDIX K: IRB APPROVAL FOR EXPERIMENT 1 
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APPENDIX L: IRB APPROVAL FOR EXPERIMENT 2 

 


