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ABSTRACT

In this dissertation, the design, implementation, and educational applications of a real-time water and
weather monitoring system, developed to enhance water sustainability education and research, are
discussed. This unique system, called LabVIEW Enabled Watershed Assessment System (LEWAS), is a
real- world extension of various data acquisition modules that were successfully implemented using
LabVIEW into a freshman engineering course (Engineering Exploration, ENGE 1024) at Virginia Tech.
The outdoor site location measures water quality and quantity data including flow rate, pH, dissolved
oxygen, conductivity, and temperature – as indicators of stream health - for an on-campus impaired stream
in real-time. In addition, weather parameters (temperature, barometric pressure, relative humidity and
precipitation) are measured at the LEWAS outdoor site. The measured parameters can be accessed by
remote users in a real-time through a web-based interface for education and research.
LEWAS is solar powered and uses the campus wireless network through a high-gain antenna to transmit
data to remote clients in real-time. Its power budget consisting of consumption (14 W), electrical storage,
and generation (80 W, peak) is balanced to enable 24/7 operation regardless of weather conditions. An
embedded computer with low power consumption and modules for communicating and storing data are
installed in the field and it is programmed to process measured environmental parameters to be delivered to
remote users. This computer is programmed both using a field programmable gate array (FPGA, for low
power consumption and robust operation) and traditional microprocessor programming (for more
flexibility). The environmental sensors of the system are routinely calibrated using established procedures.
A LEWAS Development Platform was established to develop and test the system and to train and mentor
several undergraduate and graduate students who helped in its implementation. A number of design and
implementation challenges were overcome including extending campus Internet access to a location not
included on the network and integrating hardware and software from three different sensor manufacturers
into a unified software platform accessible over the Internet.
To study the educational applications of LEWAS, an observational study was conducted as the system
was gradually introduced to students in ENGE 1024 between 2009 and 2011. Positive student attitudes on
the role of LEWAS to enhance their environmental awareness informed an experimental design
implemented to study the motivational outcomes associated with the system. Accordingly, appropriate
educational interventions and a hands-on activity on the importance of environmental monitoring were
developed for both control and experiment groups, with only the latter given access to LEWAS to retrieve
the environmental parameters for the activity. An instrument was developed on the theoretical foundation
of the expectancy value theory of motivation and was administered to control and experimental groups in
ENGE 1024. Altogether, 150 students participated in the study. Exploratory Factor Analysis (EFA) was
applied which resulted in factors that group questions together based on interest, importance, real-time
access, and cost (feasibility of monitoring). After conducting parametric and nonparametric statistical
analyses, it was determined that there exists a statistically significant difference between control and
experimental groups in interest, real-time, and cost factors. This finding implies that providing real-time
access to environmental parameters can increase student interest and their perception of feasibility
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of environmental monitoring – both major components of motivation to learn about the environment.
Future extensions and applications of the system at Virginia Tech and beyond are discussed.
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CHAPTER 1: INTRODUCTION

A programming language called LabVIEW (short for Laboratory Virtual
Instrumentation Engineering Workbench) was introduced into a freshman engineering
course (Engineering Exploration, ENGE 1024) at Virginia Tech in Spring 2007 as a
successor to earlier modular and object oriented alternatives. This programming language
continues to fulfill programming related learning objectives in ENGE 1024 to date.
LabVIEW follows a dataflow programming paradigm and is known for its strength in
acquiring, processing, and presenting data from engineering applications that involve
measurement instruments and sensors. In addition, LabVIEW provides extensive support
for connecting instrumentation hardware, a feature used in developing LabVIEW based
data acquisition activities in EngE 1024. For example, students used temperature data
acquired through LabVIEW from a cooling probe to validate Newton’s second law of
cooling. In order to demonstrate real-world applications of LabVIEW the data acquisition
activity was extended to include monitoring of an impaired on-campus stream which
enhanced the sustainability component of the course. The system designed and
implemented to accomplish the real-world application is called LabVIEW Enabled
Watershed Assessment System (LEWAS).
The goals of this dissertation are the following:
i)

Accomplish the design and implementation of LEWAS
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ii)

Conduct engineering education research to investigate educational
applications and educational outcomes associated with accessing LEWAS
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Towards fulfillment of

the first goal, LEWAS measures water quality and

quantity data including flow rate, pH, dissolved oxygen, conductivity and temperature –
as indicators of stream health - for an on-campus impaired stream in real-time. In
addition, weather parameters (temperature, barometric pressure, relative humidity and
precipitation) are measured at LEWAS site on Virginia Tech campus and are made
available to remote users in real-time through their web-browsers. An embedded
computer was programmed using field programmable gate arrays (FPGAs) for robustness
and minimal power consumption to process, store, and communicate collected data using
dedicated plug-in units. LEWAS relies on solar power and uses the campus wireless
network through a high-gain antenna to transmit data to remote clients in real-time. A
number of challenges were addressed during design and implementation of LEWAS.
Some examples are interfacing multiple sensors from different manufacturers and
different communication software into a new, unified

software environment and

extending campus Internet access to a location not included on the network.
Real-time remote monitoring of water parameters of an impaired stream on the
campus of an educational institution can serve the objective of increasing awareness on
environmental sustainability for two reasons [1]: First, it makes students aware of what is
happening or will happen in their own campus if development activities are not planned
and executed in an environmentally friendly manner. Second, it enables stakeholders to
assess the efficiency of remedial actions or regulation compliance. Additionally, LEWAS
enables students to realize the real world application of LabVIEW programming
language.
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Towards fulfillment of the second goal, from an educational perspective, realtime access to environmental parameters from the site of an impaired stream can be
considered an example of a remote lab, an alternative to a real (proximal) lab. A remote
lab provides a cost-efficient access modality compared to traditional labs and adds more
scalability and flexibility by allowing more users access the lab instruments at different
times. Past studies have demonstrated positive motivational outcomes associated with
remote labs; therefore, these outcomes for LEWAS are investigated in a quantitative
research design. Students in a freshman engineering course (ENGE 1024) with access to
LEWAS constitute the participants of this investigation.
The rest of this dissertation is organized as follows. In chapter two, the motivation to
develop LEWAS and its educational context will be covered. Next, in chapter three,
literature on remote labs and their educational impact will be reviewed and challenges
associated with developing an outdoor remote lab for environmental monitoring will be
discussed. In chapter four, the design objectives of LEWAS and how they were addressed
will be covered. In chapter five, implementation of LEWAS and associated challenges
will be discussed. Next, in chapter six, applications of LEWAS in sustainability
education will be discussed. For this purpose, first an observational study is presented.
This study informed an experimental research design for investigating motivational
outcomes associated with accessing LEWAS (the second major goal of this dissertation).
Chapter seven concludes this dissertation and documents the contribution of this doctoral
study in engineering education and research. Additionally, challenges encountered and
future applications of LEWAS are discussed.
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CHAPTER 2: MOTIVATION FOR DEVELOPMENT OF LEWAS

2.1 Educational Context of LEWAS
In 2004, a group of engineering and education faculty at Virginia Tech received a
major curriculum reform and engineering education research grant under the departmentlevel reform (DLR) program of the NSF [2]. A number of hands-on activities were
developed and implemented into the freshman engineering program of the College of
Engineering as a result of the DLR project [3, 4, 5]. Engineering Exploration (ENGE
1024), a freshman engineering course required of all engineering undergraduates, is the
most affected course by the DLR project in the general engineering program (also called
freshman engineering). This course primarily focuses on hands-on design, problem
solving, professional ethics and critical thinking skills, contemporary issues such as
sustainability, globalization, and nanotechnology [6]. This course is taken by
approximately 1500 freshmen every year. The course delivery format includes one 50
minute lecture followed by one 110 minute hands-on workshop every week.
One of the learning objectives of this course is that after successful completion
the students should be able to develop and implement algorithms and demonstrate
understanding of basic programming concepts. The instructors used FORTRAN in late
90s which was replaced by MATLAB in 2000. Beginning in Fall ’04, MATLAB was
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replaced by Alice programming language [7]. Alice is an object-oriented programming
language where objects are represented graphically in a 3D environment and the program
generates corresponding JAVA syntax when objects are instantiated or modified.
Students can enable interaction between these objects and acquire/change their properties
by applying “methods” or “functions”. Based on assessment data collected on Alice
instruction, it was determined that engineering freshmen, particularly those with prior
programming experiments (about 50 % of freshmen in the program), did not appreciate
the drag and drop programming approach adopted in Alice for learning fundamentals of
object- oriented programming. Furthermore, students did not perceive direct engineering
applications of Alice in future engineering courses [7].
Hence, beginning in Spring ’07, Alice was replaced by LabVIEW programming
in ENGE 1024 with approximately 180 students. The dataflow programming paradigm
supported by LabVIEW is suitable for many engineering applications and can be
extended for collection, processing and communication of environmental data which in
turn can be used to teach sustainability concepts [8].

2.2 LABVIEW PROGRAMMING
2.2.1 Introducing LabVIEW into ENGE 1024
LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench) [9] is a
visual programming language from the National Instruments. LabVIEW uses a dataflow
programming paradigm in which the output of each computation node is calculated when
all the inputs are determined for that node. The calculations take place concurrently for
nodes that do not have a data dependency. This model is in contrast with the control flow
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model of program execution that is followed by sequential programming languages such
as C/C++ and JAVA. The dataflow programming paradigm lends itself well to
engineering applications specially those involving data collection.
In Fall ‘07 LabVIEW was introduced in the entire freshman engineering class
(EngE1024). A gradual integration approach was adopted for bringing LabVIEW
programming experiences into EngE1024 [10]. Using this approach, first basic concepts
including data types, inputs and outputs (called controls and indicators, respectively in
LabVIEW) were presented in fall 2007 followed with programming structures (repetition
and decision). Starting fall 2008, data acquisition using LabVIEW, a major strength of
the programming language, was introduced into the course and starting fall 2009, data
acquisition was extended to water quality data. The next section (2.2.2) details data
acquisition activities in the course. Figure 2-1 depicts gradual integration of core
LabVIEW concepts into ENGE 1024 (core concept codes are listed in Table 2-1).

Figure 2-1 Gradual integration of core LabVIEW concepts into EngE1024 (core
concept codes are listed in Table 2-1; newly introduced items for each semester are
shown with bold letters)
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Table 2-1Core LabVIEW Concepts Integrated into ENGE 1024
Core Concept Core Concept
Example Activity/Homework
Code
Introduction to LV
Finding the roots a quadratic
A
programming environment,
equation)
developing simple virtual
instruments (VIs)
Controls and indicators, data
Calculating final grade from grade
B
types, observing dataflow by
components
execution highlighting
Overview of control structures Calculating height of discharged
C
in LV: repetition structures
water in cylindrical and rectangular
and decision structures
tanks periodically until the userentered time is reached
Repetition Structures in LV:
Controlling a two-wheeled robot
D, E
For loop (D)
when road boundaries were sensed
Boolean variables in LV (E)
Repetition Structures in LV:
Developing a VI for plotting
N
While Loop
normalized nanoscale potential as a
function of distance
Decision Structures in LV:
Using case structure to calculate
F
Case structure
letter grade from numerical grade
Introduction to data
Data Acquisition Activity: collecting
G
acquisition
and analyzing data (using
exponential, linear and power
regression) from three sensors
(temperature, force and motion).
Detailed analysis of collected data
from temperature sensor and
derivation of the analytical function
it represents (Newton’s Law of
Cooling)
Developing a VI for acquiring Remote Data Acquisition Activity:
H
real time water quality data
retrieving water quality data from
and making data available to
server computer connected to water
remote users by publishing the quality multi-probe sonde in contact
VI over the Internet
with water sample in lab
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2.2.2 Data Acquisition Activities Using LabVIEW
Since Fall ’08, data acquisition (DAQ) using LabVIEW has been introduced into
ENGE 1024 (Table 2-1, core concept G).

An example of a data acquisition activity,

developed in Fall ’09, was to empirically validate Newton’s law of cooling (Figure 2-2).
Newton's Law of Cooling describes the cooling of an object warmer than its surrounding
environment and states that the rate of change of the temperature of an object is
proportional to the difference between its own temperature and the ambient temperature.
This statement can be formulated into the following differential equation:

𝑑𝑇
𝑑𝑡

= −𝑘(𝑇 − 𝑇𝑎 )

(2.1)

T(t) is the temperature of the object as a function of time, Ta is the ambient temperature,
and k (decay constant) depends upon the surface properties of the material being cooled.
The solution to equation 2.1 is displayed in Figure 2-3. The setup to validate this law
included a temperature measuring probe and SensorDAQ module as shown in Figure 2-2
to measure and digitize the temperature of a heated probe, a USB cable to send the
digitized values to a computer running LabVIEW, and a LabVIEW Virtual Instrument
(VI) to plot it. Students were provided with VI that extracted and plotted the temperature
data. The shaded area in Figure 2-3 demonstrates temperature of the probe dropping
when it was submerged in water after being heated up.
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Figure 2-2 Data acquisition setup for validating Newton’s Law of Cooling (Image
taken by author)

Students in ENGE 1024 are introduced with three types of empirical functions
(linear, power and exponential). They learn the linear regression technique to derive
empirical functions based on collected data points. In Fall ’09, they were asked to derive
the equation for the function that relates temperature to time based on empirical data
plotted by LabVIEW (shaded area in Figure 2-3.). After they derived the equation, they
were asked to compare it with equation predicted by Newton’s law of cooling. This
comparison validated the law and also demonstrated the application of data acquisition in
LabVIEW.
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Figure 2-3 Newton’s Law of Cooling and plot drawn by LabVIEW

Using LabVIEW dataflow from sensor to final plot with the setting described
above for data acquisition enabled students to understand how real-time data is acquired
from physical phenomena using the software.
2.2.3 Extending Data Acquisition to Water Data Monitoring
In order to enhance the sustainability component of ENGE 1024, data acquisition
using LabVIEW was extended to monitoring of water data from a local creek. The main
motivation was to eventually enable students to monitor the health of an impaired oncampus stream, Stroubles Creek.
At the same time, acquiring water quality data is the main objective of the design
of LEWAS which will be discussed in chapter 4. Due to this relation, the course has also
provided a testing platform for the first phase of the design of LEWAS since Fall ’09
(Table 2-1, core concept H), where an in-class demonstration of remote acquisition of
water quality data (from a water sample) was added to the course to extend data
acquisition beyond physical variables such as temperature and to include environmental
variables such as dissolved oxygen and pH. LEWAS Development Platform was setup as
an indoor lab to enable acquisition of environmental data which eventually led to the full
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installation of LEWAS in the field. The details of LEWAS design and implementation
will be discussed in chapters 4 and 5 respectively.
Since LEWAS is designed as a remote lab where users access environmental
parameters through a web browser, in the next chapter, literature on different access
modalities, including remote labs will be reviewed.
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CHAPTER 3: REVIEW OF LITERATURE

In this chapter, literature on three different types of labs classified by the way
users can access them (access modalities), is reviewed. In addition, since LEWAS falls in
the remote lab category, the educational impact of this access modality will be reviewed.
In the last two sections of this chapter, challenges associated with developing a remote
lab in the field and how LabVIEW can help to overcome some of these challenges based
on the review of literature on remote labs are discussed.
3.1 Remote, Virtual, and Proximal Access Modalities
In the following section, different lab access modalities (real, virtual, and remote)
will be reviewed and the motivation to implement LEWAS as a remote lab utilizing
LabVIEW will be explained.
Among the three access modalities, traditional “real” laboratories are the only
ones that provide proximal access and enable student access to real systems. As an
alternative to traditional (real) labs, virtual labs [11] attempt to virtually reconstruct a
physical phenomenon such as a swinging pendulum through computer simulation. This
approach has the benefit of allowing students to manipulate experimental parameters, for
example, change the length of the pendulum cord. Although technological advances such
as faster microprocessors and visual programming technology have made implementation
of

virtual

labs

to

simulate

a

real

environment

more

affordable

and
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accessible, mathematically modeling and simulating most systems is very time
consuming and expensive [12].
As another alternative to traditional (real) labs, remote labs [13] provide remote
access to an experimental facility that, otherwise, students should physically access in
person with less flexible scheduling, limited to regular hours, as opposed to the
possibility of around the clock scheduling. For example, in [14] a setting for “global
experimenting using Internet and communication techniques” (p. 603) is described or a
remote lab enabling access to string pendulums positioned at different locations to
measure gravitational acceleration. Remote labs can enable remote access to real systems
at a reduced cost since laboratory resources can be shared among users. In addition,
unlike traditional labs, users have temporal and spatial flexibility in accessing the lab
resources.
In [15], Nedic et al. compared real, virtual, and remote laboratories in terms of
their advantages and disadvantages. They noted that remote labs share two advantages
with real labs: They provide access to realistic data and enable interaction with real
equipment. In addition, they pointed out that unlike their real counterparts, they don’t
have the following disadvantages: time and place restrictions, need for scheduling, and
need for supervision. They cited NetLab, their LabVIEW based remotely controllable
(through Internet) electronics lab, as “currently the best example of a realistic laboratory
environment online.” (p. 2). In [12], Deniz et al. also compared real, virtual, and remote
laboratories. They noted that remote labs are reasonably close to real labs in providing a
hands-on experience and feeling of reality. The authors cited the suitability of remote labs
for distance learning in addition to local learning over their real counterparts. They noted
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that remote laboratories or online laboratories as software environments that provide
interaction with real devices for remote users combine the “distributed and interactive
nature of virtual laboratories” with the “reality of local laboratories.” They cited four
applications for remote labs: shared (only available at a distant university due to
prohibitive cost), localized (accessible to the students of the same university), distant (to
replace practical sessions in distance education), and technical review (set up by industry
professionals to test new products).
Grober et al. [13] compiled a world-wide inventory on remote labs in engineering,
physics and other subjects. A notable field missing in their list that includes engineering
subjects such as steering and controlling, electronics, robotics, and mechatronics is
environmental monitoring. In the context of environmental monitoring, implementing a
remote lab such as LEWAS for real-time remote monitoring of environmental variables
such as water quality and flow that are not reproducible in a closed laboratory
environment provides a more realistic experience for learners compared to real and
virtual access modalities. Extensive search of literature and technical publications shows
that currently LEWAS is unique as a LabVIEW powered remote lab installed at the site
of an impaired stream. An outdoor installation site poses unique challenges for powering
the lab and communications that will be addressed in the design section.
3.2 Educational Impact of Remote Labs
One of the most important applications of RCLs and virtual labs is enhancing
students’ educational experience and multidisciplinary learning. Grober et al. [13] noted
that access to RCLs enable schools and universities to promote “self-learning”. In [16],
the authors discussed the development of “computer-assisted virtual field trips” to
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support multidisciplinary learning. However, in assessing the educational impact of
accessing remote labs or online content in general [17], these authors limit themselves to
observational studies, surveying student perceptions after access to the lab or online
resource, or relying on comparison of student grades for those who had access to the
resource and those who did not.
In [18], the authors conducted a comparative literature review on hands-on (real),
simulated (virtual), and remote laboratories (twenty articles in each group). In particular,
they site publications that have compared the three approaches to implement the labs. The
authors’ analyses of publications indicate that students generally have a positive attitude
for simulation as supplement when hands-on and simulated labs are compared and
believe remote labs and hands-on labs are equivalent when these two approaches are
compared together. In terms of the educational implication of the three approaches, they
noted that the publications lack a common framework to evaluate the effectiveness of lab
work. Interestingly, the authors note that according to one of the publications that they
reviewed ([19], [20]), in a span of 22 years there was no agreed-upon assessment measure
of students’ learning and sufficient sample sizes in quantitative studies were not reported.
The authors cite lack of access to large number of students attending a lab based class as
the reason that large scale randomized studies had not taken place. They pointed out that
although introductory courses can provide the large sample size, they may not be the
desired venue to test new equipment and specialized devices.
An area identified in [18] is setting clear educational objectives. The authors
pointed out that in comparing these approaches, it should be noted that the advocates of
each group point out the educational objectives that their approach is perceived to fulfill
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better (strengthening design skills for real labs and improving conceptual understanding
for remote labs). This difference should be factored in when comparing different
approaches.
In [21], the authors have addressed some of the concerns that were raised in their
literature review of [18]. They randomly assigned a cohort of third year students (n = 146)
to each of the three types of labs proximal (real), web-based remote (remote lab), and
simulation (virtual lab) for the same laboratory class in the mechanical engineering area.
They measured both students’ learning outcomes and their perceptions of the class. The
authors marked students’ written report on their laboratory class for the existence of eight
learning outcomes. Three of these outcomes were task specific such as appreciation of the
hardware involved and five of them are general outcomes expected from third year
mechanical engineering students such as processing of data, and comparison of data. The
access mode (proximal, web-based, and simulation) students impacts both fulfillment of
the learning outcomes and student perceptions. The authors pointed out that alternative
access modes may improve some learning outcomes at the cost of degrading others.
The importance of learning objectives in designing remote labs was also
emphasized in [22]. The author classified learning objectives in the following five groups:
(a) illustrating and reinforcing concepts, (b) enabling teaching of procedures or skills, (c)
introducing students to the community of practice of scientists and engineers, (d)
providing a focus for student-student or student-instructor interaction, (e) motivating
students and developing positive attitudes toward the subject, and (f) familiarizing
students with the use of important instruments and equipment in their field. Remote labs
were found to be useful in all areas. Specifically, objective (e), student motivation, was
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investigated as part of the evaluation of the PEARL remote lab that the author led.
PEARL

stands for Practical Experimentation by Accessible Remote Learning. As

another example of investigating the educational impacts of remote labs, in [23] students’
learning experiences in the context of virtual labs and traditional labs were compared by
asking them to reflect on their working methods, motivation, and their capability to
transfer knowledge.
An important implication of the reviewed studies ([18], [21], [22], and [23]) is
that in designing a remote laboratory care should be taken to use the lab to fulfill learning
outcomes that are best appropriate for a remote access mode, for example conceptual
understanding of a phenomenon. Furthermore, in addition to learning outcomes, student
perceptions and in particular their motivation should be included as part of the measure to
study student learning.
3.3 LabVIEW: An Enabling Programming Platform for Remote Labs
An important consideration in the design of remote labs is the reliability of their
operation. Grober et al. [13] pointed out that only ten out of seventy remote labs that they
surveyed globally in 2004 worked flawlessly (without broken links or out of order
experiments). Burd et al. [24] noted that virtual and remote labs pose significant
challenges in configuration, operation, and administration. Operating and configuring a
remote lab is tightly dependent upon the programming language used to enable access to
the lab, data collection and storage. Ertugrul [25] noted that in the context of virtual and
remote labs, a programming language that addresses the problem of hardware limitations,
short and long-term incompatibility issues should fulfill a number of characteristics
including modularity, multi-platform portability, compatibility with existing code,
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compatibility with hardware, extendibility of libraries, availability of add-on packages,
and access to an intuitive Graphical User Interface (GUI). The author claims that
LabVIEW fulfills all these characteristics and validates this claim by providing a survey
result of LabVIEW-based virtual instrumentation applications that are implemented in
engineering education.
LabVIEW has been used in Data Acquisition (DAQ) in developing systems in
which data is acquired for the phenomena under study in one location and stored and
analyzed in another location. In [26] a setup is implemented where a local PC controls a
DAQ card on a remote PC to acquire data and subsequently transfers the data between
the PCs using the standard telephone line. In [27] different available Web/Internet
technologies that can be used in conjunction with LabVIEW to control/monitor
experiments are compared. The system described by [28] enables students to perform
experiments over the Internet by connecting to PCs running LabVIEW using a browser
based user interface. These PCs are connected to pre-built circuits that constitute the test
circuits for the distance experiments.
As a more recent example, in [29] the implementation of a remote lab in the
mechanical material characterization area that consists of a cantilever beam instrumented
with strain gauges and loaded by a linear motor is described. The remote user can use
LabVIEW software to remotely change the load and monitor force, strain, and deflection.
A camera enables the remote user to visualize the system. In addition, when the user
changes the load through LabVIEW controls, the beam in the remote lab which is
equipped with haptic feedback capabilities transfers the feel to the haptic device on the
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user side. The haptic device on the user side can also have a three dimensional graphical
representation replica of the actual beam under strain.
Among the several LabVIEW systems reviewed by Ertugrul [25] in different
engineering fields, only one application in environmental engineering has been cited by
the author. In this case, the lab software was based on LabVIEW with the intention to
enable users to learn it in minimal time by providing a consistent interface design. This
goal was reported to be achieved. A recent implementation of this remote lab can be
found at [30]. The Environmental Teaching Lab at Cornell utilizes pH, dissolved oxygen,
temperature, and pressure sensors with remote monitoring capabilities. The users in the
indoor lab conduct bench scale experiments and analysis of environmental samples and
processes. In the broader context of remote labs, environmental monitoring can be best
achieved when the environmental parameters are measured “in-situ”, in the field, instead
of measurement based on samples in the lab. In the next Chapter, the design objectives
that are associated with an outdoor setup for an environmental monitoring lab will be
explained and how the design of LEWAS fulfills them.
Technical reliability of a remote lab and its scalability are in part dependent upon
the hardware and software used in its development. In the case of LEWAS, LabVIEW
was used due to its proven record in the implementation of remote labs. Implementing
LEWAS as a remote lab has a number of advantages over traditional sampling in the field
[31] and real-time monitoring technology is becoming increasingly important for
evaluating water quality [32].
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3.4 LEWAS as a Remote Lab in the Field
LEWAS accomplishes “in-situ” measurement by measuring water and weather
parameters from a site located on an impaired stream. LEWAS differs from typical
LabVIEW-based systems in the fact that real time data is acquired from physical
phenomena remotely from the field as opposed to the location of an indoor lab. As a
result, the system is designed to enable a robust platform to run LabVIEW and provide
reliable wireless communication with the end user. In addition, LEWAS as a remote lab
is powered by a source of renewable energy available outdoors (solar energy).
An interesting distinction that arises for an environmental remote lab such as
LEWAS which is situated in the field, especially from an educational perspective, is that
users not only have access from any place, any time, they can “sense” the phenomenon
physically as well as electronically (through data acquisition). For example, they can use
their portable computer to access real-time reading on temperature and flow while
visiting the data collection site to “feel” and “sense” the water temperature and flow.
Compared to commercially available setups that measure similar water quality
parameters

and

provide

remote

access,

LEWAS

provides

LabVIEW

based

programmability to the user and enables simultaneous remote access and operation as
shown in Table 3-1. In Table 3-1, a number of commercially available real-time remote
monitoring systems are listed. Although some of them offer remote access to multiple
users at the same time, only LEWAS provides programmability in addition to this feature.
Programmability and multiple user access make LEWAS an ideal candidate for students
to learn about sustainability concepts. The technical implementation of LEWAS, based
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on its design discussed in Chapter 4, provides a realistic, scalable, and cost-effective
approach to implement an environmental remote lab.

Table 3-1 LEWAS Compared Against Other Real-Time Remote Monitoring
Systems*
System

Can it be
Data collection method
*
programmed?

Multiple
remote
access
enabled?

LabVIEW
used for
data
collection?

Riverwatch Field
Station [33]

No

GSM/Satellite/Ethernet

Yes

No

YSI 6200 [34]

No

Radio/Cellular/Modem

No

No

YSI EcoNet [35]

No

Cellular/Modem/Satellite/ Yes
Wireless Ethernet

No

Campbell Scientific
DCP 200 [36]

No

Satellite

No

No

LEWAS

Yes

Wireless Ethernet

Yes

Yes

* For the purpose of this paper, a system is considered programmable when the time
between samples can be changed by the client, sampling can start and end by the client
remotely and potentially commands can be sent to the server by the client.
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CHAPTER 4: DESIGN OF LEWAS

4.1 Design Objectives
The selected deployment site for LEWAS is an on-campus impaired stream. This
selection was based on providing spatial and temporal situatedness for users, for example,
freshman engineering students. Due to the outdoor location, LEWAS should rely on solar
power to acquire, store and communicate environmental data. In addition, a reliable
wireless communication system should be designed to enable simultaneous access for
hundreds of users. Also, providing remote users with data from environmental sensors in
the field requires designing a robust computation platform and programming it for
processing data. In this chapter, technical design objectives for LEWAS to fulfill these
requirements are discussed in accordance with a phase-wise design of the system.
LEWAS has been designed in three phases to fulfill the following technical
design objectives: programmability, accessibility, utilization of renewable energy, and
providing a unified programming interface. From an engineering design perspective,
these objectives correspond to the needs of customers, users accessing the lab mostly for
the purpose of enhancing their awareness about environmental sustainability including
engineering students. The programmability objective is fulfilled when the real-time
monitoring system has the ability to be programmed remotely to change the way it
collects, processes, stores or communicates stored data. The accessibility objective
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is fulfilled when users can access to the system from any location at any time with an
Internet connection. The utilization of renewable energy objective is fulfilled by
powering the system with solar energy. Finally, the providing a unified programming
interface objective is fulfilled when users have the ability to program data collection by
different environmental monitoring devices through a single programming interface.
In order to fulfill these needs, metrics or specifications are developed that satisfy
one or more of the identified customer needs. The programmability objective is satisfied
by the specification that a programmable controller should be used to record the data as
opposed to data loggers that are not programmable such as those listed in [8]. The
utilization of renewable energy is satisfied by the specification that the programmable
controller should be low-power (hence an embedded computer with no movable parts and
display) and be able to sustain its operation with stored power during night and overcast
conditions. Table 4-1 summarizes how LEWAS meets each of the three technical design
objectives in each phase of implementation. In the following, the phase-wise design of
the system and the technical design objectives fulfilled in each phase are discussed.
Table 4-1 Technical Design Objectives for LEWAS

Phase No.
Technical design
objectives for
this phase

1
Programmability

2
Programmability,
Accessibility

3
Programmability,
Accessibility,
Reliance on
Renewable Energy,
Unified Programming
Interface
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How this phase
fulfills the
objectives

Tablet PC as
server, remote
access from
same wireless
subnet of the
server

Embedded
computer as server
(for increased
reliability and
reduced power
consumption) ,
access to indoor lab
from any location at
anytime

Solar powered
deployment in the
field,
access through
campus wireless
Internet network

4.2 A Three-Phase Approach to Address LEWAS Design Objectives
LEWAS has been designed and implemented in three phases (Table 4-1) to
enable a gradual implementation from an indoor electrical grid-powered setup with wired
communication to an outdoor configuration which is solar powered and wirelessly
connected. Implementation details for each phase can be found in [10]. In the following,
the first two phases are reviewed briefly and the third phase (outdoor deployment) is
discussed in detail.
In the first phase, water data was collected using a water quality multi-probe
sonde housed in the LEWAS indoor lab (McBryde 335) and sent to a server (notebook
computer) loaded with LabVIEW. The data was shared with remote clients via Wireless
LAN in the same subnet. Clients had the ability to control the server LabVIEW program,
Virtual Instrument (VI), remotely and receive measurement data. Implementation of this
phase addressed the programmability objective discussed above [31].
Phase 1 was put to test in ENGE 1024 starting Fall ’09. An in-class demonstration
of remote acquisition of water quality data was added to the course to extend data
acquisition beyond physical variables such as temperature and to include environmental
variables such as dissolved oxygen and pH. In this setup, water quality data was acquired
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from a water sample using a multi-probe water quality sonde and was made available to
students as a URL link (Figure 4-1) through LabVIEW Web Publishing tool. Details of
the associated LabVIEW VIs and setup to acquire data can be found in [31]. In Fall ’10, a
weather transmitter [37], and in Spring ’11 a flow meter [38] were added to LEWAS.
During Summer ’10, an integrated interface for accessing all three sensors was developed
[39]. As a result in Fall ’11, all students in ENGE 1024 were able to access LEWAS
while all sensors were placed in the indoor lab.

Figure 4-1 URL made available to students in ENGE 1024 to access water quality
parameters of water sample from indoor lab
During the second phase, the server computer was upgraded to an industrial
computer (compactRIO) which is programmed to run remotely and without user
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intervention with less power consumption and more reliability compared to a personal
computer. It is equipped with modules for data storage and wireless communications. The
system was operated in an indoor lab setting. The embedded computer was powered from
a wall outlet and connected to the campus Ethernet (LAN). This phase mainly addressed
the accessibility objective for accessing the system in an indoor development
environment.
In the third phase, the system was deployed to the field. The details of this phase
will be covered in Chapter 5.

4.3 Selecting an Installation Site and Planning Field Deployment
The selection of the specific location for the outdoor site of LEWAS was made
based on two factors: The site should be located on Stroubles Creek, an impaired stream
that passes through campus, and, there should be a way to connect to the campus wireless
network from the installation site.
A portion of Stroubles Creek, downstream of the Duck Pond, is classified as an
impaired stream since it is unable to support its designated use in the area that it flows
which includes the campus of Virginia Tech. Detailed information regarding the factors
contributing to the impairment of the creek can be found in [40].
The site’s potential to be connected to the campus wireless network was assessed
through a wireless site survey to identify the nearest access point with the strongest signal.
A wireless link was designed using a directional antenna to enable connection to an
access point installed on the outside of a nearby building (Hahn Hall). The location of the
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selected site on campus is shown in Figure 4-2 and a picture of the installation site is
shown in Figure 4-3.
An outdoor location requires the system to be powered by a sustainable source of
energy. A solar powered and battery backed electrical power supply system and a high
gain wireless antenna and I/O module were added to the system to enable communication
with the campus wireless Internet network. Due to weak wireless signal at the site,
connection to the campus wireless network was established by utilizing a high gain
(14dB) directional antenna and a wireless bridge.

Figure 4-2 Installation site of LEWAS, denoted with a star, on the campus of
Virginia Tech. Image from Town of Blacksburg WebGIS.
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Figure 4-3 Installation site of LEWAS, Webb branch of Stroubles Creek (Image
taken by author)
Also, in the third phase, a weather station was added to the system to monitor
wind speed, precipitation, barometric pressure, and humidity and a flow meter was added
to monitor water flow in the stream. In this phase, all the remaining technical objectives
were fulfilled since the system was powered by solar cells and users were able to interact
with the system through the campus wireless network.
Figure 4-4 shows the operational diagram of LEWAS lab. As depicted in this
figure, first, each environmental parameter is converted to a digital representation of 0’s
and 1’s through data acquisition that takes place inside each instrument and then sent to
the embedded computer through an RS-232 connection. The details of acquiring data
from the water quality sonde and RS-232 transmission can be found in [31].Water quality
probes in the Sonde measure pH, dissolved oxygen, temperature and conductivity. Table
4-2 lists range, accuracy, and resolution for each parameter [41].
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Table 4-2 Range, Accuracy, and Resolution for Parameters Measured by Water
Quality Sonde
Parameter
Measurement
Accuracy
Resolution
Range
Dissolved Oxygen

0-50 mg/l

±0.2 mg/l

0.01 mg/l

for values ≤ 20 mg/l
±0.6 mg/l
for values > 20 mg/l
pH

0-14 pH units

±0.2 pH units

0.01 pH units

Specific

0-100 mS/cm

± (0.5 % of reading

0.0001 units

Conductivity
Temperature

+0.001 mS/cm)
–5 ... +50 °C

±0.1 °C

0.01 °C

The flow meter measures stage (water level) and vertically integrated velocity. It
requires a minimum depth of 0.3m to profile velocity. The device internally calculates
flow based on user-supplied channel geometry and mean velocity. Additionally, the
device measures water temperature. Table 4-3 lists range, accuracy and resolution of the
parameters measured directly by the flow meter [42].
Table 4-3 Range, Accuracy, and Resolution for Parameters Measured by Flow
Meter
Parameter

Measurement

Accuracy

Resolution

Min: 0.2 m (Total

±0.1% of measured

N/A

water depth)

level or ±0.3 cm

Max: 5.0 m

whichever is greater

Min: - 5 m/s

±1% of measured

Max: 5 m/s

velocity or ±0.5

Range
Stage Measurement

Water Velocity

cm/s (0.015 ft/s)

0.1 cm/s
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whichever is greater
Temperature

–5 ... +60 °C

±0.5 °C

0.01 °C

The weather station measures air temperature, barometric pressure, precipitation,
wind, relative humidity. The range, accuracy and resolution of these parameters are listed
in Table 4-4 [43].
Table 4-4 Range, Accuracy, and Resolution for Parameters Measured by Weather
Station
Parameter
Measurement Accuracy
Resolution
Range
Barometric Pressure 600 … 1100

Air Temperature

±0.5 hPa at 0 … +30 °C

hPa

± 1 hPa at -52 … +60 °C

-52 … +60 °C

± 0.3 °C (at 20 °C; accuracy

0.1 hPa

0.1 °C

decreases at higher temperatures,
details available in [43])
Wind Speed

0 … 60 m/s

±0.3 m/s or

0.1 m/s

±3 % whichever is greater for the
measurement range of 0 …35 m/s
±5 % whichever is greater for the
measurement range of 36 …60 m/s
Wind Direction

0 … 360 °

±3.0°

1°

0 … 100 %RH

±3 %RH at 0 … 90 % RH

0.1 % RH

(wind coming from
north is represented
as 0°, east as 90 °,
etc.
Relative Humidity

±5 %RH at 90 … 100 % RH
Precipitation:

Cumulative

Rainfall

accumulation

Better than 5%, weather dependent .01 mm
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after the latest
auto or manual
reset
Precipitation: Rain

Counting each

Duration

10-second

10s

increment
whenever
droplet
detected
Precipitation: Rain
Intensity

0 … 200 mm/h

Reduced accuracy with broader

mm/h

range

As depicted in figure 4-4, the output of the three sensors are sent via RS-232
serial links to the National Instruments’ NI 9870 Serial input module, a plug-in module
for CompactRIO 9072 controller. CompactRIO is an embedded computer which runs the
real-time version of LabVIEW for reliable and deterministic operation. Another plug-in
module, NI 9802, functions as secure removable storage for the collected data and is
equipped with two slots for non-volatile memory (SD card). A wireless bridge (Cisco
WET 200) enables the CompactRIO to establish a wireless connection to the campus
wireless network. The wireless bridge antenna input is connected to a 14dB directional
antenna (Netgear ANT2405) which provides a point-to-point connection to an access
point installed on top of the nearest building on campus (Hahn Hall).
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Figure 4-4 LEWAS Operational Diagram

An indoor development lab, called LEWAS Development Platform (LDP), has
been set up for programming the CompactRIO controller and to functionally verify the
operation of system in the processing, storage and communication areas. The main
difference between operating the sensors in LDP and the field is that in the LDP, the
system is powered from wall electrical outlets and measures the water quality parameters
of a water sample and indoor weather quality whereas in field deployment mode, the
system is powered by solar panels with batteries as back-up and measurement is
performed on water flowing in a stream (Stroubles Creek).
The average power consumption of the controller (NI cRIO-9072 ), the connected
modules (NI 9802, NI 9870), and the wireless router, the main power consumers of the
system as they consume considerably more power compared to the environmental sensors,
is estimated to be around 20 W. The backup batteries have enough energy storage
capacity (2.2 Mj) to sustain the operation of the system operation during night or cloudy
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overcast days. The battery will be recharged during availability of solar power which has
a peak power generation of 80 W. In the unlikely event of power failure the collected
data are safe since they are stored on non-volatile memory (SD card) of the NI-9802 I/O
module. Furthermore, a remote user can increase the period of data collection or issue
commands through the LabVIEW interface to stop sensors from collecting data and turn
off CompactRIO plug-in modules to conserve power if there is a need to do so.
4.4 Dataflow Architecture of LEWAS
Ensuring that environmental data is acquired and transmitted reliably all the way
from the sensors to the remote end-user is an important aspect of the design of LEWAS.
The RS-232 serial communication protocol is used in monitoring applications where the
data transfer rate is low or data transfer occurs over long distances. The LEWAS setup,
where there is a distance of several meters between the environmental sensors and the
CompactRIO embedded computer and typically a sample is collected every few minutes,
is one such application. Under the RS-232 protocol, data is sent from a peripheral device
- in this case collected environmental data such as dissolved oxygen concentration in the
stream - to a computer (in this case CompactRIO) one bit at a time in the form of
electrical pulses. A data transfer in the opposite direction takes place simultaneously
through a separate wire for example to command the instrument to change its sampling
rate to conserve power. Many environmental monitoring devices utilize this protocol to
send their data to and receive command from data loggers (devices that record electrical
signals corresponding to physical parameters) in the form of ASCII characters.
Adopting a uniform communication protocol (RS-232) from the hardware side
demands a uniform software implementation for all environmental sensors which in turn
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streamlines collection, processing and storage of data. However, each environmental
sensor uses its own proprietary software for RS-232 (serial) communication. In order to
enable a uniform approach to data collection, the serial communication commands for
each instrument was reconstructed in the LabVIEW environment. Details for extracting
environmental data from the data sent through a serial connection using LabVIEW can be
found in [31] for the water-quality Sonde, in [37] for the weather station, and in [38] for
the flow meter. In each case, the main challenge was to find how each sensor sends and
receives information through its proprietary software and code that information into a
LabVIEW VI.
LabVIEW uses Virtual Instrument Software Architecture (VISA) as a platform
and interface independent standard Application Programming Interface (API) for
controlling RS-232 (serial communication) devices [44]. As a result, VISA functions can
be used uniformly across VIs that involve collecting data from instruments that use the
serial protocol. For example in Figure 4-6, a VI block diagram, there are VISA read and
write functions. VISA also obviates the need for installing individual drivers for devices
using serial communication such as the environmental sensors in the LEWAS setup.
The final software product in the LDP was a unified VI [39] which was developed
by encapsulating the VIs written to access each of the three devices (water-quality sonde,
weather station and flow meter) described earlier, into one VI using a single tabbed
interface. This setup enables remote users to access all devices by loading a single URL
which is generated by the LabVIEW Web Publishing tool (Figure 4-5). In Chapter 5,
programming VIs that achieve the same functionality as the unified VI on the embedded
computer in the field as opposed to the Desktop computer in the LDP will be discussed.
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In summary, the following two features of LabVIEW dataflow programming
language were exploited in the design of LEWAS: 1-Using the Virtual Instrument
Software Architecture (VISA) architecture to abstract out driver details and to
encapsulate three programs collecting data from three different instruments. 2-Using
LabVIEW Web Publishing tool to make the same interface for viewing environmental
parameters and changing their sampling time available to the remote users as the
proximal user would use, in a Web-browser window, which contributes to making the
remote lab experience feel more real and scalable to multiple users at the same time.
Although multiple users can view the link at the same time, only one can control the
instruments remotely (for example to change the sampling time). In Figure 4-5, the user
has been granted control after requesting it from the server hence the popup message
“Control granted” is displayed in the lower right section of Figure 4-5.
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Figure 4-5 LEWAS tabbed interface accessed in client’s Web browser showing weather parameters in an indoor test.
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Figure 4-6 Screenshot of a VI for extracting water quality parameters.
Each extracted parameter is identified next to its chart.

38

39

CHAPTER 5: IMPLEMENTATION OF LEWAS

In this chapter, the implementation of LEWAS will be discussed based for the
design objectives and areas set forth in Chapter 4. The design objectives can be
summarized in the following statement: The system should be able to provide reliable,
scalable, and accurate dataflow from the three sensors to the remote end-users in realtime continually and sustainably. To achieve this target, in each area of the design, the
iterative process of fulfilling objectives was followed. A system-level test concluded the
implementation.
LEWAS implementation have been depicted as the four faces of a square pyramid
(Figures 5-1 and 5-2) where moving from the base to the apex represents progress in the
implementation of LEWAS. Since the LEWAS development platform which LEWAS is
the first and main product was evolving and was under continual development in tandem
with implementation of the outdoor lab to provide testing, training, and support for the
field installation, this platform served as the foundation for the implementation of
LEWAS and has been depicted accordingly as the base of the implementation pyramid.
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Figure 5-1 LEWAS Implementation Pyramid: Faces Number One (Left) and
Number Two (Right)

Figure 5-2 LEWAS Implementation Pyramid: Faces Number Three (Left) and
Number Four (Right)
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The first (front) face of the pyramid covers different areas of design: hardware,
electrical, communications, and software. This face serves as the main focus for each
level of the implementation pyramid. The order in which these four areas are represented
from base to apex of the pyramid is indicative of the expected completion order for the
implementation of each area. For example, although software development had started
early in phase 1 of LEWAS implementation, its completion is the last in the
implementation timeline since the last step in this level could only be completed when
other levels in the pyramid below that had been completed .
The second face represents technical design objectives mapped to each area of
implementation of LEWAS. Technical design objectives were listed earlier in Section 4.1;
the area-specific mapping was reframed from a dataflow perspective to facilitate testing
attainment of objectives for each area.
The third face represents subsequent implementation steps for each of the four
areas. These steps are guided by an engineering design cycle [45] including building a
prototype, documenting, testing, checking against specifications, and revising if
specifications are not met.
The fourth and final face of the pyramid covers implementation resources. This
face of the pyramid is not necessarily synchronized with other faces on a level by level
basis. For example, a considerable amount of time was spent on developing indoor lab
computing resources during the first two phases of LEWAS implementation, closer to the
base, before implementation could have proceeded in apex of the software area.
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Before focusing on each area of implementation and listing relevant activities and
accomplishments in the four different sides of the pyramid, the base of this pyramid
which was the development of the LEWAS indoor lab (335 McBryde) will be discussed.

LEWAS

developmental

platform:

the

foundation

base

of

the

pyramid

The foundation of the pyramid is LEWAS developmental platform, an indoor
location in the Department of Engineering Education, was the base where all LEWAS
lab activities originated from including meetings, trainings, procurement and testing
equipment. The following list summarizes the startup tasks the author completed to
establish this platform:
•

Procurement of computers and office equipment

•

Designing indoor lab layout (desks and workstations, separate rooms for civil and
electrical equipment)

•

Ordering all hardware equipment and sensors for testing in the indoor lab prior to
field deployment

•

Setting up the IT infrastructure for the indoor lab
o installation of software for desktop and laptop computers in the lab
o maintenance of the computers (up-to-date antivirus and anti-spamware,
routine backup)
o renewing software licenses

In addition to the original setup tasks, the continuing operation of the development
platform

was built upon was dependent upon the following tasks that as the
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implementation proceeded, focused on the different areas of design (different layers of
the pyramid in Figures 5-1 and 5-2):
•

Training LEWAS team members

•

Compiling weekly lab schedule based on the availability of team members

•

Developing

the

agenda

for

weekly

lab

meetings

and

documenting

accomplishments
•

Review and revision of meeting itineraries compiled by other members of
LEWAS team

•

Designing, developing and displaying posters and PowerPoint presentations and
other media to inform lab visitors on the design and implementation of LEWAS

•

Mentoring undergraduate and graduate students

Appendix A-1 shows an example of weekly progress reports and Appendix A-2 shows a
semester-long Master Plan compiled by the author for the lab. In the next section,
implementation of the lab will be discussed by moving one level up (hardware) in the
implementation pyramid and traversing the subsequent faces of the pyramid in that level
from objectives to implementation resources.
5.1 Implementation of Hardware Area
5.1.1 Hardware Area Objectives
The objectives for hardware implementation stem from the two goals of ensuring
valid sensor readings and operating sensors reliably (ensuring the consistency of the
readings). The first step to ensure the fulfillment of this objective was researching the
best possible options for the installation of the three sensors given the location of
LEWAS lab. This research was conducted early on, during design and before
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implementation of LEWAS and the three sensors were procured before phase 2 of
LEWAS. The objectives that follow in this section include suggestions from the sensor
manufacturers regarding location and conditions of installation. The operating manuals
of the three sensors were consulted and when necessary, the manufacturer was contacted
to ensure best practices in sensor installation and operation was followed.
Water Quality Sonde Installation Requirements
The water quality sonde is installed for unattended deployment. Since the device
is also designed to be easily portable between multiple measurement sites, the following
installation requirements had to be fulfilled: the device had to be mounted inside a sonde
cover sleeve for protection of its multiple probes (each tasked with measuring a water
quality parameter), it had to be securely anchored and protected from theft and vandalism,
and ideally it had to be mounted vertically at the center of flow with all the sensors
submerged. Also, although the sonde came with a probe guard that had to go under the
cover sleeve, the cover sleeve had to be perforated in a way that it blocked debris while
allowing the probe tips to be in contact with water. Finally, since the tight space between
the sonde and the cover sleeve might trap sediment, the sleeve had to be constructed to fit
the sonde as tight (about 2’’ wide) as possible and also removal of the sonde for service
should have been possible. A Marine grade lock needed to be installed for protection
from theft and vandalism. In addition to the above individual requirements for the sonde,
the sonde and the flow meter should have been installed close to each other to ensure that
they were measuring water quality and flow for the same area of the stream. This
requirement ensured the validity of inferences drawn on the relationship between water
quality and flow after data was collected and analyzed.
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Weather Station Installation Requirements
The weather station required installation at a location with minimum turbulence
caused by nearby objects. The device manual lists that any object of height h will not
disturb wind measurement at distance 10 h. However, there was a tree with the height of
about 6 m that was about 20 m away from the installation site, less than the
recommended distance. As a result, some compromise on wind measurement accuracy
had to be made and this requirement was relaxed. The manufacturer recommends a mast
length of 1.5 H when the mast is installed on top of a building with height H. The original
installation site with 2m height did not satisfy this requirement, however , the final
installation site (on a light pole with 5m height) is much higher and is closer to the
recommended height. Finally, the weather station should be aligned with the true North
and grounded.
Flow Meter Installation Requirements
The flow meter installation site should address considerations regarding clearance
for its beams, the water flow at the installation site and the installation environment in
general [42].
Beam Considerations:
The Argonaut SW has three acoustic beams (Figure 5-4): two beams that are
slanted at 45° off the vertical, measure water velocity and the center beam that points
vertically to the surface measures depth. It is essential that no physical obstructions be
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near or in the path of any beam. There should be at least 1 ft of water depth for beam 3
(vertical beam) to operate correctly. In addition, the device should be aligned lengthwise
with the direction of flow (Figure 5-5). The manufacturer suggests alignment by eye, as
the impact of small errors are negligible on system performance. Also, the system should
be installed as level as possible (a bubble level can be used).

Figure 5-3 Argonaut SW beams. Argonaut-SW System Manual Firmware Version
12.0 (http://www.sontek.com/argonautsw.php.), Used under fair use, 2012.

Figure 5-4 Typical Argonaut-SW installation. Argonaut-SW System Manual
Firmware Version 12.0 (http://www.sontek.com/argonautsw.php.), Used under fair
use, 2012.
Flow Considerations:
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Flow conditions should not change over the physical area occupied by the beams.
Since beams 1 and 2 are angled at 45°, this requirement can be restated as the following:
the water flow should be reasonably constant along the creek for the length L before and
the same length after amount the flow meter installation site, where L is the water depth
at the site. It is recommended by the manufacturer that the device is installed near the
center of the channel or in an area expected to represent the typical flow conditions of the
stream cross section. The manufacturer also lists the following requirements: being as far
as possible from any intake or outlet structure and avoiding placement close to the
beginning or end of a culvert or pipe. In addition, the device should be located in a
straight section of channel, away from curves that can cause variations in the flow
distribution.
Environmental Considerations:
Regular maintenance should ensure that both slanted beams are not buried under
sediment at the same time (the device will switch to a one beam velocity measurement if
it detects one of the two beams is buried). The diagnostic data from the device contains
sufficient information to detect if sediment has impacted measurement. Finally, the flow
meter is normally installed with the cable pointing downstream. As a final requirement,
imposed by the design of LEWAS, the maximum distance of the device from the
installation box is 70 feet to ensure good signal integrity between the embedded computer
and the flow meter.
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5.1.2 Hardware Area Implementation Steps
Common to all three sensors, the first step was to test each sensor and
operate it with its own proprietary software. Since this test was done in an indoor lab
environment, the sensors had to be powered either by batteries or by the indoor power
supply as opposed to the larger batteries installed in the field which were recharged by
solar power. Also the data cable length running between the sensors and the lab
development computer was shorter than the similar setup in the field. Since shorter cable
length results in higher data communication speeds, the data communication speed
between the sensors and the lab computers had to be adjusted using the software
accordingly. When testing the sensors in the indoor lab environment, the focus is on the
ability of the sensor to stream data to the embedded computer, not the accuracy of the
collected parameters. The later was achieved through tests in the field. In the following
the implementation steps specific to each sensor are discussed following by the required
calibration steps for the sensor.
Installation of Water Quality Sonde
A sonde cover sleeve was designed and implemented by LEWAS team members
and an installation location on the stream bank which enabled anchoring the sleeve
vertically to a concrete structure on the stream was chosen. However, later on, it was
decided that the original location did not have sufficient water flow which would have
caused an erroneous reading for the water quality parameters. Furthermore, since an
installation location further downstream was chosen for the flow meter, the sonde was
installed as close as possible to the flow meter to satisfy the relevant requirement
explained in the objective section. In addition, the proximity of these two devices made
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underground and underwater wiring easier. Before the final installation, the sonde was
sent back to the manufacturer to add three extra probes to measure turbidity, oxidation
reduction potential (ORP), and salinity.
Calibration of Water Quality Sonde
The recommended calibration for the water quality sonde is every two weeks.
LEWAS team members follow the instructions in the operating manual for calibrating
each probe. In general, a reference solution is applied to each probe under calibration,
e.g., pH probe, while the user records the known parameter value for the reference
solution, e.g., pH of 8, by sending a command to the device through software. Details of
the calibration can be found in [46].
Installation of Weather Station
The original installation for the weather station was on top of a 6 ft pole that was
installed next to instrument box. However, it was later determined that an installation
location on a nearby lighting pole would provide better accuracy and reliability. The
weather station was installed using equipment (bucket truck) from Virginia Tech
Electrical Services (VTES) who owned and operated the lighting pole. Power and data
wiring for the weather station was ran inside the poll, into a conduit installed earlier by
Virginia Tech facilities which runs underground to the instrument box.
Calibration of Weather Station
The only item that needs service in the device is PTU unit which measures
pressure, temperature, and humidity. Directions replacing this unit are provided in the
installation manual. In addition the device should be cleaned when it gets contaminated
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by leaves or other such particles. Care should be taken not to rub or twist the wind
sensors.
Installation of Flow Meter
The flow meter was installed while trying to fulfill the installation objectives,
mostly set by the manufacturer, as described earlier. Early tests were conducted in the
LEWAS development platform to identify the modes of operation for the device
(streaming data, configuration, etc.). Originally, since the underwater and underground
conduit was not installed by the contractor, outdoor tests were done with a data/power
wire floating in the stream. A LEWAS team member with training in civil and
environmental engineering change the original installation location and moved it further
downstream for better accuracy. At each location, a profile of the cross section was
computed and coded into the device to enable calculation of flow from velocity.
Once the permanent location was decided, the device was secured to a concrete slab and
aligned vertically and horizontally for manufacturer specifications.
Calibration of Flow Meter
According to the operating manual of the flow meter, the device requires little
maintenance for years of reliable performance. It also never requires recalibration for
velocity data. An independent method of calculating flow was completed by a LEWAS
team number using a handheld flow tracker to confirm the readings of the flow meter.
The calculation of the cross-section and the triangulation by another method of
calculating flow should be done regularly to ensure the accuracy of the readings for the
flow meter. Details of this process can be found in [47].

51
5.1.3 Hardware Area Implementation Resources
There were four major implementation resources for the hardware area: First,
information on sensor installation and operation was obtained from the installation
manuals and the manufacturers technical support hotline. Second, LEWAS team
members with AutoCAD drawing skills were contacted and they generated a number of
AutoCAD drawing which became the basis for communicating the design to the
contractor. Third, collective decision-making from the LEWAS team for the design of the
sonde enclosure ensured a design that satisfied the sonde installation objectives, was
handed over to the contractor for implementation. Fourth, Virginia Tech Facilities
handled all major work for excavation and installation of the foundation for the
instrument box and platform and ran half of the underground conduits. They also
introduced a contractor and their representative was present in most meetings at the site
with the contractor. The contractor was responsible for the other half of underground
conduits and the underwater conduits and wiring between the sonde and flow meter to
the instrument box.
5.2 Implementation of Electrical Area
5.2.1 Electrical Area Objectives
The following objectives are set for electrical installation:
•

Sensor specifications which in turn dictated wire current. The wire current
dictated wire type and length.

•

Voltage requirements: 12v and 24 v outputs. Apart from the CompactRIO which
operated on 24 V, all other devices use 12V.
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•

Wattage and storage requirements computed from specifications: 40w generation
and 624 wh storage which in turn dictated the number and type of batteries and
the number and size of solar cells

•

Orientation of two solar panels and their max height for max irradiance without
exceeding maximum tolerable wind torque

•

Extra enclosure for batteries to accommodate extra heat and ventilation

5.2.2 Electrical Implementation Steps
The following steps were completed in the development platform elevator in the field:
•

Testing each component and measuring solar panel output during different hours

•

Obtaining recommended wattage for solar panels for Blacksburg latitude

•

power budget (generation, storage, consumption) and balancing it

•

Indoor lab soldering, wiring, and testing

•

compiling wiring diagram and wiring instructions for VTES and contractor

•

following wiring master plan for procurement of all connectors and wires needed
for field installation

•

Indoor testing of battery drainage under load

•

Testing voltage and current of solar panels at different times of the day for
different inclination and azimuth angles

•

Measuring current consumed by each sensor and the embedded computer

•

dummy load test in the field
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5.2.3 Electrical Area Implementation Resources
The following resources made electrical implementation possible.
•

VTES expertise in DC wiring installation

•

contractor electrical experience for underwater wiring

•

electrical engineering background of author

•

Internet resources
o

•

Researching best inclination and azimuth angles for Blacksburg latitude

manufacturer of solar panels: information provided on installed solar capacity
based on nominal solar capacity

•

Procurement of indoor lab electrical equipment
o power supply
o wiring and soldering equipment
o indoor battery recharging
o resisters fuses and LEDs
5.3 Implementation of Communications Area
5.3.1 Communications Area Objectives
The communication system should ensure the multiple remote users have reliable

access to environmental data in real-time. Commercially available remote monitoring
systems, such the ones described in Section 3.4, focus on a single end-user such as a
researcher or environmental monitoring body. In most cases, these systems utilize
point-to-point communication methods such as cellular or satellite. LEWAS, on the
other hand, has been designed to provide access to the educational community as
explained in the accessibility objective in chapter 4. To fulfill this objective a cost-
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efficient multipoint approach is needed. The Virginia Tech on-campus wireless
network was chosen as LEWAS connection link to the outside world including the
campus community.
Given the outdoor location of the lab, unlike indoor labs, it could not be directly
connected to the wireless network. The following objectives were outlined for the
LEWAS communication system (LCS):
•

It should provide seamless integration to the campus network.

•

It should employ a wireless connection to a nearby campus building.

•

There should be adequate signal strength for the LCS to ensure high
throughput for multiple (100 +) users

•

LCS should have minimal installation and maintenance costs
5.3.2 Communications Area Implementation Steps

As explained in Chapter 4, proximity of the installation site through campus
buildings with wireless infrastructure was one of the factors in deciding its location. The
first step in the installation was to conduct a wireless site survey which utilizes software
to locate the nearest wireless access point which was identified in Hahn hall, a nearby
campus academic building. Since the signal was very weak and establishing a wired
connection from LEWAS site to that building was prohibitively costly due to distance
and obstacles such as a major campus road, a wireless link had to be designed and
implemented between LEWAS lab and Hahn hall.
The LCS wireless is comprised of the following five components:
•

Outdoor access point installed on the periphery of Hahn Hall

•

Wiring between outdoor access point and Hahn Hall Ethernet network
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•

Wireless bridge installed in LEWAS instrument box

•

Directional antenna installed at LEWAS site

•

Wiring between directional antenna and wireless bridge

A wireless bridge is a wireless router that has been configured to connect two
network segments, in this case the Hahn Hall network and LEWAS. Two face-to-face
meetings and multiple telephone and e-mail follow-ups were arranged with Virginia
Tech's Communication Network Services (CNS), the campus body overseeing all
network related issues, to install the LCS wireless. The original design included a
wireless module installed in the embedded computer instead of the wireless bridge. This
design was successfully tested in an indoor environment (LEWAS development platform)
with a wireless router with no encryption. However, it was abandoned due to numerous
problems associated with authenticating access to an embedded computer which did not
use a mainstream operating system such as Windows and Mac OS and was revised to a
design that included the wireless bridge after consultation with CNS in the second
meeting. An added advantage of the wireless bridge configuration is that it provides room
for three extra Internet connections such as a test computer at the site or future system
expansion e.g., a network camera.
Campus Renovation Services was contacted to allow changes to be made in the
auditorium roof in Hahn Hall, the best location for the proposed installation in terms of
wireless signal strength. Their approval was forwarded to CNS who installed the access
point and ran the wiring to their network in Hahn Hall. They also configured the access
point. The next step was to test its functionality with a laptop equipped with an extended
range wireless card. In fact, this was the setup used when LEWAS phase 2 was
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introduced to the classroom (discussed in section 6.1). Before installing the wireless
bridge in the instrument box, it had to be configured to communicate with the access
point. To speed up implementation, it was delivered to CNS and was picked up about six
weeks later. The next step was to test the wireless bridge. Since this test had to be done at
the site which was not powered at the time and there were also no immediately available
battery solutions to power the bridge, to cut time and cost, a portable 12 V battery was
purchased and was connected to the bridge through an improvised temporary solution by
reusing the adapter wiring from a used router purchased from a thrift shop. After
powering the wireless bridge in the field, it successfully identified the Hahn Hall network
and the test computer was able to connect to it as if it were plugged into an Ethernet port
and the building (it acquired an IP address from the Hahn Hall network). Therefore, the
bridge functionality was successfully tested.
Unlike regular wireless router antennas which are omnidirectional, a directional
antenna focuses the wireless waves carrying information from the router onto a certain
direction, perpendicular to the antenna surface. Theoretically, the directional antenna
should be adjusted in a way that the line of sight connecting the antenna and the Hahn
hall access point, the ideal propagation direction, becomes perpendicular to its surface. In
the field, the perfect direction was found through an iterative process of adjusting the
antenna and measuring throughput using software until the throughput converged to a
local maximum. The wiring between the directional antenna and the wireless bridge was
run through the same conduit that carried power and data wires to the weather station.
The next step was to test the entire set up which was conducted successfully in the
context of enabling ENGE 1024 students in the spring 2012 offering of the course to
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access to LEWAS and complete a hands-on activity which was the basis of an
experimental design targeted to explore educational potential of LEWAS and discussed
in Chapter 6. About 150 students accessed the system without interruption which is
considered a good test for the system under load.
The final task was to obtain a static IP address from a network liaison. After
multiple e-mails to resolve which liaison (Hahn Hall [Department of physics] or
McBryde Hall [Department of engineering education]) was responsible for the LEWAS
connection, an IP address was assigned from the department of engineering education IP
pool.
5.3.3 Communications Area Implementation Resources
The major implementation resource in the communications area was the author’s
knowledge and experience from his Bachelor’s degree in communications engineering.
Designing the system, procuring the right type of equipment and timely testing and
implementation was dependent upon this knowledge and expertise.
Virginia Tech’s CNS was also an invaluable resource in connecting LEWAS to
the campus network. Their skilled workforce and easily accessible Network Operations
Center was helpful in troubleshooting during tests in the lab and at the field. In addition,
Virginia Tech Electrical Services helped with the installation of the directional antenna
and ran the wiring between the antenna and wireless bridge.
The LEWEAS development platform provided a multi-computer environment,
desktop and laptop computers with wired and wireless connections (a wireless card was
purchased for desktop computers), which were instrumental in testing different access
scenarios. The setup of remote access to all the lab computers not only helped in training
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LEWAS members and accessing lab resources, it also proved valuable when conducting
tests in the field since they could be accessed from the field through the wireless bridge
and used for troubleshooting or simulating load.
5.4 Implementation of Software Area
5.4.1 Software Area Objectives
The major software area objectives were listed earlier under the design objectives of
programmability, accessibility, and providing a unified programming interface in section
4.1. As explained earlier, LabVIEW lends itself well to satisfying these objectives as it
has become a popular programming language for remote labs. Therefore, these objectives
have been translated into the following lower level LabVIEW-specific objectives:
•

Providing

a

unified

programming

interface:

re-implementing

the

communication protocol for each sensor in a LabVIEW VI and combining
those VIs into a single top-level VI which would be made accessible to remote
users as an easy to navigate interface to access data for the sensor of choice.
•

Programmability: Setting up a software development environment which
enables the programmer remote access is LEWAS during each of its three
phases of development.

•

Accessibility: Configuring and launching the LabVIEW Web Publishing tool
and developing an access protocol for remote users.
5.4.2 Software Area Implementation Steps

For each sensor the following steps were completed:
•

Collecting data with their proprietary software and studying its structure

59
•

Recoding commands sent to the sensor and received (interpreted) by the sensor in
the desktop version of LabVIEW

•

Indoor testing of different baud rates for different wire lengths and choosing the
one that works best for the wiring length to be installed in the field
As explained earlier in the phase-wise design of LEWAS, software development

was started using the desktop version of LabVIEW and was completed in the FPGA and
real-time versions of LabVIEW that run on the embedded computer. The desktop version,
LabVIEW 8.6, provides more computing resources to the programmer and is suitable for
pilot development. After testing the desktop versions, the embedded versions were
programmed and tested initially using the LEWAS development platform and later on in
the field.
LabVIEW Desktop Software Development
The steps described below were applied to the three sensors in the following order:
water quality sonde, weather station, and flow meter.
The first step was to analyze proprietary software for each sensor. The RS-232
serial communication standard is commonly used to enable environmental sensors to
communicate with a host computer. Each sensor manufacturer develops its own
proprietary software on top of this protocol in the form of a graphical user interface. For
example by clicking on a “read” symbol in an interface, etc. the characters are sent from
the host computer to the sensor. The sensor interprets the command and responds back
with the requested information. Timing is a key variable in this exchange of information
and although it is not explicitly specified in the proprietary software interface, it needs to
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be specified when the original commands are being implemented in a new environment
such as LabVIEW.
The next step after finding RS-232 commands sent to the instrument and the
response sent back to from the instrument embedded in the software interface was to reimplement those command-response pairs in LabVIEW. LabVIEW provides a good
starting point for serial programming by providing a dedicated toolkit named the VISA
toolkit. VISA stands for Virtual Instrument Software Architecture and enables the
LabVIEW programmer to communicate with the sensors without the need to install their
drivers (as they will be implemented in the VISA).

LabVIEW Software Development for the Embedded Computer
The CompactRIO embedded computer runs LabVIEW FPGA and LabVIEW
Real-Time. Although these two versions of the software have similarities in terms of the
graphical user interface with the Desktop version of the software, they are different
programming environments since they run on hardware resources (FPGA [Field
Programmable Gate Array] and embedded CPU, respectively) specific to the embedded
computer. As a result, programs developed for the Desktop version of LabVIEW needed
to be re-written in the new environment to achieve the same functionality although parts
of the top-level design was reused without change. A challenge that had to be overcome
was the lack of input and output devices for the embedded computer. Instead, a host PC
running the desktop version of LabVIEW was used to communicate with the embedded
computer through the Internet. While housed in the LEWAS development platform,
connecting to the embedded computer was straightforward. However, after the field
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installation of the embedded computer and while the system was still under development,
connecting to it was a challenge and at times required multiple field visits or development
in the field. Three VIs were developed, one for each sensor. Although in terms of
functionality, they are similar to their desktop counterparts, the underlying, software and
hardware components that enable the dataflow are fundamentally different. The dataflow,
made possible by the developed VIs, can be summarized as follows: data from each
sensor installed in the field is transferred through its data cable, installed either
underwater or underground, to the NI 9870 (4-Port, RS232 Serial Interface Module for
CompactRIO), installed in one of the empty slots of the chassis of the CompactRIO. Next,
the data is received by the CompactRIO FPGA I/O ports on the backplane of the
embedded computer. After data is extracted for different parameters of each sensor (e.g.
temperature and pH), the values for each parameter are stored on a file on the SD card
through a connection between the backplane of the device and NI 9802 (Secure Digital
Removable Storage Module for CompactRIO), installed in an empty slot on the device.
This data can be made available to a remote user through an FTP connection which
enables transfer of data through the wireless bridge. A number of VIs (both LabVIEW
FPGA VIs and LabVIEW Real-Time VIs), developed under a LabVIEW project (one for
each sensor) make the dataflow possible. A screenshot of the top-level Real-Time VI for
the water quality sonde which is executed on the CompactRIO is shown in Appendix A-3.
The desktop version of this VI was displayed earlier in Figure 4-6.
5.4.3 Software Area Implementation Resources
The following resources were useful in implementing the LEWAS software:
•

National Instruments support
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o phone calls
o service request numbers
•

The author’s LabVIEW training and certification (Certified LabVIEW Associate
Developer)
5.5 Integration and Overall System Test

Integration and overall test was the conducted per the following diagrams, moving from
the base of the implementation pyramid up in decreasing levels of abstraction:
•

LEWAS Operational Diagram (Figure 4-4)

•

LEWAS Lab Installation Plan (Appendix A-4)

•

LEWAS Wiring Diagram (Appendix A-5)

•

LEWAS Communications Diagram (Appendix A-6)

•

LEWAS Dataflow Diagram (Appendix A-7)

The ultimate test of the system was completed in summer 2012 when it was
determined that the system was able to sustain itself in terms of electrical power, was
remotely accessible for programming and access to all sensors using their
underground and underwater conduits and wiring was possible. In other words when
complete data flow was achieved at the three levels of abstraction listed earlier.
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CHAPTER 6: POTENTIAL APPLICATION OF LEWAS IN SUSTAINABILITY
EDUCATION

In this chapter, first, an observational study to examine student attitudinal
responses after accessing LEWAS is presented. This study informs an experimental
design which is implemented to examine the potential of LEWAS in sustainability
education. The setup for both studies is the freshman engineering course, Engineering
Exploration ENGE 1024, described in Chapter 2.
6.1 Observational Study of Students’ Attitudinal Responses After Accessing LEWAS
As discussed in section 2.1, LabVIEW has been gradually introduced in ENGE
1024 and as successive phases of LEWAS have been designed and developed (beginning
Fall ’09), students have been provided access to LEWAS. Figure 6-1 shows the setup
used to introduce phase 3 of LEWAS

to the classroom. Pilot implementations for

LEWAS have been integrated into ENGE 1024 to investigate application of LabVIEW in
water sustainability education. Students were able to view an interface similar to Figure
4-1 that allowed them to observe water quality parameters of a water sample located in an
indoor development lab. Figures 6-2, 6-3, and 6-4 show how they perceived usefulness of
LabVIEW, motivation to acquire higher level programming knowledge, and the role of
LEWAS on changing their environmental awareness respectively based on exit surveys
collected online at the end of each semester. Collected attitudinal data indicated
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that students have expressed positive attitudes towards the applicability and usefulness of
LabVIEW in the context of environmental monitoring. Also, the majority of the students
agreed with the statement that accessing the system increased their environmental
awareness.
In Spring 2011, as a test for deployment of LEWAS phase 3, the water quality
sonde was taken to the installation site and was connected to a laptop with enhanced
wireless capabilities loaded with LabVIEW (Figure 6-1). As a result, unlike prior
semesters where students viewed environmental data of a sample in the indoor setup
(phase 2), students had access to four water quality parameters (pH, dissolved oxygen,
temperature and specific conductivity) of the water in the stream through a URL similar
to Figure 4-1, displayed by their instructor. As it can be observed in Figure 6-1, 6-2, and
6-3, streaming data from the field as opposed to a water sample from an indoor lab setup,
improved student perceptions in Spring 2011.Also, based on other questions in the exit
survey, student attitudinal responses indicated positive attitudes towards the applicability
of a dataflow programming language (LabVIEW) in the context of environmental
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monitoring. The majority of students agreed with the statement that access to real-time

Figure 6-1 Temporary setup for streaming data from LEWAS installation site to
ENGE 1024 classroom. Water quality sonde in shown on lower left part of the image.
(Image taken by author)

environmental data can enhance their awareness and curiosity about environmental issues
such as the state of an impaired stream that runs through campus.
Questions in Figures 6-5, 6-6, and 6-7 were included in the Spring 2011 exit
survey of the course which is a smaller offering (180 students) compared to Fall. Based
on student responses, most students believed that remote access to real-time data makes
environmental monitoring easier compared to collecting water samples at the site and
measuring its parameters. Furthermore, a strong majority of students agreed with the
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statement that real-time water quality monitoring is useful for environmental
sustainability and that they are interested in it.

Figure 6-2 Students’ perceptions on usefulness of LabVIEW

These mostly positive responses were used as a basis to systematically investigate
educational outcomes associated with LEWAS through a quantitative research design.

Figure 6-3 Students’ perceptions on motivation to acquire programming knowledge
after accessing LEWAS
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Figure 6-4 Students’ perceptions on the role of LEWAS in their environmental
awareness.

Percentage

It was interesting to see the value of water quality parameters
(temperature, dissolved oxygen, specific conductivity and pH) as they were
being measured in Stroubles Creek in real-time.

60
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Spring 11 (n = 56)
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Disagree

Strongly disagree

Figure 6-5 Students’ perceptions on their interest in using LEWAS for
environmental monitoring when given access to real-time data from Stroubles
Creek
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Percentage

Remote access to real-time water quality data makes environmental
monitoring easier compared to going to the stream, collecting water
samples and measuring their parameters.
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Figure 6-6 Students’ perceptions on ease of monitoring, using LEWAS when given
access to real-time data from Stroubles Creek
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Real-time water quality monitoring is useful for environmental
sustainability.
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Figure 6-7 Students’ perceptions on usefulness of LEWAS for environmental
sustainability when given access to real-time data from Stroubles Creek

Statements that students reflected on included phrases such as “ease of
monitoring”, “interest in using LEWAS for environmental monitoring ”, and “ usefulness
of LabVIEW.” All of these terms are related to student motivation and in order to be able
to establish a casual relationship between accessing LEWAS and potential motivational
outcomes, an experimental research design is implemented which is discussed next.
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6.2 Research Design to Investigate Educational Outcomes of LEWAS
Collected student attitudinal responses indicated positive perceptions on the role
of lab to make environmental monitoring easier and its success in enhancing curiosity
and awareness on environmental issues such as the state of an impaired campus stream.
These attitudinal responses on usefulness of LEWAS provided the starting point to
conduct engineering education research study to investigate the impact of LEWAS on
student motivation to learn about environmental sustainability.
Specifically, the following research question is formulated:
Does providing real-time access to the environmental attributes of a site known to
students (on-campus impaired stream) increase the value that students associate with
environmental awareness?
In the following, a quantitative methodology is presented to investigate the above
research question.
6.2.1 Quantitative Design to Investigate Motivational Outcomes
A quantitative methodology [48] is employed to investigate the above research
question and an established theoretical framework (expectancy-value theory of
motivation) [49] is used to guide the investigation in a top-down (deductive) manner. The
research question investigates if access to LEWAS motivates students to enhance their
environmental awareness through the value factor.
According to the expectancy-value theory of motivation [49], students’
expectancy of success (i.e., how well they expect to succeed in a task) and the value they
attach to success in a task are the key factors that motivate them. There are four value
categories according to this theory: intrinsic value (perceived interest and enjoyment of
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doing well on a task, e.g., enjoyment of doing math homework), attainment value
(perceived importance of doing well on a task, e.g., importance of doing well on a math
homework), utility value (perceived future importance of engaging in a task, e.g.,
perception of usefulness of doing math homework for the student’s future plans), and cost
value ( cost [in terms of effort and time] of participating in a task, e.g., how the decision
to do math homework limits access to other tasks - for example going to the movies).
From the perspective of the expectancy value theory of motivation, the
effectiveness of LEWAS lab to help students learn about the environment depends on
on its success to make environmental monitoring more valuable to students (enhancing
the value component) and as a result motivating students to learn more about water and
weather parameters and their monitoring to assess environmental quality. It is anticipated
that access to environmental parameters in real-time would contribute to the intrinsic
value and cost value components, and, situatedness of the lab on an impaired on-campus
stream would contribute to the attainment and utility value components since the lab can
potentially emphasize the usefulness of environmental monitoring for sustainable
development. For example, the lab can demonstrate how environmental parameters
change over time and how these changes correlate with human activities (e.g., how the
water temperature or dissolved oxygen of an on-campus stream changes as a result of
various construction activities on campus). As a result, students would discover the utility
of enhancing their environmental awareness since they can establish a connection
between the environmental parameters and tangible factors that impact them in a
measurable way.
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6.2.2 Instrument Development
In order to assess the potential impact of LEWAS, students’ perceptions of the
value of environmental monitoring should be measured. An instrument is therefore
needed to measure the impact. An example of a related instrument is the one developed in
[50] to measure students’ attitudes towards engineering. This instrument is designed
based on the expectancy value theory to fulfill a gap that, according to the authors, exists
in engineering education in terms of measuring the four value components: attainment
value, intrinsic value, utility value, and cost associated with obtaining a degree in
engineering. This instrument was designed and validated with the following four scales:
intrinsic value, cost value, utility value/personal, and utility value/society. The authors
noted that the four scales of the instrument are different from the original four scales they
intended to measure due to the results of the factor analysis that they conducted which
indicated intrinsic value and attainment value are intertwined therefore they subsumed
the later in the former to make one scale for intrinsic value. Their analysis also resulted in
dividing the utility scale into personal (useful to students themselves) and societal
components (useful to society).
Since the instrument developed in [50] shows good reliability and validity, it was
used as the starting point of developing a new instrument, named as EnValue, for this
study. Twenty items are included in EnValue. These items are scored on a Likert scale (1:
strongly disagree, 2: disagree, 3: neither disagree nor agree, 4: agree, and 5: strongly
agree). Various items are categorized under four scales as below:
I. Intrinsic value scale (perceived interest and enjoyment of doing well on a task)
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1. It is interesting to learn that water quality parameters provide important information
about the health of water resources.
2. It is interesting to learn about the interrelationships between the weather parameters
and the water quality parameters.
3. It is interesting to know that water quality parameters are monitored to generate
important information about sustainability of water resources.
4. It is interesting to learn about changes in weather parameters (such as wind speed) on
a local scale (VT campus).
5. It is interesting to be able to know about the value of both local weather and local
water quality parameters at the same time.
II. Attainment scale (perceived importance of doing well on a task)
6. It is important to learn about the impact of pollution on water quality parameters.
7. It is important to learn that changes in weather parameters (e.g., rainfall) can result
in changes in water quality parameters (e.g. pH).
8. It is important to monitor water parameters to ensure long-term sustainability of water
resources.
9. It is important to monitor weather parameters and their relation to water parameters.
10. It is important to know that human activities in a watershed can impact water quality
parameters.

III. Utility value (perceived future importance of engaging in a task)
11. Learning the causes of change in water quality parameters of a local stream is useful
for sustainable water and land resource development.
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12. Monitoring water parameters is critical for a sustainable development of water
resources.
13. Real-time monitoring of water parameters is useful for evaluating the health of the
water resources that our community relies on.
14. It is useful to develop systems to monitor changes in local water quality parameters in
real time.
15. It is useful to develop systems to monitor changes in local weather parameters in real
time.
IV. Cost value scale (cost [in terms of effort and time] of participating in a task)
16. It is easy to find out about the current or historical value of water parameters (i.e.
temperature) for Stroubles Creek. (Feel free to use online resources to answer this
question if you haven’t had access to any other source.)
17. It is easy to find out about the current value of weather parameters for the Virginia
Tech campus (Feel free to use online resources to answer this question if you haven’t had
access to any other source.)
18. Monitoring weather and water parameters of a specific site such as Stroubles Creek
in real time is more convenient than searching for them online.
19. Monitoring weather and water parameters of a specific site such as Stroubles Creek
in real time is more convenient than going to the field and sampling them.
20. Developing a system to monitor local weather and water parameters in real-time is
an easy task.
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6.2.3 Participants and Experimental Procedure
In order to assess the impact of LEWAS lab on student motivation - specifically
the value component – a true experimental design: post-test-only control-group design
[48] was conducted. The participants of the study were students in workshop sections of
ENGE 1024 during Spring 2012 semester. Workshops with course request numbers
(CRN)s ending in an even number (two workshops, 30 students each) were assigned as
the control group and those with CRNs ending in an even number were assigned as the
experimental group (three workshops, 30 students each). The experimental group were
able to access water and weather quality parameters from the site on Stroubles Creek in
the form of a Web link with real-time data from the sensors in the field. Since assignment
of the workshops to control and experimental groups was random, this research design
was classified as true experimental. The decision to only administer the EnValue
instrument as post-test and not the pre-test was based on the fact in this case the act of
pretesting with the same instrument could have influenced the results of experimental
manipulation. In a post-test only set up, random assignment to groups is key since
without it, it is difficult to attribute the variance in the dependent variable to the treatment
(independent variable). Both control and experimental groups were provided with a
reading assignment on water and weather quality parameters and PowerPoint slides
which included the review of the reading assignment. Also both groups engaged in a
workshop activity where the control group used recorded values for environmental
parameters and the experimental group used real-time values by accessing LEWAS
through a web link. The components of the experimental research method (participants,
variables, instrumentation and materials, and experimental procedures) [48] along with
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the research question and the approach taken for data analysis are summarized in Table
6-1.

Table 6-1 Experimental Research Methodology
Research Question
Does providing real-time access to the environmental attributes of a site known to students (oncampus impaired stream) increase the value students associate with environmental awareness?
Variables
Independent variable
Dependent variables
Access or no access to URL link for LEWAS
Scores on each of the four scales of the
containing weather and water quality and
EnValue instrument (interval variable)
quantity parameters in real-time (categorical
variable)
Instrumentation
The EnValue (Environmental Value) instrument designed with four scales measuring the
following four value categories administered for both control and experimental groups:
1.
intrinsic value 2. attainment value , 3. utility value , and 4. cost value.
Materials
Control Group
Experimental group
1- Reading assignment “Environmental
1- Reading assignment “Environmental
Monitoring” on week 13 (Appendix
Monitoring” on week 13 (Appendix
A-8)
A-8)
2- PowerPoint Slides on review of
2- PowerPoint Slides on review of
reading assignment during week 14 of
reading assignment and functioning of
workshop
LEWAS during week 14 of workshop
3- Workshop Activity: judging the health
3- Workshop Activity: judging the health
of an on-campus stream based on
of an on-campus stream based on
given values for environmental
values for environmental parameters
measured by LEWAS in real time in
parameters in week 14 workshop
(Appendix A-9)
week 14 workshop (Appendix A-9)
Experimental Procedures
True Experimental Design (post-test-only control-group design [48])
Participants
treatment
post-test
Control Group:
No access to LEWAS
EnValue instrument at the end of week 14
(n = 60), two
URL, control group
workshop
workshops (even
materials
course ID#) from
ENGE 1024
Experimental group:
Access to LEWAS
EnValue instrument at the end of week 14
(n = 90), three
URL, experimental
workshop
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workshops (odd
course ID# )from
ENGE 1024

group materials

Data Analysis
• Exploratory factor analysis to extract factors from existing EnValue items
• Reliability analysis for the factors
• Statistical Test: Independent samples t-test
Alternative Hypothesis: There is a statistically significant difference between the means of the
control and experimental groups in the four factor scores as measured on the post-test
• Mann-Whitney U-test (nonparametric test due to small sample size of female students)
Alternative Hypothesis: There is a statistically significant difference between the means
of the female students in control and experimental groups in the four factor scores as
measured on the post-test

In the following, the materials and experimental procedures will be discussed in
detail.
A 7-page document titled “Environmental Monitoring” (Appendix A-8) was
designed with the objective of providing freshmen with a reading assignment at a level
appropriate for their prior knowledge in the area of environmental monitoring. This was
provided to students electronically in both experiment and control groups as a reading
assignment on the 13th week of the Spring 2012. This document focuses on the following
points:
•

Definition of a watershed

•

Land use and its impacts on water quality

•

Water parameters that are indicators of the health of a watershed and major
weather parameters

•

Techniques for monitoring water and weather parameters

As an example of how land use can impact water quality, students learn how
pollutants can be collected from impervious surfaces and end up in the stream network
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with the runoff. They learn that a local stream (Stroubles Creek) has been declared as an
impaired creek (failing to meet its intended use) and that restoration efforts are ongoing
to rectify its condition.
The Environmental Monitoring document lists dissolved oxygen (DO), specific
conductivity, pH, and temperature (also referred to as “Big Four Parameters”) as “red
flag warnings” for a variety of water quality problems. For each parameter, a brief
description is provided, the reasons it is important for the environment are listed, and the
expected impact of pollution is also listed; all in a concise tabular format. These four
parameters are the basis of the main sections of the Workshop Activity (Appendix A-9;
explained in detail later) completed by both groups at the end of the workshop.
The following three different ways of water quality monitoring are listed:
•

Collecting samples in the field and later analyzing them with lab
equipment

•

Taking water quality monitoring instruments to field and measuring the
parameters

•

Relying on online databases of water quality parameters which are limited
to certain monitoring points in major streams

In addition, an alternative approach is briefly listed in the document: employing
modern sensor and communication technology to establish and access real-time
monitoring stations on local streams such as the Stroubles Creek. The document lists a
prerequisite of the last approach in the following sentence: “appropriate software and
hardware are needed for sensing, storing, and communicating environmental parameters.”
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Although both groups are briefly introduced to this approach, it is only the experimental
group that is exposed to the capability of LEWAS in the Workshop Activity.
The Environmental Monitoring document was designed to ensure that both
control and experimental groups have an equal chance to learn about environmental
parameters, their impact, different ways they can be monitored, and importance of
environmental monitoring. A few short-answer questions were listed at the end of the
Environmental Monitoring document to prepare students for the Workshop Activity in
following week .
During week 14 of the semester, the workshop instructors were provided with a
set of PowerPoint slides (as a subset of the slides for that week) and the Workshop
Activity Document (Appendix A-9) which were both distributed to students
electronically. The slides for the experimental group were consisted of the following
sections: The first section, contained directions for a think-pair-share (TPS) activity
where students were instructed to “think” about how you would answer the questions at
the end of the Environmental Monitoring document, “pair” up with the student next to
them, and “share” their answers to questions at the end of the document with their
learning partner. The second section was the correct answers to this activity, shared with
the students by their workshop instructor. The focus of the third section was on a few
slides depicting the LEWAS setup including the parameters that each sensor measures
and instructions on how to access LEWAS. The fourth section repeated the big four water
quality parameters from the Environmental Monitoring document, why they were
important and how pollution can impact them. The fifth section demonstrated the basic
programming structures used in LabVIEW programming in LEWAS. Finally, the sixth
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and last section listed instructions on how to access and complete the Workshop Activity
and the link for completing the EnValue questionnaire including the institutional review
board (IRB) recruitment material (Appendix A-10) which emphasized that answering the
questionnaire was voluntary. The slides for the control group covered the same material
presented to the experimental group with the exception of the third and fifth sections
(LEWAS setup and basic LabVIEW structures used in programming LEWAS). The
allotted times for completing all the activities were 50 and 60 minutes out of the 110
minute workshop time for the control and experimental groups, respectively. The
Workshop Activity (Appendix A-9) was designed in four sections for both groups and
involved the following environmental parameters: barometric pressure, dissolved oxygen
(DO), specific conductivity, and pH at the LEWAS site on Stroubles Creek. For the
control group, the value for these parameters were provided in the document itself (either
from published papers or earlier recordings). For the experimental group, students were
asked to access LEWAS per given instructions and record the real-time value of these
parameters.
The four sections of the activity are listed below:
•

The first section instructed students to calculate the altitude of LEWAS site based
on the provided (control group) or real-time (experimental group) value for
barometric pressure using an equation relating this parameter to altitude. (A Web
link [http://keisan.casio.com] was provided to students to simplify the calculation.)

•

The second section instructed students to compare the provided (control group) or
real-time (experimental group) of dissolved oxygen at LEWAS site to a threshold
level and draw conclusions on the health of the stream based on this parameter.
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•

The third section involved inferring the health of Stroubles Creek based on the
provided (control group) or real-time (experimental group) value of specific
conductivity.

•

Finally, the fourth and last section provided the students with the value of pH
before Stroubles Creek goes underground on the campus of Virginia Tech and
asked them to compare it against the provided (control group) or real-time
(experimental group) pH value at LEWAS site. In between these two locations,
construction is ongoing for a new engineering building. Students were asked to
reflect on the impact of construction on the change in pH

After completing the workshop activity, students were asked immediately to
complete the EnValue questionnaire which was hosted on the Qualtrics website.
(https://virginiatech.qualtrics.com). Out of the 60 students in the control group, 37
students and out of the 90 students in the experimental group, 59 students responded
to the questionnaire. The results were downloaded for statistical analysis (listed in
table 6 – 1). Statistical analysis of data is discussed next.
6.3 Factor Analysis and Internal Consistency of EnValue
6.3.1 Factor Analysis
An exploratory factor analysis (EFA) of the EnValue instrument was conducted to
determine the minimum number of principal components that could explain the
maximum variance in students’ scores. In other words, the objective of conducting EFA
is to find out the main underlying constructs that cause students scores to vary. EFA is
commonly used when a new instrument is developed to identify the major factors that the
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instrument measures and to figure out how well these factors align with the scales of the
instrument [51].
The first step in EFA is to determine the adequacy of the sample size and to
determine whether there is at least some correlations between items of the questionnaire.
The Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO) is used to examine
sampling size adequacy. High values (between 0.5 and 1.0) indicate factor analysis is
appropriate. A KMO of .865 (Table 6-2) is computed by SPSS software based on
participants’ responses.

Table 6-2 Test Results to Determine Appropriateness of Factor Analysis

Bartlett's Test of Sphericity (Table 6-2) is used to reject the null hypothesis that
the population correlation matrix is an identity matrix. In other words, to test if each
variable correlates perfectly with itself (r = 1) but has no correlation with the other
variables (r = 0). If the null hypothesis is rejected, it means at least some correlation
exists between items. As illustrated in Table 6-2, the null hypothesis is rejected
significantly (p < .001) for EnValue items.
The next step is to extract the factors (principal components), which is to find out
the minimum number of factors that can explain the maximum amount of variance. In
this step only the factors with the eigenvalues larger than one are retained. Since an
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eigenvalue represents the amount of variance associated with a factor, factors that explain
less than one unit of variance are not included because they are no better than a single
question in the instrument (the total amount of variance is standardized into 20 units,
corresponding to 20 questions in the instrument). Table 6-3 lists the four factors extracted
using this method and the amount of variance of the total EnValue score explained by
each one. Together, these factors accounted for 68.2% of the total variance. It should be
noted that the order of the factors is determined by the proportion of total variance that
they explain. As seen in Table 6-3, factor one alone explains 41.05% of total variance
followed by the next three factors with 12.55%, 9.30 %, and 5.28%, respectively.
The next step is to compute the portion of variance of each item explained by all
factors together, referred to communality of each item. Communality values for the
EnValue instrument are listed in Table 6-4. The larger the communality for an item, the
more successful the suggested factor model is in explaining the item. If this happens for
all items, as it does for the EnValue instrument, factor analysis is reliable. Communality
values between .4 and .7 are considered low to moderate in social sciences. Since the
communality values for the EnValue instrument vary between .558 and .791, it shows
that a large proportion of the variance in the scores for all questions can be explained by
the factor structure.
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Table 6-3 Proportion of Variance in EnValue Scores Explained by Initial and
Retained (Extracted) Factors
Total Variance Explained
Component

Initial Eigenvalues

Extraction Sums of Squared Loadings

(Factor)

Rotation
Sums

of

Squared
Loadings
Total

%

of Cumulative % Total

Variance

%

of Cumulative %

Total

Variance

1

8.211

41.057

41.057

8.211

41.057

41.057 (Factor 1) 6.272

2

2.511

12.555

53.612

2.511

12.555

53.612 (Factor 2) 6.438

3

1.862

9.308

62.920

1.862

9.308

62.920 (Factor 3) 5.161

4

1.057

5.287

68.207

1.057

5.287

68.207 (Factor 4) 2.641

5

.893

4.465

72.672

6

.709

3.546

76.218

7

.633

3.164

79.382

8

.568

2.839

82.221

9

.525

2.624

84.845

10

.473

2.366

87.212

11

.430

2.151

89.363

12

.384

1.922

91.285

13

.347

1.737

93.022

14

.281

1.406

94.428

15

.239

1.196

95.624

16

.235

1.177

96.801

17

.205

1.027

97.827

18

.169

.846

98.674

19

.142

.709

99.383

20

.123

.617

100.000

Extraction Method: Principal Component Analysis.
a. When components are correlated, sums of squared loadings cannot be added to obtain a total variance.

Table 6-4 Communalities for EnValue Items
Communalities, Extracted by PCA Method
Item
1. It is interesting to learn
that
water
quality
parameters
provide
important
information

Initial

Extraction

1.000

.628

Communalities, Extracted by PCA Method
Item
11. Learning the causes
of change in water quality
parameters of a local
stream is useful for

Initial

Extraction

1.000

.664

a
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about...
2. It is interesting to learn
about
the
interrelationships between
the weather parameters
and the wa...
3. It is interesting to know
that
water
quality
parameters are monitored
to generate important
infor...
4. It is interesting to learn
about changes in weather
parameters (such as wind
speed) on a local sc...
5. It is interesting to be
able to know about the
value
of both local
weather and local water
qualit...
6. It is important to learn
about the impact of
pollution on water quality
parameters.
7. It is important to learn
that changes in weather
parameters (e.g., rainfall)
can result in change...
8. It is important to
monitor water parameters
to
ensure
long-term
sustainability of water
resources...
9. It is important to
monitor
weather
parameters
and
their
relation
to
water
parameters.
10. It is important to know
that human activities in a
watershed can impact
water
quality
parameters...

1.000

.746

1.000

.695

1.000

.699

1.000

.761

1.000

.711

1.000

.598

1.000

.769

1.000

.634

1.000

.791

sustai...
12.
Monitoring
water
parameters is critical for a
sustainable development
of water resources.
13. Real-time monitoring
of water parameters is
useful for evaluating the
health of the water
resour...
14. It is useful to develop
systems
to
monitor
changes in local water
quality parameters in real
tim...
15. It is useful to develop
systems
to
monitor
changes in local weather
parameters in real time.
16. It is easy to find out
about the current or
historical value of water
parameters
(i.e.
temperatu...
17. It is easy to find out
about the current value of
weather parameters for
the Virginia Tech campu...
18. Monitoring weather
and water parameters of
a specific site such as
Stroubles Creek in real
time...
19. Monitoring weather
and water parameters of
a specific site such as
Stroubles Creek in real
time...
20. Developing a system
to monitor local weather
and water parameters in
real-time is an easy task.

1.000

.671

1.000

.665

1.000

.701

1.000

.687

1.000

.679

1.000

.668

1.000

.640

1.000

.677

1.000

.558

Now that the factors (principal components) have been extracted, the next step is
to determine the factor loadings of each item in the instrument. A factor loading is the
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amount of correlation between the score on each item and each factor. The factor space is
consisted of axes representing different factors (in this case, a 4-dimensional space) and
each item has a set of coordinates in this factor space (factor loadings). If each item can
be thought of as a factor in the factor space, each factor loading is a component of that
vector along that particular factor axis. Since each factor loading is also the amount of
correlation between an item and a factor, the square of each factor loading is the amount
of variance in an item score explained by that factor. Hence the communality for each
item is simply the sum of squares of factor loadings for all the factors. Graphically, the
communality can be thought of as the square of the distance between the origin and the
point representing the item in the factor space or the magnitude square for the vector
representing that item. Before determining factor loading, the SPSS software rotates the
axes so that the following two conditions are satisfied as much as possible: 1- each factor
to have significant (above a determined threshold) loading for only some of the items in
the instrument and, 2- each item has a significant loading with only a few factors, if
possible with only one.
There are two types of rotation: orthogonal and oblique. In general, if the factors
only slightly correlate with each other, an orthogonal rotation of axes (axes are
maintained at right angles) is implemented. If, however, there is considerable correlation
between the factors and oblique rotation (axes are not maintained at a right angle) is
selected. Figure 6-8 provides an example of orthogonal and oblique rotations when there
are only two factors present (2-dimensional factor space). Items that load each of the two
different factors are shown with different star patterns for both the orthogonal and
oblique rotations. In the case of EnValue, the same pattern of figure 6-8 should be
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extended to 4-dimonsional space. Table 6-5 lists the correlations between the four factors.
As seen in this table, apart from the correlation of the fourth factor with other factors,
there is considerable correlation between factors which results in selection of an oblique
rotation. SPSS offers two alternatives for oblique rotations, promax and oblimin. The
promax method was chosen since it is computationally simpler (default 25 steps of
iteration by SPSS ) compared to the oblimin method. After applying this rotation, a
pattern matrix is generated which shows the factor loadings for each question in the
instrument (Table 6-6).

Figure 6-8 Graphical representation of factor rotation: orthogonal rotation (left),
oblique rotation (right)

Table 6-5 Correlations Between Extracted Factors
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The next step was choosing the cutoff for questions that load on each factor.
Determining the cutoff for factor loading is subjective. The cutoff point of .3,
recommended by [52] is used here. Above threshold factor loadings for the four different
factors are shown in four different colors in Table 6-6.
Finally, the last step is to interpret each factor and assign it a name based on the
items that load on that factor. The first factor aligns very well with the first scale of the
instrument, intrinsic value, as the questions from the scales have the highest loading for
this factor (Table 6-6) although smaller loadings from the second scale particularly
question six is observed for this factor. Accordingly, this factor is named the interest
factor. The second factor has strong loadings from questions both in the second scale
(attainment value) and the third scale (utility value). It is not surprising that questions
from both these scales load the same factor as they correspond to short-term and longterm importance of monitoring environment. Therefore, the second factor is named the
importance factor. It can be observed that only questions with the text “real-time
monitoring” have loaded the third factor, therefore, this factor is named the real-time
factor. In other words, there is a distinct factor that has contributed to variance in students’
scores when responding to the instrument comprised only of perceptional responses to
questions on importance and applicability of real-time monitoring. Finally, the last and
fourth factor is the cost factor, in line with the last scale of the instrument (cost value
scale), as three questions of this scale heavily load this factor. It should be noted that two
questions in this scale load the real-time factor. Table 6-7 summarizes the factor structure
of the EnValue instrument and shows the percentage of variance in the total EnValue
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score explained by each factor along with the questions that load each factor (obtained
from Table 6-6).
Table 6-6 Pattern Matrix: Factor Loadings (Correlations Between Items and
Factors) After Rotation
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Table 6-7 List of Items Loading each Factor
Factor Number

1

2

3

4

Factor Name

Interest

Importance

Real-Time

Cost

Percentage of variance

41.05 %

12.55 %

9.30 %

5.28 %

in total EnValue scores
explained by this factor
EnValue Items with

1,2 ,3,4,5,6

7,8,9,10,11,12

13,14,15,18,19

16,17,20

largest loading for this
factor

Applying exploratory factor analysis after instrument development is a common
way to identify the major underlying factors or themes impacting the variance in total
instrument scores. If it turns out that the major factors align with different sections of the
instrument, it demonstrates that items were grouped relevant to each other which in turn
contributes to the construct validity of the instrument. Figure 6-9 graphically
demonstrates how the items of the instrument have been mapped to original scales and
extracted factors. As seen in Figure 6-9, there is good alignment between the original
scales and extracted factors as the instrument attempts to measure different underlying
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constructs associated with motivation to learn about environmental monitoring and
environmental parameters.

In summary, applying exploratory factor analysis to the

EnValue instrument confirmed for the most part that grouping the questions based on the
scales of the instrument was appropriate and resulted in generating a large variance in
participants’ scores which is a major objective in developing any instrument. Now that
sufficient construct evidence for validity has been collected, the next step is to investigate
the reliability (internal consistency) of each factor.

Original Scales

Items

Extracted Factors (Final Scales)

Figure 6-9 Original Scales – Items – Factors Mapping
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6.3.2 Internal Consistency
Equation 6.1 is used to compute Cronbach’s alpha to measure the internal consistency of
an instrument:

𝛼=

𝐾

𝐾−1

∙ �1 −

2
∑𝑘
𝑖=1 𝜎𝑦

𝜎𝑥

2

𝑖

�

(6.1)

where K is the number of items in the scale, 𝜎𝑥 2 is the variance of the observed total
score for the scale and 𝜎𝑦𝑖 2 is the variance of item i in the scale. Based on this formula,

it can be observed that a higher alpha can be associated with one or both of the following
two conditions:
 Each participant answered similarly to all items in each scale.
Equation 6.1 can be re-written as

2
k 
k σ yi
α=
⋅ 1 − ∑i =1 2
k − 1 
σx






When there are similar answers to all items in each scale,

σ y2i

∑i =1 σ 2
k

x
becomes smaller which results in a larger 𝛼. This is due to the fact that

𝜎𝑥 2 − 𝜎𝑦𝑖 2 is maximized when there is a high correlation between
𝜎𝑦𝑖 2 s which would be the case when answers to the items in the scale

are highly correlated.

 Each scale has good discrimination power. (participants’ answers has a
large variance) which corresponds to large 𝜎𝑥
in a higher α.

2

.

This case also results
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The SPSS software was used to compute Cronbach’s alpha for the four new scales
which are the extracted factors of the EnValue instrument. The results are listed in Table
6-8.
It can be observed that instrument shows strong internal consistency, since Cronbach’s
alpha for all new scales are larger than the acceptable threshold of .7 [53]. Each new scale
also shows good construct validity and unidimensionality, indicative of measuring a
single construct, validating inferences drawn from them based on administering the
instrument to experiment and control groups. Compared to the internal consistency of the
original four scales of the EnValue instrument (Table 6-9), the new scales (Table 6-8)
show slightly better (interest and importance factors) or slightly lower (real-time and
cost factors) Cronbach’s alpha values. In other words, no price was paid in terms of
internal consistency to gain better construct validity (new scales based on extracted
factors). In any case, for each of the new scales of instrument (factors), strong construct
validity should be ensured first as it is the case here before evaluating internal
consistency which was not adversely impacted.
Table 6-8 Internal Consistency for the Four New EnValue Scales ( Extracted
Factors)
Factor Name

Cronbach's

Number of

Alpha

Items

Interest

.894

6

Importance

.874

6

Real-Time

.831

5

Cost

.711

3
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Table 6-9 Internal Consistency for the Original Four EnValue Scales
Scale Name

Cronbach's

Number of

Alpha

Items

Intrinsic Interest

.891

5

Attainment Value

.858

5

Utility Value

.865

5

Cost Value

.750

5

After exploratory factor analysis and computation of Cronbach’s alpha, EnValue
has emerged as an instrument with strong construct validity supported by an underlying
theory (expectancy-value theory of motivation) and good internal consistency. When this
instrument is utilized as a tool for measuring different aspects of student motivation,
corresponding to its four factors, it can yield valid inferences on differences between
those aspects between control and experimental groups as they will be explored in the
next section.

6.4 Statistical Analysis
6.4.1 Applying the Appropriate Hypothesis Tests

The objective of statistical analysis is to determine if there is a statistically
significant difference between participants’ scores on each factor of the EnValue
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instrument between the control and experimental groups. Additionally, scores will be
compared on an item-by-item basis to gain better insights on student perceptions when
answering different questions grouped in each factor. For each factor and for each
question within each factor, the independent samples t-test was used to compare two
means from two independent groups.
6.4.2 Satisfying the Assumptions of the Independent Samples t-test
Three assumptions should be satisfied in order to conduct an independent samples
t-test: 1- normality: normal distribution of the scores of the measured variable in all
groups, 2- homogeneity of variance: the scores of the measured variable across the two
groups should have approximately equal variance when the equal sample size t-test is
used (if only this assumption is violated and other assumptions hold, unequal sample size
t-test is used), and 3- independence: scores of the participants on the measured variable in
the two groups are independent from each other.
A histogram of collected responses to question one of the EnValue questionnaire
is shown in figure 6-10. The bell-shaped nature of this plot points to the normality of the
data. Histograms for other questions confirmed the assumption of normality holds for the
questions as well. To test the homogeneity of variance assumption, Levene’s test for
equality of variances is conducted for each t-test corresponding to a single question and a
single factor. The null hypothesis in this test states that that the variance of scores for the
experiment and control group are equal. For example, for the first question of the
EnValue instrument, as seen in table 6-13, the null hypothesis is rejected in Levene’s test
at the α = 0.05 level. Therefore, homogeneity of variance cannot be assumed for question
1. As a result, a t-test with unequal variances is conducted as depicted in the second line
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in table 6-13. The assumption of homogeneity of variance does not hold for the following
questions of EnValue (1, 4, 5, 9, 18, and 20) and the interest factor but does hold for the
remaining questions and factors. Hypotheses tests for various factors and questions are
discussed next.

Figure 6-10. Histogram of participants’ responses on question 1 of EnValue
questionnaire
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Table 6-10 Results of SPSS Levine Test and T-test for Question 1
Independent Samples Test
Levene's Test t-test for Equality of Means
for Equality of
Variances
F

1.

It

t

df

Sig.

Mean

Std. Error 95% Confidence

(2-

Difference Difference Interval

of the

tailed

Difference

)

Lower

Upper

is Equal

interesting
learn
water

Sig.

to variances

8.972

.004

-2.536

94

.013

-.463

.183

-.826

-.101

-2.304

54.886 .025

-.463

.201

-.866

-.060

that assumed
quality

parameters
Equal

provide
important
information

variances

not

assumed

about...

6.5 Results of Hypothesis Test for each Factor of EnValue
6.5.1 Results for Interest Factor
Table 6 – 13 shows the descriptive statistics for both groups for the interest factor.
The categorical variable Did_Expr takes the value 0 for the control group and value 1 for
the experimental group. An independent samples t-test (table 6 – 14) was conducted and

Table 6-11 Descriptive Statistics for Both Groups, Interest Factor
Group Statistics
Did_Expr

N

Mean

Std. Deviation

Std. Error Mean

.00

37

3.8288

.76122

.12514

59

4.1412

.58380

.07600

Control_

Interest_Factor
1.00 Experiment
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Table 6-12 Results of Independent Samples T-test for Interest Factor
Independent Samples Test
Levene's

Test t-test for Equality of Means

for Equality of
Variances
F

Sig.

t

df

Sig.
tailed)

Equal

variances

Interest_

assumed

Factor

Equal variances not

1.099

.297

assumed

(2- Mean
Difference

Std.

Error 95% Confidence Interval

Difference

of the Difference
Lower

Upper

-2.266

94

.026

-.31241

.13787

-.58615

-.03868

-2.134

62.202 .037

-.31241

.14642

-.60508

-.01975

a statistically significant difference was found in the scores for the interest factor in the
control group (M = 3.82, SD = .76 ) and experimental group (M = 4.14 , SD = .58 ); t (94)
= -2.266 , p<.05. Also, similar analyses were conducted for each question in this scale.
Table 6-15 lists the summary of results.
Table 6-13 Results of Hypotheses Tests for Interest Factor
Interest Factor
Question
No.
1

2

3

Question Wording

Type of T- Result
test
It is interesting to learn that water quality parameters Unequal
Sig. at .05
provide important information about the health of water variances
level
resources.
(p = .025)
It is interesting to learn about the interrelationships Equal
Not
Sig.
between the weather parameters and the water quality variances
at .05 level
parameters.
(p = .104)
It is interesting to know that water quality parameters Equal
Sig. at .05
are monitored to generate important information about variances
level
sustainability of water resources.
(p = .034)
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4

5

6

It is interesting to learn about changes in weather
parameters (such as wind speed) on a local scale (VT
campus).
It is interesting to be able to know about the value of
both local weather and local water quality parameters at
the same time.
It is important to learn about the impact of pollution on
water quality parameters.

Factor as a whole

Unequal
variances
Unequal
variances
Equal
variances
Unequal
variances

Sig. at .01
level
(p = .006)
Not
Sig.
at .05 level
(p = .063)
Not
Sig.
at .05 level
(p = .681)
Sig. at .05
level
(p = .026)

In summary, students exposed to LEWAS showed higher interest in learning
about water quality parameters and their monitoring. Although the difference for some
questions in the scale was not statistically significant (questions 2, 5, and 6), the
difference for others were significant, including question 4 with a very strong significant
difference (at the α = .01 level) that resulted in the overall factor to be significant at the α
= .05 level. It should also be noted that in addition to the statistically significant different
means for interest factor between the two groups, the variance of the factor was also
significantly different between the two groups. In other words the experimental group
had closer answers to their mean in addition to having a higher mean which shows how
access to LEWAS can result in higher and more uniform interest in environmental
parameters and their monitoring.
6.5.2 Results for Importance Factor
Table 6 – 16 shows the descriptive statistics for both groups for the importance
factor. As seen in this table, the means for the two groups are higher than means reported
for the interest factor in table 6 – 13. These means are also higher than the means for the
two groups respectively for the real-time and cost factors (displayed later in the document
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in Tables 6-19 and 6-22). In other words, students in both groups have rated importance
higher than any other factor. First, it should be investigated if the rating of importance
factor is significantly different between the control and experimental groups.
Table 6-14 Descriptive Statistics for Both Groups, Importance Factor
Group Statistics
Did_Expr

N

Mean

Std. Deviation

Std. Error Mean

.00

37

4.3559

.51992

.08547

59

4.2797

.50328

.06552

Control_

Importance_Factor
1.00 Experiment

Table 6-15 Results of Independent Samples T-test for Importance Factor
Independent Samples Test
Levene's
Test

t-test for Equality of Means
for

Equality

of

Variances
F

Sig.

t

df

Sig. (2-tailed)

Mean

Std.

Error 95%

Difference

Difference

Interval

Confidence
of

Difference

Equal

variances

Importance_

assumed

Factor

Equal

variances

not assumed

.382 .538

Lower

Upper

.713

94

.478

.07619

.10689

-.13604

.28843

.707

74.725

.481

.07619

.10770

-.13836

.29075

After conducting independent samples t-test (equal variances) for the importance
factor, Table 6-17, it can be concluded that unlike interest factor, there was not a
significant difference in the scores for the importance factor between the control group
(M = 4.35, SD = .51 ) and the experimental group (M = 4.27 , SD = .50 ) at the α = .05
significance level. Since the mean score for this factor in each group (control or
experiment) is higher than the mean score for any other factor for the same group and the
means for the two groups are close, it can be concluded that both the reading assignment

the

100
and workshop activity resulted in higher scores on the importance of environmental
monitoring for both groups. Table 6-18 lists the summary of results of hypotheses tests
for the importance factor.
Table 6-16 Results of Hypotheses Tests for Importance Factor
Importance Factor
Question
No.
7

Question Wording

Type of T- Result
test
7. It is important to learn that changes in weather Equal
Not
Sig.
parameters (e.g., rainfall) can result in changes in water variances
at .05 level
quality parameters (e.g. pH).
(p = .850)
8
It is important to monitor water parameters to ensure Equal
Not
Sig.
long-term sustainability of water resources.
variances
at .05 level
(p = .176)
9
It is important to monitor weather parameters and their Unequal
Not
Sig.
relation to water parameters.
variances
at .05 level
(p = .744)
10
It is important to know that human activities in a Equal
Not
Sig.
watershed can impact water quality parameters.
variances
at .05 level
(p = .063)
11
Learning the causes of change in water quality Equal
Not
Sig.
parameters of a local stream is useful for sustainable variances
at .05 level
water and land resource development.
(p = .399)
12
Monitoring water parameters is critical for a Equal
Not
Sig.
sustainable development of water resources.
variances
at .05 level
(p = .908)
Factor as a whole
Equal
Not
Sig.
variances
at .05 level
(p = .478)

6.5.3 Results for Real-Time Factor
As a result of factor analysis, a real-time factor was extracted. This is the only of
the four factors factor where the items loading the factor did not come from a similarly
named scale of the instrument. Tables 6-19 and 6 - 20 show the descriptive statistics and
t-test results (equal variances) respectively.
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Table 6-17 Descriptive Statistics for Both Groups, Real-Time Factor
Group Statistics
Did_Expr

N

Mean

Std. Deviation

Std. Error Mean

.00

36

3.9056

.58454

.09742

59

4.2407

.53405

.06953

Control_

Real_Time_Factor
1.00 Experiment

Table 6-18 Results of Independent Samples T-test for Real-Time Factor
Independent Samples Test
Levene's
Test

t-test for Equality of Means
for

Equality

of

Variances
F

Sig.

t

df

Sig. (2-tailed)

Mean

Std.

Error 95%

Difference

Difference

Interval

Confidence
of

the

Difference

Equal

variances

Real_Time_

assumed

Factor

Equal

variances

not assumed

.749

.389

Lower

Upper

-2.862

93

.005

-.33512

.11708

-.56762

-.10263

-2.800

68.940

.007

-.33512

.11969

-.57390

-.09635

As reported in the Levene test in Table 6-20, the difference between the variances
(measures of dispersion) between control and experimental groups was not statistically
significant. However, after the means (measures of central tendency) were compared (ttest in Table 6-20), the difference was significant at the α = .01 level between the control
group (M = 3.90) and experimental group (M = 4.24). To gain a better understanding of
how individual questions that loaded the real-time factor contributed to a significant
difference between control and experimental groups, individual t-tests for each of the
questions were conducted (Table 6-21).
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Table 6-19 Results of Hypotheses Tests for Real-Time Factor
Real-Time Factor
Question
No.
13

Question Wording

Type of T- Result
test
Real-time monitoring of water parameters is useful for Equal
Not
Sig.
evaluating the health of the water resources that our variances
at .05 level
community relies on.
(p = .192)

14

It is useful to develop systems to monitor changes in Equal
local water quality parameters in real time.
variances

15

It is useful to develop systems to monitor changes in Equal
local weather parameters in real time.
variances

18

Monitoring weather and water parameters of a specific Unequal
site such as Stroubles Creek in real time is more variances
convenient than searching for them online.

Not
Sig.
at .05 level
(p = .310)
Not
Sig.
at .05 level
(p = .387)
Sig. at .01
level
(p = .0010)

19

Monitoring weather and water parameters of a specific Equal
site such as Stroubles Creek in real time is more variances
convenient than going to the field and sampling them.

Sig. at .001
level
(p = .00069)

Factor as a whole

Equal
variances

Sig. at .01
level
(p = .0051)

6.5.4 Results for Cost Factor (Time and Effort Cost)
Similar to the real-time factor, the difference between variances of the cost factor
for the two groups was not significant and the difference between the means for the same
factor was statistically significant, although at a more strict level (α = .001). This more
significant difference is evident in the larger difference between the means of the two
groups (3.00 for control vs. 3.58 for experiment) compared to other factors. Given the
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ease of access provided to the experimental group to access environmental parameters
through LEWAS, this strong difference was not unexpected.
Table 6-20 Descriptive Statistics for Both Groups, Cost Factor
Group Statistics
Did_Expr

N

.00

36

3.0093

.73241

.12207

59

3.5819

.80609

.10494

Control_

Mean

Std. Deviation

Std. Error Mean

Cost_Factor
1.00 Experiment

Table 6-21 Results of Independent Samples T-test for Cost Factor

Independent Samples Test
Levene's

t-test for Equality of Means

Test for
Equality of
Variances
F

Sig.

t

df

Sig. (2-

Mean

Std. Error

95% Confidence

tailed)

Difference

Difference

Interval of the
Difference
Lower

Equal variances
Cost_

assumed

Factor

Equal variances
not assumed

2.969

.088

-3.475

Upper

93

.001

-.57266

.16479

-.89989

-.24543

-3.557 79.613

.001

-.57266

.16098

-.89304

-.25228

Table 6-22 Results of Hypothesis Tests for Cost Factor
Cost Factor
Question
No.
16

17

Question Wording
It is easy to find out about the current or historical value
of water parameters (i.e. temperature) for Stroubles
Creek. (Feel free to use online resources to answer this
question if you haven’t had access to any other source.)
It is easy to find out about the current value of weather

Type of
T-test
Equal
variances

Result

Equal

Sig. at .01

Sig. at .05
level
(p = .023)
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20

parameters for the Virginia Tech campus (Feel free to
use online resources to answer this question if you
haven’t had access to any other source.)

variances

level
(p = .002)

Developing a system to monitor local weather and water
parameters in real-time is an easy task.

Unequal
variances

Sig. at .01
level
(p = .004)
Sig. at .001
level
(p
= .00077)

Factor as a whole

Equal
variances

6.6 Gender Differences in Attitudinal Responses
The objective of this section is to test whether there were gender differences
between experimental and control groups in EnValue scores. Table 6-23 lists the number
of participants in each group. To investigate this difference, among the parametric tests,
ANalysis Of VAriance (ANOVA) should be applied. Unlike the t-test in which the means
of two groups are compared, ANOVA is applied when more than two groups are
compared to each other. In this case, four groups based on gender (male or female) and
exposure to LEWAS (control or experiment) are compared to each other. The categorical
variable Did_Expr_Sx takes a value between one and four for each of the four cases as
shown in table 6 – 26.
Table 6-23 Breakdown of Participants Based on Gender and Experimental group
Value of categorical
variable
“Did_Expr_Sx”

Control or
experimental group
assignment

Gender

1
2
3
4

Control
Control
Experiment
Experiment

Female
Male
Female
Male

Number of
recorded
participants in
this category
3
28
8
51
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6.6.1 Examining Significance of Differences Between Gender/Exp. Status Groups
The objective of this section is to identify if there exists any pair out of the four
groups in table 6-26 where they differ on their factor scores for any of the four factors.
The usual test to apply in this condition is the ANOVA test which requires the following
assumptions: 1- normality: normal distribution of the scores of the measured variable in
all groups, 2- homogeneity of variance, and 3- independence: scores of the participants
on the measured variable in different groups are independent from each other. The
ANOVA procedure could not be used, however, because of the violation of the normality
assumption due to the very small number of female participants.
The Kruskal-Wallis test, the nonparametric equivalent of ANOVA, relies on the
third assumption, independence, and can tolerate non–normality and non-equality of
variances [54]. This test investigates if there is a statistically significant difference in the
mean rank of the test variable (each of the EnValue factor scores in this case) for the
participants in different groups. A higher rank represents a higher score (ascending sort).
The mean ranks for the four groups as computed by SPSS are shown in Table 6 – 27.
Table 6-24 Mean Ranks for Different Gender and Experiment Status Groups

Did_Expr__Sx
Interest_Factor

1 (Ctrl_Female)
2 (Ctrl_Male)
3 (Exp_Female)
4 (Exp_Male)
Total

Importance_Factor 1 (Ctrl_Female)

N

Mean Rank
3

31.33

28

35.66

8

51.38

51

50.81

90
3

42.33
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2 (Ctrl_Male)
3 (Exp_Female)
4 (Exp_Male)
Total

Real_Time_Factor

45.36

8

51.62

51

44.80

90

1 (Ctrl_Female)
2 (Ctrl_Male)
3 (Exp_Female)
4 (Exp_Male)
Total

Cost_Factor

28

3

31.33

28

32.16

8

50.38

51

52.89

90

1 (Ctrl_Female)
2 (Ctrl_Male)
3 (Exp_Female)
4 (Exp_Male)
Total

3

30.67

28

33.66

8

58.94

51

50.76

90

Table 6-25 Test Statistics for Kruskal-Wallis, Comparing Four Experiment
Status/Gender Groups a,b

Importance_Fact Real_Time_Fact
Interest_Factor
Chi-Square
df
Asymp. Sig.

or

or

Cost_Factor

7.492

.534

12.731

11.131

3

3

3

3

.058

.911

.005

.011

a. Kruskal Wallis Test
b. Grouping Variable: Did_Expr__Sx

It can be concluded from table 6 – 28 that for both the real-time factor and cost factor, at
least two groups had significantly different mean ranks at the .05 level. The next step,
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similar to multiple comparisons in ANOVA, is to find out the pair(s) of groups that had
significantly different scores for the real-time and cost factors.

6.6.2 Identifying Gender/Experimental Status Group Pairs with Significant Differences
The objective of this section is to find out which one of the six
Gender/Experimental Status Group Pairs had significant differences on each of the two
factors (real-time and cost) which the Kruskal-Wallis test found were significantly
different between groups. To find out which of the two groups had different real-time
factor, the nonparametric counterpart of t-test, the Mann-Whitney U test is applied. The
null hypothesis assumes that population medians are equal. Similar to the Kruskal-Wallis
test, this test is robust to non-normality and non-equality of the variances and investigates
if there is a statistically significant difference in mean ranks [54] of the real-time factor.
Since there are four groups, there are C(4,2) =6 different ways to choose two groups out
of four and compare them with each other. The Mann-Whitney U test was applied to all
six group pairs. A Bonferroni correction for multiple comparisons was applied and the
original significance level of .05 was divided by six to arrive at α = .0083. In other words
only p values smaller than .0083 were declared significant. The more stringent α value
is set to compensate for the higher likelihood of declaring a difference significant due to
chance since multiple comparisons are being made between six means, one pair at a time.
After applying the correction (comparing reported significance level against .0083,
instead of .05, only one pair, group 2 (male students in the control group) and group 4
(male students in the experimental group) had a statistically significant difference
between the mean ranks for the real-time factor. The mean ranks for two groups are listed
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in Table 6-29. The significance level of the difference between the means are listed in the
last row of Table 6-30. As seen in this table, only the significance level for their real-time
and cost factors are less than .0083, therefore, among the six different pairs of possible
comparisons between the four groups (female or male students in experiment or control
groups), the only statistically significant differences are between male students in the
control and experiment groups in their scores for the real-time factor and in their scores
for the cost factor.
Table 6-26 Mean and Sum of Score Ranks of Male Students in the Control (2) and
Experiment (4) Groups for different scales of EnValue

Table 6-27 Mann-Whitney U Test Statistics for Comparing Control and Experiment
Male Students
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No statistically significant difference corresponding to any of the four factor score
ranks between female students in the control group and female students in the
experimental group was found. This may be due to the fact that there are only three
female students in the control group and only eight in the experimental group, therefore
limiting the statistical inferences that could be made by comparing with each other. A
larger sample size would demonstrate if the difference between the two groups of female
students is significant the same way it was for their male counterparts

6.7 Convergence of Parametric and Nonparametric Test Results
In summary, a set of t-tests were conducted to compare the means of control and
experimental groups for the four factors which indicated statistically significant
differences for all but the importance factor. The same comparison was conducted using
the nonparametric Mann-Whitney test (Table 6-31). The results (Table 6-32) are the
exact same results obtained through the parametric t-tests: the mean rank in scores for all
but the importance factor are significantly different at the .05 level between the control
and experiment groups. This convergence between parametric and nonparametric
analysis of the data confirms the effect of treatment (access to LEWAS) on the difference
between perceptions for all but the importance factor. The non-significance of differences
between importance factor scores of the control and experimental groups can be
attributed to the emphasis placed on this factor in the Environmental Monitoring
document and in the workshop activity which both group completed.
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Table 6-28 Mean and Sum of Score Ranks of Students in the Control and
Experiment Groups for different scales of EnValue
Ranks

Did_Expr
Interest_Factor

N
37

40.59

1502.00

1 (Experimental)

59

53.46

3154.00

96

0 (Control)

37

50.19

1857.00

1 (Experimental)

59

47.44

2799.00

Total

Real_Time_Factor

96

0 (Control)

36

37.53

1351.00

1 (Experimental)

59

54.39

3209.00

Total

Cost_Factor

Sum of Ranks

0 (Control)

Total

Importance_Factor

Mean Rank

95

0 (Control)

36

35.07

1262.50

1 (Experimental)

59

55.89

3297.50

Total

95

Table 6-29 Mann-Whitney U Test Statistics for Comparing Control and Experiment
Students
a

Test Statistics

Interest_Factor Importance_Factor Real_Time_Factor Cost_Factor
Mann-Whitney U
Wilcoxon W

799.000

1029.000

685.000

596.500

1502.000

2799.000

1351.000

1262.500

-2.219

-.476

-2.914

-3.604

.026

.634

.004

.000

Z
Asymp. Sig. (2-tailed)
a. Grouping Variable: Did_Expr
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

The two major goals of this dissertation were set as accomplishing the design and
implementation of LEWAS and conducting engineering education research to investigate
educational applications and outcomes associated with accessing LEWAS. These two
goals can be situated in the broader context of the Innovation Cycle of Educational
Practice and Research, adapted from [55] (Figure 7-1). In this context, the first node of
the cycle, an educational practice (introducing data acquisition in the freshman
engineering course, ENGE 1024) identifies and motivates the second node, an idea
(design and implementation of LEWAS) which in turn leads to the third node,
educational research (research design to investigate educational outcomes of LEWAS). In
the fourth node of the cycle (research results) answers and insights comprised of the
results of the experimental research are presented which have the potential to inform and
improve educational practice. In the following, the design, implementation, and
educational applications of LEWAS will be summarized in the context of this innovation
cycle. Also, difficulties that were overcome during implementation and potential future
directions will be discussed.
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Figure 7-1 The Innovation Cycle of Educational Practice and Research, Adapted
from [55]
7.1 Conclusion on Goal 1: Design and Implementation of LEWAS
Design of LEWAS has been discussed in the framework of extending data
acquisition activities in ENGE 1024 using LabVIEW by acquiring environmental data
from an ecologically impaired on-campus stream. Providing a user access to instruments
that measure water and weather parameters remotely qualifies LEWAS as a remote lab.
LEWAS as a remote lab, enables access to real hardware, a strength shared with
real labs, and enables unsupervised access to the instruments around-the-clock, a strength
shared with virtual labs. Also, similar to real labs, local LEWAS users can actually get a
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sense of the water and weather parameters being measured by visiting the LEWAS site.
The convenience of “In-situ” measurement comes with a price. Implementing a remote
lab in an outdoor location poses unique logistical challenges, since there is no direct
access to power and communications infrastructure resources available to most remote
labs in educational settings, which are installed indoors.
As the first step in design, the technical design objectives had to be finalized.
These objectives were reliance on renewable energy, accessibility, programmability and
providing a unified programming interface. The first two objectives were directly dictated
by an outdoor installation location. The third and fourth objectives were added since they
were a requirement for an educational setup and commercially available water quality
monitoring systems were not able to fulfill them. In the following, the process and
product of implementation of LEWAS is briefly reviewed.
Implementation of LEWAS included application of the engineering design cycle
in four major areas: hardware, electrical, communications, software. In each area, after
the initial implementation, documentation, and test, the design was revised if it did not
meet the specifications or if the specifications had to be changed. The context for
iterative implementation process was ENGE 1024 as the design progressed from the first
to the third phase and as students in the course were provided access to LEWAS in this
progression. Before and in some instances concurrent with the first phase of the
implementation, a developmental platform (an indoor development laboratory) had to be
set up. There were multiple tasks associated with setting up this platform including
procurement of all the sensor hardware, electrical, communications, and computer
hardware and software, training LEWAS team members, and setting up the IT
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infrastructure for the lab. In addition, weekly lab meetings were held with LEWAS team
members. Some of the revisions in sensor hardware installation originated from weekly
lab meetings. Assistance was sought from several administrative units on campus. These
include the following three offices at Virginia Tech: Facilities, Electrical Services,
Communication Network Services, and Office of the University Architect. The
installation of LEWAS was completed in the summer of 2012 as all equipment are
installed, connected and programmed in the field. Figure 7-2 shows the different elements
of LEWAS during an operational test conducted in September 2012. Design and
implementation of LEWAS is summarized in Table 7-1.
Table 7-1 Executive Summary of Goal 1: Design and Implementation of LEWAS
Background

Existing Gap
in Literature
Objective
Method
Results

Remote labs can enable remote access to installed laboratory resources
at a reduced cost since resources can be shared among users. In
addition, unlike traditional labs, users have temporal and spatial
flexibility in accessing the lab resources.
An environmental monitoring remote lab installed in the field.
Acquiring water and weather data from the site of an ecologically
impaired on-campus stream.
Designing and implementing the hardware (computing and sensors),
electrical, communications, and software components of LEWAS.
A solar-powered and network-connected remote lab installed on the
site of an impaired on-campus stream enabling collection and
transmission of water and weather parameters in real time.
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Figure 7-2 Testing of Completed Installation of LEWAS (Image taken by author)

7.2 Conclusion on Goal 2: Investigating Educational Applications of LEWAS
Research on educational applications of remote labs has mostly focused on
motivational outcomes based on observational studies [13], [16], [17], and [18]. An
experimental design can produce causal results - if the change in student motivation has
been as a result of accessing remote labs - since there are both experiment and control
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groups that are randomly assigned whereas an observational study focuses only on
observations on how remote labs have impacted student motivation. In this study, a
multi-semester observational study yielding positive student attitudes towards the impact
of LEWAS informed the experimental design employed in this educational research.
The experimental design relied on the 20-item EnValue instrument which was
designed to measure students’ perceptions on their motivation for environmental
monitoring. This instrument was designed based on the expectancy value theory of
motivation and was administered to 150 students in the ENGE 1024 course in Spring
2012. As a result of exploratory factor analysis (EFA) four major constructs (factors)
were identified that contributed to explaining the variance in student scores. These four
factors ranked by contribution to total variance are as follows: interest in environmental
monitoring, importance of environmental monitoring, monitoring the environment in
real-time, and cost (feasibility) of environmental monitoring. Results of the EFA showed
strong evidence of construct validity. In addition, reliability analysis was indicative of
strong internal consistency (Cronbach’s alpha values of .89, .87, .83, and .71 for the four
factors).
Students were assigned randomly to control (60 students) and experimental (90
students) groups. Both groups completed a reading assignment on environmental
monitoring which identified water quality parameters important for the health of
Stroubles Creek, potential impact of pollution, and the importance of environmental
monitoring. One week after the reading assignment, both groups engaged in a hands-on
activity on the health of Stroubles Creek where the control group were given recorded
values of environmental parameters while the experimental group had access to the real-
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time water and weather data through LEWAS. At the end of the activity, all students
were provided with link to complete the EnValue survey. Out of the 90 students in the
experiment group, 59 completed the survey. Also, out of the 60 students in the control
group, 37 completed the survey.
Four hypotheses were tested to see if there are statistically significant differences
between the control and experimental groups on their perceptions of interest, importance,
real-time aspect, and cost of environmental monitoring. The results indicated that there
were statistically significant differences recorded for all factors with the exception of the
importance factor which had the highest mean factor score between all four factors for
both groups. This can be attributed to the reading assignment that emphasized the
importance of environmental monitoring for both groups. In addition, a nonparametric
test, Kruskal Wallis one-way analysis of variance was conducted to see if there are
statistically significant differences in the score rank of participants for the four groups
(experimental-men, experimental-women, control-men, and control-women). The
nonparametric test was used since they were very few female participants (three in
control and eight in experimental groups). The results indicated that the only statistically
significant difference was between the males in the control and experimental groups, in
line with the findings for those two groups without specifying gender. The very small
number of female participants may have contributed to their insignificant results, and
experiment with a larger sample of female students could further investigate this fact.
In addition to inferences made based on comparing means and average ranks of
participants’ scores on the EnValue instrument, which are both measures of central
tendency, the variance in scores for control and experiment groups as a measure of
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dispersion was compared with each other using the Levene test. The results indicated that
among the four factors, there was a statistically significant difference between the
variance of scores for the interest factor between the control and experimental groups.
The experimental group not only had a higher mean score on interest factor, the
difference between their scores and that mean (standard deviation) was on average
smaller than the control group. In other words, accessing LEWAS had resulted in less
dispersed and higher-on-average perceptions of interest in environmental monitoring.
Interest, referred to as interest value in the expectancy value theory of motivation, is an
important element of student motivation.
The finding above on the impact of access to LEWAS on interest in
environmental monitoring should be viewed in the context of research on the role of
interest in education. In [56], it is noted that extensive research has found interest to be a
powerful influence on learning which could influence attention, goals, and levels of
learning. The authors present a four-phase model of interest development consisted of
triggered situational interest, maintained situational interest, emerging individual interest,
and well-developed individual interest which vary in increasing levels of affect,
knowledge, and value. Citing several research findings, the authors in [56], especially
noted that situational interest, characterized by the authors as “short-term changes in
affective and cognitive processing” maybe the first step to “the predisposition to reengage
particular content over time as in more developed phases of interest”. In the field of
environmental monitoring, LEWAS can play an important role in the first step of interest
development, situational interest, which if sustained in higher level courses and activities
can eventually result in individual interest.
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The finding that students’ perceptions on the real-time factor was significantly
different between the two groups, supports the decision to include real-time access in the
design and implementation of the lab which can result in increasing student motivation in
environmental monitoring. As explained earlier, both groups engaged in the exact same
hands-on activity but only experimental group used real-time values provided by
LEWAS to answer questions on the health of Stroubles Creek .
Finally, the difference in students’ responses on the cost factor confirms prior
research [13], [15] on the feasibility of remote labs. As one of the four value components
in the expectancy value theory of motivation, the feasibility of engaging in an activity
and the lesser the cost (in terms of effort and time) of an activity, the more likely it is that
students will follow the activity. Access to weather and water quality parameters in a
Web browser reduces that cost and makes monitoring the environment more affordable.
Educational outcomes of LEWAS are summarized in Table 7-2.
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Table 7-2 Executive Summary of Goal 2: Educational Outcomes of LEWAS
Background
Existing Gap
in Literature

Objective

Method

Results

Review of literature suggests that educational outcomes of remote labs
should include students’ perceptions of their motivation.
Theory-based, psychometrically sound perceptual instruments are not
used for measuring students’ motivation when they have been provided
access to remote labs.
Observational studies alone, commonly used in studying educational
outcomes of remote labs, fail to attribute possible differences in
students’ motivation - between students who have access and those
who do not have access to the lab - to access to the remote lab
facilities.
Designing and validating a perceptual instrument to measure student
motivation to learn about environmental monitoring.
Implementing an experimental design to study motivational outcomes
of LEWAS.
Designing and administering EnValue instrument based on the
expectancy- value theory of motivation.
“True experimental” design with random assignment of treatment
(access to LEWAS) to the experimental group.
Good reliability and strong construct evidence of validity for EnValue.
Emergence of four factors for environmental monitoring (interest,
importance, real-time, and cost), in line with expectancy value theory
of motivation.
Statistically significant differences between experimental (access to
LEWAS) and control groups in all but one factor (importance). A
reading assignment and workshop activity emphasizing the importance
of environmental monitoring may have resulted in higher scores for
both groups on the importance factor which were not statistically
different from each other. A causal relationship between access to
LEWAS and higher motivation for environmental monitoring can be
inferred from higher scores of experimental group on interest, realtime and cost factors.

121
7.3 Difficulties Encountered and How They Were Overcome
The implementation challenges are categorized according to the four areas of
design:
Hardware design: The main challenge here was the unique challenges that the
installation location posed including shallow depth and bursty flow (relatively low base
flow for most of the time and very high flow after heavy rain). This challenge was
overcome after consultation with other LEWAS team members and the redesign of
enclosure for the water quality sonde. Another challenge was the maximum distance
requirement between the sensors and the instrument box which was resolved by installing
a repeater (a device that amplifies electrical signals) for the weather station.
Electrical design: The main challenge was the lack of an authentic simulation
environment while the generation, storage, and consumption components of the system
were being tested indoors. The workaround was implemented to measure and record the
solar panels current and voltage outdoors during different times of the day and to power
equipment with the same recorded values using a high precision power supply.
Communications design: In general, any test or deployment related to the
communication system took considerably more time compared to the other areas. This
was because any such test was only possible when all the drivers for the communication
equipment were installed and operational and only when the system was properly
configured to work with the University network which was not designed to provide
service to an embedded computer with no live user interface. For example, although tests
were successful in a simulated indoors setup with a router dedicated to LEWAS lab,
replicating the same test outdoors delayed the work for a month to resolve issues
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associated with authentication of the embedded computer in the University network.
After consultation and multiple meetings with Communication Network Services (CNS),
the system was redesigned to employ a bridge architecture. In this setup, the wireless
bridge was sent to CNS and was configured to act as an extension to the Hahn Hall
Ethernet network which resolved the earlier authentication issues.
Software design: A challenge that had to be overcome was determining the
communication protocol between each sensor and a connected computer when the
manufacturer’s proprietary software was used. Often times, the manufacturer of the
sensor was not fully forthcoming in disclosing how the software protocol was
implemented. Knowledge of this protocol was essential for programming it into
LabVIEW. The manufacturer’s technical support was reluctant to provide support for recoding the protocol in a new environment which would have obviated the need for their
proprietary software except for calibration. There were instances where they became fully
non-cooperative as they were not interested in providing information for the
implementation of a software environment that can potentially compete with their own
software. This difficulty was overcome by researching and procuring specialized
software that monitored data communication to and from the development computer.
This setup helped to identify the missing pieces of data when the sensor was
communicating with the development computer. These details were coded in LabVIEW.
7.4 Future Directions
7.4.1 Future Directions for Design and Implementation
A potential extension of the current functionality of the lab is to include solar
tracking in the implementation. In this setup, the remote users will be able to change the
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azimuth and inclination angle of solar panels by writing LabVIEW VIs that command
servomotors that can be installed in the field so that the system consistently achieves
maximum daily energy conversion from solar to electrical. The LabVIEW programs can
be transferred from the remote user’s computer to be executed on the embedded
computer in the field. A possible setup for this extension is illustrated in Figure 7-3.

Figure 7-3 An Extension of LEWAS Design that Includes Solar Tracking

Another direction where the design and implementation of LEWAS can be
expanded is uncertainty analysis or the process of identifying and qualifying
measurement errors. There are two components to uncertainty or error: bias error
(systematic errors) and precision error (random error). Regarding precision errors,
precision is effected by the resolution of the sensors, in the case of LEWAS, listed in
Tables 4-2,4-3, and 4-4). This type of error can cause scatter in experimental data. While
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simple statistical analysis of a sample of collected data can yield valuable information
about precision error such as standard deviation of the mean as a measure of scattering of
the data, by itself, it cannot yield much information about bias error. Calibration of
sensors, as discussed earlier, can reduce bias error. Also, although manufacturers list the
accuracy of their instruments (Tables 4-2,4-3, and 4-4 for instruments employed in
LEWAS), bias error can only be truly estimated by comparison with other sensors.
Therefore, a future direction in the implementation of LEWAS can be installation of
additional sensors (hardware redundancy) to reduce bias error.
Also, as another future improvement, automated data quality assurance and
control (QA/QC) can be deployed to identify measurement data that deviate considerably
from historical patterns. To this end, development of statistical techniques such as
dynamic Bayesian networks (DBNs) which one of their applications is detecting
anomalies in environmental streaming data can be used. DBNs are used in water quality
[57] and air quality monitoring [58].Finally, as a part if uncertainty analysis, propagation
of uncertainties to other parameters that are computed as a mathematical function based
on measured parameters (for example calculating altitude from barometric pressure) can
be quantified. This can be accomplished by computing the partial derivatives of the
function with respect to the measured parameters and using them to compute a first order
Taylor series expansion of function.
7.4.2 Future Directions for Educational Applications
Since multiple sensors are installed close to each other at LEWAS site, this
provides a unique opportunity to relate weather and water quality parameters to explore
various relationships leading to prediction models in environmental monitoring. For

125
example, by recording and analyzing multiple instances of rainfall-runoff events, one can
analyze what fraction of rainfall is turning into runoff which will be a reflection of
changes in land use in Stroubles Creek watershed. It should be noted that although data
collected using the LEWAS setup is limited to an impaired stream in Southwest Virginia,
the relationship between different parameters is not specific to the site of the lab and can
be contextualized in topics discussed in a freshman engineering program and beyond.
For example, it is known that water temperature negatively correlates with dissolved
oxygen. Students (local to the site or at other institutions) can access the data and find
the coefficients for the regression equation using real-time data. Applying regression with
live data to predict future amounts of dissolved oxygen based on estimates of temperature
can contribute to students’ experiential learning.
As reviewed in chapter 2, most studies on the impact of remote labs focus on
motivational outcomes which were also the focus of the experimental design using the
EnValue instrument in this study. LEWAS has been successful in impacting student
motivation from the perspective of expectancy value theory by improving students
perceptions on their interest in environmental monitoring (interest factor) and also the
feasibility of environmental monitoring (cost factor). For an introductory course such as
ENGE 1024 where students have limited prior knowledge in environmental monitoring,
investigating motivational outcomes as opposed to cognitive outcomes is more
appropriate. However, in higher level courses, investigating cognitive outcomes will be a
logical extension of LEWAS application. For example, an experimental study can be
designed to investigate if introducing problems using authentic water and weather data
from LEWAS site as opposed to contrived textbook problems have any impact on the
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students problem solving skills or higher level learning such as the ability to analyze and
evaluate sustainability concepts.
The cognitive outcomes associated with LEWAS can be extended beyond
Virginia Tech. This setup can potentially provide the engineering education community
with two outcomes that transcend the boundaries of local access to the home institution.
First, it can provide data on energy and environmental variables accessible to anyone
with Internet access. For example, remote users can monitor the electrical power
generated by the solar panel and find out the time of day when maximum power is
generated. Second, once the impact of remote labs on student motivation has been studied,
the result of such study can be used to inform the design of other real-time remote labs
that measure physical, chemical or biological variables of interest useful in various
engineering courses.
Perception is an important element of cognition; therefore, when potential
cognitive outcomes of a remote lab such as LEWAS are to be explored, the role of the lab
in enhancing student perception is an important consideration. There is, however, a
difference in the perception domain between LEWAS and other remote labs that measure
more perceivable parameters such as force or vibration, as most of water quality
parameters such as pH and dissolved oxygen cannot be directly perceived due to their
nature. This difference can be compensated for local users of LEWAS if educational
activities include visiting Stroubles Creek and sensing and perceiving other water quality
parameters such as turbidity and temperature so that users can “feel” the water for which
they are viewing its parameters on their laptop screens. In fact, in the case of water
quality monitoring, by using a remote-lab approach, a large number of users can access
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the system at any time electronically and physically as opposed to enabling only a few
students at a time to directly connect their computers to the water sensors in a supervised
laboratory environment, the setup for a “real” lab counterpart of LEWAS .
In addition to the product – collecting environmental and energy data – the
process of data collection can be educational for students who are given access to the lab
in the home institution and beyond as they can be introduced to Data Acquisition (DAQ),
the process of sensing a physical phenomenon and converting it to an electrical signal.
LEWAS provides the students a real-world application of the DAQ process, a subject
which will be studied in more detail by those students who plan to major in electrical
engineering.
Although the environmental monitoring devices perform data acquisition
internally before the data enters the LabVIEW dataflow, the setup provides a good
practical example of how physical phenomena are sensed and converted to electrical
signals. Introductory courses in the area of electrical engineering are a good candidate for
learning about DAQ using the LEWAS lab. More broadly speaking, real-time remote
access to the lab can serve as a vehicle to understand and apply the following concepts
for electrical and computer engineering students: Analog to Digital Conversion, Wireless
Networks, Radio Wave Propagation, Sensors and Actuators, and Sensor Networks. Also,
at the freshman engineering level, exposure to the subject of data acquisition using a realworld example can potentially enhance student interest to pursue higher level coursework
in this area in more detail.
In summary, educational applications of LEWAS can extend beyond Virginia
Tech, as everyone on the Internet can potentially be provided with access to the lab.
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Community colleges, teachers and schools that are interested in environmental and
energy sustainability can all benefit from accessing LEWAS lab. These applications
include monitoring conversion of solar energy to electrical energy, using the collected
parameters to investigate relations between them in higher level civil and environmental
engineering courses, and providing a working example of data acquisition and
communication that can be monitored remotely for introductory electrical and computer
engineering courses.
An ongoing educational application of LEWAS is a study to introduce LEWAS
into the curriculum of Virginia Western Community College and a senior-level
hydrology course at Virginia Tech. This NSF funded project (award # 1140467,
Transforming Undergraduate Education in Science [TUES] Type I) was developed as part
of this study and is a unique example of research to practice of the innovation cycle
discussed in the beginning of this chapter. Since students will be working with authentic
LEWAS data in their problems as opposed to contrived textbook examples, it is expected
that they will have a more meaningful learning experience in working with concepts and
principles related to water and weather parameters.
The contribution of this dissertation is threefold: The first major contribution of
this research is to demonstrate how multidisciplinary knowledge and skills in engineering
can be utilized to design and implement a remote lab, LEWAS, to better motivate
students to learn about the environment and monitor it. The second major contribution of
this research is demonstrating how appropriate instructional material can be designed and
implemented to introduce LEWAS to the classroom and how a perceptual instrument can
be designed and validated to measure the impact of LEWAS on student motivation.
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Finally, the third major contribution is the establishment of a remotely accessible realtime environmental monitoring platform that can provide data for education and research
in a variety of disciplines including civil and environmental engineering.
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APPENDICES

Appendix A-1 (Example Weekly Progress Report)
Progress Report for June 14th, 2011, prepared by Parhum Delgoshaei
(i)
Progress in lab work
a. Solar panels and existing fixture picked up by VTES (6/2). Emailed VTES (6/3)
on two phase plan (phase 1 power and phase 2 data) Followed up on 6/8 with
VTES
b. REU-related: Review of LabVIEW (Desktop Version), Data Acquisition
complete, existing VI for Sonde reviewed with Dusty
c. McBryde 335C re-organization and clean up.
d. Communicated outdoor wireless setup with CNS engineer that would enable a
permanent IP
address for the equipment in the outdoor lab as opposed to a temporary address
e. Dropped off wireless bridge to CNS office for their testing
f. Communicated IP address acquisition with Prof. Walker

(ii)
Specific targets for next week
a. Following up VTES on phase 1
b. Going to CNS office (Corporate Research Center) and picking up the wireless
router
c. Following up IP address acquisition with Prof. Walker
d. Programming router with acquired addresses and testing router with Antenna

(iii)

Help needed from Prof. Lohani
Will notify if any issue arises
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Appendix A-2 (Spring 2012 Master Plan)
LEWAS Lab MASTER Plan for Spring 2012 –Electrical and Computer Engineering,
Written by Parhum Delgoshaei

Testing Power Budget:
a. cRIOcurrent and power consumption in lab
1. cRIO current and power consumption (Daniel; by February 28)
2. Wireless bridge and antenna power consumption (Daniel; by February 28)
b. Dummy load test in field
1. Measuring max current (instantaneous , w/minimal load) (Divyang and
Parhum; February 14,21,28)
2. Nominal load test (instantaneous, based on part a) (Divyang and Parhum;
February 14,21,28)
3. Max load test based (long-term, measured at intervals including night and
overcast) (Divyang and Parhum; February 14,21,28)
Wiring: water sensors
a. Sending wiring diagram to Carl (Divyang and Parhum; Done)
b. Ordering sensor side connectors for field (Parhum and Dr. Lohani; in progress)
c. Providing wires to be laid in conduit to Carl (currently in lab) (Parhum; in
progress)
d. Installation of conduit wires (Carl; scheduled for February 6-13)
e. Oversight of installation (Parhum and Mark; after d)
f. Connecting instrument side wires to conduit wires (Carl; after b and e)
g. Testing wiring (power and data) (Parhum and Divyang; after f)
Wiring: weather sensors and communication equipment
a. Fixture for cRIO (inside instrument box) (Matt; early March)
b. Fixture for wireless bridge (inside instrument box) (Matt; early March)
c. Wiring and soldering between existing terminal strip, cRIO and wireless
bridge (Matt; early March)
d. Adjustment of directional antenna (Matt, Parhum, and Divyang; after a,b, and
c)
Programming cRIO
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a. NI cRIO training (Parhum; Done on 1/28)
b. Programming Unified VI in LabVIEW RT and LabVIEW FPGA (Parhum and
Divyang; by May 31st)
Second Site Installation
Ordering SCHEV equipment (Dr. Lohani, Parhum and Mark; Done)
Data Storage
Hardware (Daniel)
File format (Daniel)
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Appendix A-3 (Top Level Real-Time VI for Water Quality Sonde)
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Appendix A-4 (LEWAS Lab Installation Plan)
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Appendix A-5 (LEWAS Wiring Diagram)
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Appendix A-6 (LEWAS Communications Diagram)
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Appendix A-7 (LEWAS Dataflow Diagram)
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Appendix A-8 (Environmental Monitoring document)

Environmental Monitoring
This document is related to the subject of sustainability discussed earlier in the class. As
you recall in lesson 6 this semester, your lecture instructor discussed several examples of
sustainability (Stroubles Creek restoration, Figure 1). Before restoration, the health of
the stream should be assessed. In the following, you will learn how this task is
accomplished by environmental monitoring.

Figure 1: Stroubles Creek Restoration

In this activity, you will learn the following: (1) Definition of a watershed, (2) Land use
and its impacts on water resources, (3) Parameters that are indicators of the health of its
water resources of a watershed, and (4) techniques for monitoring these parameters. In
addition, a brief review of weather parameters that impact the water related parameters
will be presented.
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What is a Watershed?

Figure 2: Watershed Representation
(http://pulse.pharmacy.arizona.edu/images/watrshed.jpg)
As seen in figure 2, a watershed is a region that is drained by a river/stream and its
tributaries; an area of land characterized by all runoff traveling to the same outlet. Larger
watersheds contain many smaller watersheds. It all depends on the outflow point; all of
the land that drains water to the outflow point is the watershed for that outflow location.
What watershed are we a part of at Virginia Tech?
The answer is “New River Watershed.” This watershed covers a portion of southwest
Virginia, including a sub-watershed called “Stroubles Creek Watershed.” Stroubles Creek
watershed encompasses Virginia Tech and begins with headwaters upstream of the
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University. Stroubles Creek is formed from two main tributaries – Central Branch and
Webb Branch – and receives flow from a number of other unnamed perennial streams.
Both branches travel through the town of Blacksburg in open channels and/or pipes. The
Central branch is piped under the Drillfield and the Webb branch is piped under the
Perry Street parking lot. These two tributaries flow into the Duck Pond on the Virginia
Tech campus. The main Stroubles Creek channel beginss at the pond’s outfall. You will
trace the route water in Stroubles Creek travels after the Duck Pond before it eventually
reaches the Gulf of Mexico in the form of an activity at the end of this document.

What is Land Use?
Land use is the way humans (and ecosystems) utilize the land. We can have urbanized/
residential areas as well as agricultural/forested areas. What’s important about these
categories is that they can have very different effects on our streams and rivers.
How does Land Use Impact Water Quality and Quantity?
To answer this question, we will use the following example: The Duck Pond on the
Virginia Tech campus separates the Stroubles Creek Watershed into two separate
sections. The Upper Stroubles watershed is mostly urbanized with a very high percentage
of impervious surfaces. Lower Stroubles, comprised of Virginia Tech pasture and forests,
has a much lower percentage of impervious surfaces. Impervious surfaces are concrete,
pavement, and roads: where water does not penetrate and is not allowed to seep into the
subsurface. Water that does not penetrate the ground stays on the surface and flows or
runs into the nearest stream. This is called Runoff. Agricultural and forested areas allow
water to penetrate the ground more readily, because they have less impervious surfaces.
Since urban areas do not allow seepage into the subsurface, urban areas will experience
greater total runoff. As precipitation reaches both types of surfaces, the water will have
two distinctly different pathways. As rain encounters impervious surfaces, all the rain
will become runoff and therefore all precipitation will be directed into the stream network
on the surface. Also, pollutants are collected form impervious surfaces and end up in the
stream network with the runoff. In the agricultural watershed, a large amount of rain will
infiltrate the ground, drastically reducing the amount of runoff and the percentage of
precipitation and pollutants that will enter the stream network. Land use, therefore, has a
tremendous effect on both the quantity of water that enters the stream channel and on its
water quality.
In the case of Stroubles Creek, if you happen to be near the stream when there is a heavy
rainfall, you can actually see the difference in runoff for the two sections with different
land use (Before Duck Pond is urbanized and after Duck Pond is agricultural and
forested.). Stroubles Creek has been declared as an impaired creek (failing to meet its
intended use). Restoration efforts are ongoing to rectify this condition. (Figure1).
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How can we monitor the health of water resources of a watershed?
The following four water quality parameters: dissolved oxygen (DO), specific
conductivity, pH, and temperature are considered the standards of basic water quality
monitoring by federal and state monitoring agencies such as the Environmental
Protection Agency (EPA). As such, these parameters are also referred to as “Big Four
Parameters.” These parameters represent a “red flag warning” for a variety of water
quality problems.

Dissolved Oxygen (DO)

Description

Why is it
important?
Expected
impact of
pollution

The oxygen dissolved in water that equilibrates with the oxygen in the
atmosphere. Cold water can hold more oxygen than warmer water.
Reported in units of milligrams of gas per liter of water (mg/L).
Dissolved oxygen (DO) is essential for all living organisms. If DO levels
fall too low (less than 2 mg/L), many species of fish and plants cannot
survive.
Bacteria in water consume oxygen during their digestion process as
decay of organic matter occurs. As a result, excess organic matter
(sewage, lawn clippings, soils from stream bank erosion, and from
agricultural runoff) can pose a problem to aquatic life because of oxygen
deficiency. Also, nutrients such as nitrogen and phosphorus in fertilizers
that stimulate growth of organic matter cause a decrease in average DO
concentrations.
Specific Conductivity

Description

Why is it
important?
Expected
impact of
pollution

Specific conductivity is a measure of the ability of water to conduct
electricity. It is expressed in S/m (Siemens per meter) and is highly
dependent upon the amount of dissolved salts. This parameter is very
low for distilled water.
Since specific conductivity can be a good indicator of the amount of
dissolved
material in the water, high specific conductivity may be
indicative of unpleasant taste or odor.
Wastewater from sewage or on-site wastewater treatment plants,
industrial discharges, urban runoff from roads (especially road salt when
it rains or during more prolonged snowmelt periods) and construction
sites, and agricultural runoff may result in an increase of specific
conductivity. Water containing too much salt can damage crops. Too
high or too low specific conductivity can impact marine life.
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pH
Description

Why is it
important?

Expected
impact of
pollution

The pH scale ranges from 0 to 14. A pH of 7 is considered to be
neutral. Substances with pH of less than 7 are acidic; substances with
pH greater than 7 are basic. For example, orange juice has a pH of 4.2
(acidic) and tap water has a pH of about 8.1 (slightly basic).
The pH of water determines the solubility (amount that can be
dissolved in the water) and biological availability (amount that can be
utilized by aquatic life) of nutrients (phosphorus, nitrogen, and carbon)
and heavy metals (lead, copper, etc.). Metals tend to be more toxic at
lower pH because they are more soluble.
Atmospheric CO2 exchanges and high organic content in water
decreases the pH and makes most metals soluble in water. For example,
sulfur in the atmosphere as a result of burning coal could result in acid
rain. When there is runoff due to this rain, metals such as copper, lead,
and zinc from manmade structures will be dissolved into water since it
has an acidic pH. Excessive levels of these metals have negative
impacts on marine life.

Temperature

Why is it

Temperature (measured in deg C) of water in a stream varies with width
and depth. It can be significantly different between shaded and
unshaded sections.
Temperature changes directly impact other water quality parameters

important?

and rate of chemical reactions. Temperature has a major influence on

Description

the biological activity and growth (fish reproduction, for example) of
aquatic organisms since most of them are cold-blooded. Also,
susceptibility of aquatic organisms to disease increases in warm water
due to faster growth of bacteria.
Expected
impact of
Pollution

The temperature of some streams increases as water moves downstream
through urban, industrial and agricultural areas. Although forested head
waters will provide suitable temperatures for aquatic life, as the stream
goes through pasture land, it may not be well shaded and temperature
can increase. Also, the stream may be channeled to make room for
housing as it enters an urban area and as a result, instead of being fed
from cool groundwater, it will receive runoff due to rain which results
in an increase in temperature.
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In addition to the “big four” parameters listed above, there are other water quality
parameters that are indicators of a stream’s health such as turbidity (how clear the water
is), and salinity (mass of dissolved salts). In addition to water quality parameters, an
important water quantity parameter is flow rate, the volume of water flowing through a
point in the stream per second (ft3/s or m3/s). As you can imagine the flow rate will
change significantly when there is a runoff.
As discussed earlier, water quality parameters are interrelated and together paint a
picture of the health of the stream which can also be impacted by land use. For example,
after a heavy rainfall, flow rate increases, pH may decrease, and specific conductivity
may increase while dissolved oxygen may increase. During the same rainfall, the changes
in these parameters are different in a section of the stream with agricultural land use,
compared to another section which has urban land use.
What are the different ways to monitor water quality parameters?
Monitoring water quality parameters can be done in a number of ways. The first approach
is to go to field and collect a sample, take the sample to the lab and analyze it with lab
equipment. The second approach is to take water quality monitoring instruments to field
and measure the parameters. The third approach is to rely on online databases of water
quality parameters of major streams. Depending on the size of the stream of interest, the
nearest data collection site may be available for downstream locations for larger streams
or rivers, sometimes hundreds of miles away. Such sites are maintained by federal or
state environmental monitoring agencies. The nearest site to Stroubles Creek is located in
Radford (upstream of where Stroubles Creek joins the New River). The fourth approach
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is to employ modern sensor and communication technology to establish and access realtime monitoring stations on local streams such as Stroubles Creek. For this purpose,
appropriate software and hardware are needed for sensing, storing, and communicating
environmental parameters.
Weather Monitoring
Weather parameters can be obtained by accessing online databases maintained by federal
agencies like the National Oceanic and Atmospheric Administration (NOAA). Local
weather stations are needed to generate weather parameters on a local scale. The
following are the six most essential weather parameters: temperature, humidity (amount
of moisture in the air compared to what the air can "hold" at a certain temperature),
barometric pressure (force per unit area exerted into a surface by the weight of air above
that surface), precipitation (rain duration, accumulation, and intensity), wind direction,
and wind speed.
Weather and water parameters are related. As you can imagine, the flow rate depends on
precipitation which in turn depends on changes in barometric pressure and temperature.
In order to study the relationship between water and weather parameters, data from local
water and weather monitoring stations are useful.
Note: Although the answers to these questions will not be collected, answering them is
strongly encouraged as they help you to prepare for possible in-class quizzes.

Questions
a) If a raindrop falls at the top of the Stroubles Creek Watershed, it eventually flows
to the Gulf of Mexico. Use online resources and maps to determine the missing
rivers/watersheds in the progression below. Stroubles Creek  New River 
______ River  ______River  Mississippi  Gulf of Mexico
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b) Based on your answer above, Stroubles Creek contributes to the following four
larger watersheds: 1- ______ , 2- ______ , 3- ______ , 4-______.
c) Name two water quality and two weather parameters.
d) As you know, currently various construction projects are ongoing on campus. Can
you think about the impacts of these construction activities on the water quality of
Stroubles Creek? Discuss 1-2 ways the quality of water in the Creek will be
impacted by these construction activities.

Resources used in the compilation of this document:
“Know Your Watershed” handout compiled for ENGE 1024 by Chelsea Green (Fall 2009)
and Mark Rogers (Fall 2011)
http://www.waterontheweb.org/under/waterquality/oxygen.html
http://www.waterontheweb.org/under/waterquality/pH.html
http://www.lakesuperiorstreams.org/understanding/param_temp.html
http://ga.water.usgs.gov/edu/watershed.html
http://soundwaves.usgs.gov/2007/06/
http://www.epa.gov/waters/ir/attains_q_and_a.html#3
http://www.tmdl.bse.vt.edu/outreach/C83/
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Appendix A-9 (Workshop Activity document)
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Appendix A-10 (IRB Approval and Recruitment Process)
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