Human Factors Considerations for Teaming between Construction Workers and Voice-based Intelligent Virtual Agent (VIVA)
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Construction sites experience low productivity due to particular characteristics such as unique designs in each project, sporadic arrival of projects, and complexity of the process. Another contributing factor to low productivity is poor communication among workers, supervisors, and a site’s centralized knowledge hub. Research shows that introducing advanced artificial intelligence (AI) technology in construction can tackle these problems. In this paper, we analyzed human factors considerations–user, task, environment, and technology and identified their characteristics and challenges to design an interactive AI system to facilitate communication between workers and other stakeholders. Based on the analysis, we propose a voice-based intelligent virtual agent (VIVA) as a multi-purpose AI system on construction sites with a further research agenda. We hope that this effort can guide the design of construction-specific AI systems and that this worker-AI teaming can improve overall work processes, enhance productivity, and promote safety in construction. 


1 INTRODUCTION
Artificial intelligence (AI) and robots are becoming essential parts of a variety of workplaces including manufacturing, healthcare, transportation, and diagnostics and prognostics of diseases to name a few. The decision-making phase in these industries has been dramatically changed with the use of AI instead of pre-programmed algorithms. However, despite their high potential, adoption of these technologies in the construction industry is challenging because construction projects come in a sporadic order and the design requirements vary from one project to another (Hatami et al., 2019). These characteristics have made the work process more complex and result in decreased productivity on construction sites (Hatami et al., 2019).
Another big challenge on construction sites is communication, which has in turn adversely affected productivity (Khelifi & Hyari, 2016). Mohamed and Stewart (2003) show that inferior coordination resulted from poor information handling and exchange leads to excessive costs and delays in construction projects. Also, empirical research has identified poor communication and information logistics as one of the central determinants of construction projects failure (Meland et al., 2011). More specifically, according to (Khelifi & Hyari, 2016), the vast amount of information to be delivered, spatial dispersion of different teams and different activities, the multiplicity of stakeholders and subcontractors, the distance between the offices and the work sites, and the necessity of rigid deadlines based on costly delays are among the reasons that the communication is difficult on construction sites. Moreover, the lack of procurement of information leads to loss of productivity (Castro-Lacouture, Bryson, & Gonzalez-Joaqui, 2006). The reasons for these problems include incomplete, incorrect or delayed access to the information of material deliveries which results in extra cost and time to complete the construction projects (Castro-Lacouture et al.). 
To ameliorate these challenges to productivity and communication and increase safety, we propose an intelligent system that can facilitate interaction between construction workers, while addressing construction-specific issues. For example, the nature of projects in the construction workplace necessitates real-time, continuous, and dynamic flow of information between diverse resources including workers, supervisors, and robots on the work site (Kondratova, 2003). Connecting this system to an updated information resource can provide the workers with a real time repository where they can find the information they need while they are completing their tasks. This can prevent excessive costs due to lack of information in real time on the construction site.
To this end, AI-based technologies, adapted to the needs of the construction site, seem to be essential. This can be more easily done since AI can come in different forms, including embodied and non-embodied systems. More specifically, embodied AI can take the form of robots or automated vehicles, which are capable of mobility. On the other hand, non-embodied systems can have different categories, such as visual or voice agents. Considering the dynamic environment of the construction workplace, a nondisruptive voice agent would be an ideal type of AI-based technology. The voice agent is a software program that helps users interact with a computer system through a dialogue using voice commands, such as Siri or Alexa, which helps people shop online, send instant messages, and make phone calls (Cho et al., 2018).
Even though there has been a proliferation of voice agents at home, little research has been conducted on the application of voice agents in the workplace— specifically on construction sites. Therefore, we envision the design and development of a mobile-based AI agent to facilitate interpersonal communication and to allow for real-time access to the information resources on the construction site. To this end, the goal of this visionary paper is first to investigate and analyze human factors considerations on the construction site —user, task, environment, and technology. In each section, we explain the component along with the characteristics and existing issues. Accordingly, we will propose a voice-based intelligent virtual agent for high productivity and safety, as well as efficient communication and training of workers in the construction workplace. This framework will contribute to setting up a desirable relationship between workers and intelligent agents, which will ultimately lead to higher team performance.
2 human factors Considerations
2.1 User
In a construction workplace, there are different types of users (“human resources” as a construction term), including workers, supervisors, embodied robots, and non-embodied AI systems. Since there is a need for a real-time, complete response on these sites, understanding workers’ characteristics is of great importance.
2.1.1 Mobility: In any workplace, to make effective and efficient decisions, it is important to prepare inputs in the proper form for each user individually. For construction workers who are in motion while doing their job, presenting information in auditory (rather than visual) form would be less disruptive. 
2.1.2 Diversity: Language differences between immigrant workers and their supervisors and coworkers are one of the most challenging issues in promoting safety among immigrant workers (Gany et al., 2011). In the United States, the reports of progress and innovation in the construction industry rarely address the digital divide that affects the lower levels of the industry’s hierarchy. This digital divide particularly affects more than 2.8 million construction workers (http://www.cpwr.com) who identify as Hispanic or Latino. Hispanic workers face higher rates of work-related fatal injuries when compared with other ethnic groups (Morrison, 2015). Most Hispanic workers are new immigrants with about 73% of the 2.8 million Hispanics working in construction in 2015 born outside the U.S., and nearly 1.7 million (59%) are not U.S. citizens (http://www.cpwr.com). 
  Additionally, on a site, there are different groups of workers with different levels of expertise. The spectrum of skills goes from novices to experts at the extremes. To complete the tasks with quality, novices need to be trained. They are supposed to be trained before they start to work, but they can also benefit from continuous, supplementary training on the fly or in the context of a specific task —which we call just-in-time-training.
In addition to English proficiency and literacy (in any language) concerns, more barriers emerge because of existing training materials’ failure to reflect the multiple variations. This can be more prominently seen in Spanish-language patterns across Hispanic/Latino construction workers’ varied ethnic and cultural backgrounds. These language barriers result from both external (existing in other countries) and internal (unique to workers in the United States) factors affecting Hispanic/Latino workers.
External factors include socioeconomic and education disparities across Latin America and regional differences in Latin American Spanish. After all, not all Spanish-speaking people have the same Spanish words for things. Internal factors include the use of “Spanglish” words, a combination of English and Spanish terms spoken colloquially in the U.S. and Latin America. Some identify the use of Spanglish as an important element in improving comprehension of materials developed for Hispanic construction workers (Evia, 2011).
2.1.3 Users’ resistance to AI: There are a number of challenges for the widespread use of AI (https://www.aem.org/news/why-artificial-intelligence-will-transform-industry-business-models): Fear of being replaced by robots, cultural biases, and security matters are among the obstacles to the wide use of AI by people. This shows that trust towards AI is one of the important factors in the applicability of AI systems. 
2.1.4 Trust towards AI: AI is a special form of automation, but often these two terms are used interchangeably (Lee & See, 2004). However, it is important to differentiate these two terms to be able to take the appropriate measures (Glikson & Woolley, 2020). Automation is a deterministic process where the system follows pre-programmed rules, and in the traditional form, it does not involve any learning processes (Raj & Seamans, 2019) and human trust towards an automated system can be static; however, an automation process can be made intelligent and dynamic when the process is adaptive, rather than pre-programmed, which turns automation into AI. 
Parasuraman and Riley (1997) classified three relevant terms about automation and trust, depending on perceived/true reliability and complexity of the system. If users are doubtful about frequent false alarms and do not use the system at all, it is “disuse”. If users over trust the system (complacency), it is “misuse”. In this case, users’ situation awareness and skills might be degraded. Because AI systems evolve based on the interaction with users, situation awareness is getting more and more important. “Abuse” means applications of automation/AI without consideration of human side consequences. According to (Glikson & Woolley, 2020), there are factors, such as tangibility, reliability, transparency, and immediacy, which influence users’ cognitive and emotional trust.
2.1.5 Training: Training people in the workplace is important. Indeed, more than half of the fatalities in construction are caused by unskilled conduction (Khodabandeh, Kabir-Mokamelkhah, & Kahani, 2016). The training spans from basic job skills to advanced interactions in robot deployed workplaces. The current learning opportunities in the construction industry are mostly conventional lecture-based classroom learning or hands on training, with the former being inadequate and the latter being costly (Moon et al., 2019).
Virtual learning environments (VLEs) can be an alternative learning platform for training in workers’ interactions with AI/robots. However, research shows that around 53% use a PC monitor for visualization and a mouse and keyboard as the user interface which does not provide a realistic experience for the user (Moon et al., 2019). Only about 17% in this field use power walls for training, which provide an immersive environment with active glasses (Moon et al., 2019). In addition to power walls, head mounted displays (e.g., oculus rift™) are also used with controllers. Despite its potential, building VLEs is per se a big project and the current VLEs on the construction site do not provide realistic scenarios with freedom to move in the simulated environment. 
       Another solution can be just-in-time-training (JIT), which is a type of training where the learner gets training when they need to use the instruction. There is literature describing JIT training in construction and manufacturing; nonetheless, there is little research on the implementation of JIT on the construction site. Since around 40% of the information trained is lost after a month unless used (Globerson & Korman, 2001), it would be essential for the workers on the construction site to use this type of training for their safety. This concept has been studied in other industries, for example, in a manufacturing setting (Wilkie, 2013). They found that the workers who received JIT training had significantly less error rate compared to those with regular training schedules in the study.
       Different types of training content are possible. Non-disruptive voice agents can provide novices with general job skills when appropriate, using notifications, warnings, process details, or reminders for a prospective memory. Expert workers can save and transfer their knowledge or know-how to novice workers via the voice agent. At first, the workers will be required to learn how to fully utilize the voice agent for diverse functionalities. 
2.2 Task
A variety of tasks are done on the construction site, including manual tasks, process monitoring, defect management, and inventory control (Kasim, 2015). The AI-powered voice agent in the team can facilitate these tasks. For example, tracking the inventory at the right time is critical in the construction workplace because it will prevent excessive cost. An essential factor adversely affecting the performance of construction projects is the improper handling of material (Kasim, 2015). This process will be efficiently facilitated by the voice agent. Here, we will focus on work flow, which is more relevant to communications among the stakeholders.
It is important that the messages on the construction site are delivered in real time completely and frequently (Kondratova, 2003). Literature shows that the information flow has been considered in two general ways, including 1) work flow from the hub and 2) information flow between two users. 
2.2.1 Work flow from the hub: In this type of information flow, either the whole data at discrete times should be analyzed or specified information should be sent to all workers from a resource at particular times. Artificial neural networks (ANNs), especially, deep neural networks (DNNs) are among the tools which can work well with these datasets (Hatami et al., 2019). These networks work best when there is a huge dataset, specifically, where we do not have a particular solution to a problem (Silver et al., 2017). Therefore, DNNs have been proposed as the best tool to predict machine failures on construction sites which in turn provides the opportunity to make decisions in a timely manner (Hatami et al., 2019). However, there has been little research on the actual application of this method in the context of worker-AI teaming. 
The system proposed in (Kondratova et al., 2006) is aimed at the access of the construction crews to enter data and retrieve additional project information using mobile technology in the field. Although the system proposed in the paper helps facilitate the communication on the construction site, the problem of diversity of the workers with respect to their accents or their level of expertise in the workplace has not been addressed. Because workers from different origins gather to work on the construction site, the inclusivity of the communication system would be a crucial design consideration in this environment. 
2.2.2 Information flow between workers: In addition to the connection between the source and multiple users, there needs to be a connection between workers. This connection can be between two workers or between a worker and a supervisor. Khelifi and Hyari (2016) developed a system which can improve the productivity of construction projects by providing access to the personnel on the construction site to retrieve and upload data (e.g., schedule, supply chain, task specific, etc.) when needed instantaneously. This process can be done with non-disruptive mobile technologies without going to the field or main office to access or report information. Hsu and Lin (2000) proposed a digital assistant for the construction site. Their communication tool is a graphical interface integrated with a position detection system. 
2.3 Environment
Environment is another critical human factors component when designing interactive systems. Voice agents on the construction site should have fairly different profiles from ones at home, in terms of attitude, functionality, or intervention. For example, an at-home voice agent will not intervene in a user’s everyday life, unless the user sets up an alarm or wakes it up, whereas the voice agent on the construction site would need to more (pro)actively intervene in a worker’s situation for safety and productivity purposes. Noise is another factor which should be considered regarding this environment. Accordingly, the construction sites possess particular characteristics which are important for designing non-disruptive voice agents fitting to these environments. 
2.3.1 Safety: Safety is one of the most important considerations in the workplace. Each workplace has its unique characteristics which should be considered to secure job safety. For the construction site, safety levels depend on the part of the work site. According to Occupational Safety and Health Administration (OSHA), falls are the leading cause of death in construction. Also, there are tasks related to hazardous gas that need special care. Thus, understanding the potential consequences of the tasks helps to decide the measures to obviate the hazards. The voice agent can provide pre-warnings and reminders, or help the workers’ safety-critical judgment on the fly based on the context-awareness.  
2.3.2 Noise: In construction, it is necessary to manufacture or hone some parts on the site. Building these pieces is noisy, and thus, there is a possibility that the auditory messages will be partially or fully blocked when being delivered from one person to another. That is, the surrounding noise can counteract the vocal messages delivered. Moreover, the background conversations between people aggravate this problem even further. Thus, to use voice agents, it is important to differentiate the noise from the signals. Kondratova et al. (2006) discussed the scope for multimodal interaction design focusing on speech-based interaction. To differentiate a signal from the environmental noise, they used a 7.1 surround sound system. 
Wh2.3.3 Network: On the construction site, real-time, complete information exchange with the project repository is critical for decision making, because the information has to be retrieved from the project repository frequently on site (Kondratova, 2003). As a result, construction sites can benefit from mobile technologies to improve productivity levels. However, most mobile computing research assumes that there is a wireless local area network on the construction site (Khelifi & Hyari, 2016). This assumption cannot always be the case due to the dust, concrete walls, and lack of access to Wi-Fi in large fields, so the new technological application is needed (Khelifi & Hyari).
2.4 Technology
Advanced AI can be in the form of embodied robots or non-embodied systems. In this paper, we focus on non-embodied voice-only agents for workers on the go. Therefore, we will focus on non-disruptive auditory displays, including speech and non-speech signals. Moreover, there are more considerations regarding the design of a technology on the construction site.
2.4.1 Sound robustness: As discussed, on the construction site, where workers are in motion, auditory communication would be more effective and efficient than visual communication. Due to the safety matters, the workers on the construction site also need to be aware of the environmental sounds at the same time. One of the technological solutions to deliver the voice agent’s messages, while opening the worker’s ears to environmental sounds is a bone-conduction headset. The bone-conduction headset vibrates the bones and transits the sound directly to the inner ear. Of course, the environmental sounds can get mixed with the voice messages that should be delivered. Noise cancelling functions can be used in such noisy environments.
2.4.2 Natural language processing: There are a number of high-quality natural language processing (NLP) platforms. Amazon Lex or MS Language Understanding (LUIS)–a cloud-based API can be used for any system. There is also active NLP research to address dialects or accents in language using specific acoustic models (e.g., Yoo, Song, & Benjio,2019). 
2.4.3 Persona of voice agent: Different personas (age, gender, speech style, etc.) can evoke different perception and performance (e.g., male voice for trust and safety-critical tasks and female for warm and friendly tasks). Ernst and Herm-Stapelberg (2020) found that female-voiced virtual assistants are perceived to be more likable than their male-voiced counterpart, even if no difference in their ability exists. A recent study (Dong, Lawson, Olsen, & Jeon, 2020) showed that female voice agents were rated even more “competent” as well as more “likable” and “comfortable”. Testing the agent’s different profiles on the construction site would be of interest. 
2.4.4 Personalization: Since the level of cognitive trust is positively correlated with personalization (Komiak & Benbasat, 2006), there is a need to design the interface to match its characteristics with respective workers’ needs. For example, the voice agent can be trained in accents/dialects or automatically translate between different languages. Training programs can be personalized, including flexible and different pathways into the training based on workers’ prior knowledge, support features to explain issues or provide corrective feedback, and courses in the language of the workers.
2.4.5 Auditory displays: When the information is presented via an auditory channel, there would be different design considerations. Identifying an amount and structure of the information optimized for auditory displays is required. In this process, speech can deliver semantics (e.g., what, how, and why), whereas non-speech (e.g., earcons) can deliver syntax as well as semantics (e.g., the level/step of decision making, urgency of the message, progress and completion of the condition/work, safety-relevant warnings, etc.).
3 PROPOSED worker-AI TEAMING 
To conduct a systematic approach to the design of the voice AI system on the construction site, we reviewed and analyzed basic human factors design considerations. Based on this information, we envision to design and develop a voice-based intelligent virtual agent (VIVA) for construction workers. VIVA will be a platform-free mobile app. For the conversational agent development, we will use Amazon Lex, a service that uses voice and text to build a conversational interface in any application, beyond Alexa. Amazon Lex provides advanced automatic speech recognition (ASR) deep learning capabilities and offers natural language understanding capabilities that can recognize users’ intent. 
The overall approach to VIVA reflects a systems perspective, in which VIVA is considered as a team member of the larger system with the workers, supervisors, knowledge hub, and information (Figure 1). In everyday work situations, VIVA serves as a worker’s dialogue partner. The workers will get information, report their work progress, receive requests, make an informed decision, and get just-in-time training with VIVA. As a medium, VIVA will make an announcement from the hub, supervisor, or worker to other workers. VIVA will also mediate the communication in between workers or worker and supervisor.
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Figure 1. VIVA conceptual diagram
4 CONCLUSION AND ONGOING WORK
To facilitate communications among the team members on the construction site, we analyzed human factors considerations. Based on the analysis, we proposed to design and develop a voice-based intelligent virtual agent (VIVA). Further research agenda includes (1) developing the context-aware interactive agent, (2) optimizing decision-making procedure, (3) recognizing diverse workers’ accents and dialects, (4) designing noise-robust auditory displays, and (5) providing just-in-time training. We believe that VIVA will promote construction workers’ communications, safety, and productivity. 
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