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Abstract

This work investigates the extent to which a software simulation of electronic circuits labs can support beginning electrical engineering students. Experiment 1 was a formative evaluation of use of an Electronic Laboratory Simulator (ELS) as an optional add-on to physical labs for 120 subjects at four universities. All subjects received the same treatment, which included their normal classes and physical labs, with optional use of simulated labs. Subjects took written tests that were specific to the lab’s content, before and after using each simulated lab. Only subjects who took both pre- and posttests were included. Pre- and posttest comparisons indicated significant improvement in both theory and lab knowledge when scores for all labs were combined, but inconsistent performance on individual labs. As the treatment included other learning opportunities in addition to simulated labs, the results were not attributed to the simulations, but did yield initial indications and qualitative data on subjects’ experiences. These helped to improve the labs and the implementation strategies. Experiment 2 used 40 college sophomores in a beginning electronic circuits lab. Physical lab subjects received seven physical labs. Combined lab subjects received a combination of seven simulated labs and two physical labs. The latter repeated two of the simulated labs, to provide physical lab practice. Both treatments used the same assignments. Learner outcome measures were (a) time required to complete a criterion physical lab, (b) score on written lab and theory tests over all the labs, and (c) comments on the lab experience. The group that used combined simulated and physical labs performed significantly better on the written tests than the group using entirely physical labs. Both groups were equivalent in time to complete the criterion physical lab. Comments about the simulated labs were generally positive, and also provided specific suggestions for changes.

Introduction

Laboratories are critical to enable learners, such as engineering students, to develop knowledge and skill. However, labs are costly, time-consuming, and difficult to schedule, since sessions may require two or three hours each—often in afternoons or on weekends when students have fewer conflicts with other courses. Moreover, a lab assistant must be in constant attendance to coach and to answer questions.

Electronic simulations may increase student access to laboratory experience, since they are not constrained to one specific time and place. Quality simulations might simplify scheduling and also reduce cost by minimizing the use of expensive equipment. They could also save time, as the equipment would not need to be set up and then disassembled and put away at each session. Linking the simulation to tutorials and reference information, and providing a built-in coaching function could also minimize the requirement for a full-time lab assistant.

Several simulations have been formulated for portions of electronics labs. Circuit Tutor, an electronic simulation for building circuits at the University of Illinois, is embedded in a virtual classroom that includes the simulation along with online discussions. Oakley [1] describes this work, which is associated with improvements in the grades of the learners compared to typical physical classroom methods. The system continues to use lectures to teach theory.

The Electronic Workbench [2], a popular circuit capture and simulation system, is frequently used for education and training. A simulation with a long history and positive results, it can be used with circuit design software to create and try out various circuits. The Electronic Workbench package includes tutorials and reference information, but without the detailed coaching of ELS. 

Both Circuit Tutor and Electronic Workbench may reduce the cost and time of laboratory experiences, but the efficacy of these simulations compared with that of physical equipment labs is not well understood. The studies reported here investigate the extent to which laboratory simulations of electronics circuits that add realistic pictorial representations of equipment, with immediate computer coaching, may replace some physical electronics laboratories. 

Using ELS—a commercial off-the-shelf Electronic Laboratory Simulator [3] as one of the examples, Campbell [4] proposes the following:  

1. The increase of economic competition increases the learning needs for adults and will in turn make these adults more demanding of education providers.

2. Lower barriers to movement of information and learning programs across state and national borders will result in more competition among education providers, including public education.

3. Many classroom and distance learning strategies now rely on transmission of knowledge about topics to a passive learner, rather than active learner construction and use of knowledge and skills.

The research described here addresses these issues as follows:

1. Increasing learning needs for technical professionals and students: Because technical professionals and students have limited time available for learning a rapidly increasing body of knowledge and skills, they need a flexible schedule with highly productive learning time. The discipline of scheduled class meeting times may be less important for motivated technical professionals than for others. Software that can be used any time and any place can facilitate lifelong learning, with reduced necessity for scheduled classes. However it is important to note, as does Clark [5], that it is not the technology itself that facilitates learning, but the learning strategies that it enables. 

2. Lower barriers to information movement with increased competition: Part of a learning provider’s competitive advantage may derive from continuous evaluation of the efficacy and cost effectiveness of the learning program, together with rapid revision.

3. Active learner construction and use of knowledge and skills: Learning simulations typically require job-like performance by learners; thus active learning is inherent in the methodology (Cognition and Technology Group [6], Riesbeck and Schank [7]). Campbell and Gibbons [8] also describe progressively challenging evaluative simulations that integrate assessment, learning and performance support.

Computer simulations may become a primary tool for assessment, learning, and performance support for a wide spectrum of distance learning. Gery [9] describes a range of electronic performance support systems. These may be basic tutorials, or more complex demonstrations and coaching that are available just in time, as used in ELS. Such computer-assisted instruction is often associated with significant improvement in learner performance (Kulik & Kulik [10]). With the use of intelligent computer-assisted instruction (ICAI) as discussed by O’Neil, Slawson, and Baker [11], such learning environments and simulations may go beyond laboratories that are limited to un-coached practice. They may also support anytime, anywhere simulated labs with embedded learning strategies and coaching for learners. 

Campbell, Graham, and McCain [12] present strategies both for interactive distance learning and for job support for soft skills, such as those used by members of a work team. Campbell, Lison, Borsook, Hoover, and Arnold [13] performed experimental studies on use of computer and video tutorial simulations to develop interpersonal skills. These studies found equivalent or improved learner performance while decreasing time requirements for the instructor. This finding is congruent with the work of Cronin and Cronin [14] that investigated the effects of strategies using interactive video simulations for “soft skills,” and of Fletcher [15] on the effectiveness and cost of learning strategies that use interactive video. 

A recent review of use of technology to support learning by Bransford, Brown and Cocking [16] emphasizes interactive environments that bring real-world problems into the classroom. Related work by Schwartz, Lin, Brophy, and Bransford [17] on flexibly adaptive instructional designs provides a number of examples. These include use of the Star Legacy shell for studying such designs, and student-created “smart tools” like graphs and tables that students can use to help themselves solve recurring problems. All are part of a move toward active learner engagement with authentic problems that includes coaching.

Simulations are being used for both technical and interpersonal skills. They can leverage the skills and time of instructors, while increasing student involvement and improving performance. Frederiksen  and White [18] note that intelligent tutors can continuously assess a learner’s state of knowledge and adapt the instruction to the learner.While the combination of simulation and intelligent tutoring is not yet common, we believe that it will dramatically leverage the work of faculty. In the work described here we combine simulation with tutoring, but do not yet automatically adapt to the learner. 

The high level of effort to create simulations with tutorials can be daunting. However considerable work over the last decade has focused on providing support that may decrease time demands and improve quality when designing for learning. Merrill [19] presents some of the pioneering work in this area. 

Continuous innovation and improvement in engineering education depends on integrated evaluation. Phillips [20] and Kirkpatrick [21] describe several levels of evaluation, including (1) learners’ ratings of the learning environment, (2) learner performance in simulations or other learning environments, (3) performance on the job, (4) impact on the organization in which they work, and (5) return on investment. Higher levels of evaluation may be beyond the reach of most educators, but organizations that plan to have major impact need to consider all the levels. The studies reported here are part of an extended evaluation at levels 1 and 2.

Mosterman, Campbell, Brodersen, and Bourne [22] discuss the development and use of ELS in the context of these broader issues, reporting our prior work with simulations for electronics labs. The ELS software is a more realistic environment than many other circuit simulators. It provides a simulated power supply, breadboard for making connections (vs. just a schematic), digital multimeter, and high fidelity representation of an actual oscilloscope and function generator, together with a set of tutorials and a built-in coach. It provides nine labs, corresponding to a typical one-semester beginning circuits course. 

Students build circuits and then take measurements as they investigate the properties of the circuits. ELS provides a built-in coach, together with realistic representations of actual electronic equipment such as a breadboard and oscilloscope. These extend its functionality beyond the basic schematic representations of most circuit building simulations. Mosterman, Bourne, Brodersen, and Campbell [23] provide an ELS Instructor Guide, ELS Lab Manual for students, and Physical Lab manual that provide additional detail.

We worked from initial small-scale indications of the viability of simulated labs using the ELS simulation software. An initial study with 20 student volunteers found that those who completed the simulated lab showed significant decreases in the amount of time they required to complete the corresponding physical lab and in the number of questions they asked of a teaching assistant. Qualitative data indicated satisfaction with the simulation, including comments like “This was my first real engineering experience.” Another study with 49 subjects found that even when the oscilloscope was different in the physical lab than in the simulated lab, subjects still gave positive comments. Subjects were able to complete the simulated (ELS) lab in an average of 108 minutes, which is less than the 180 minutes typically required for physical labs that must include time for setting up and putting away equipment. These studies are reported in Mosterman et al. [24].

The preliminary studies were sufficiently encouraging to warrant scale-up work with Dr. Mahmood Nahvi at California Polytechnic (during six terms), and with Dr. Rassa Rassai at Northern Virginia Community College (NVCC). 

This paper describes two experiments: 

1. Experiment 1 compared performance on written “gold standard” tests by learners at California Polytechnic, Northern Virginia Community College, University of the Pacific, and Vanderbilt University before and after they used simulated labs. This study sought to answer the questions, “To what extent will subjects who use the ELS simulated labs, together with physical labs and classes, improve their performance on written theory tests and lab tests?” and, “What difficulties will they encounter that suggest ways that ELS can be improved?”

2. Experiment 2 was an investigation at Vanderbilt University that compared learning performance from physical-equipment-only labs with performance in combined physical and simulated labs, on both written and physical lab tests. This study also included learners’ ratings of the software and of the learning experience.

Experiment 1: Use of a Laboratory Simulator as Supplement

This early study was based on the premise of “do no harm” in that we could not fully anticipate the effects of simulated labs in a large implementation. We therefore made ELS simulated labs an optional addition to traditional physical labs. We investigated the extent to which the combined simulated and physical labs in a typical electrical engineering beginning circuits course were associated with improvement on a written “gold standard” test. We scaled up our earlier work to four universities and 120 subjects. This was an extensive study to assess the willingness of students to use simulated labs, their experience of doing so, and the changes between pre- and posttest written assessments. 

Method

Subjects

A total of 120 subjects participated in one or more labs, which were optional parts of their regular courses. Subjects were attending four universities: California Polytechnic San Luis Obispo, Northern Virginia Community College (NVCC), University of the Pacific (UOP), and Vanderbilt. Only those who completed both pre- and posttests were included for each lab.  

Procedure

Subjects were invited to take part in the study as an optional add-on to their regular classes. Those who agreed took a pretest, completed the simulated lab, and then took a posttest. Both tests included theory questions and lab questions, with different instantiations of the same problem type between pre- and posttest versions. Because the simulated labs were an optional addition to their traditional lectures and labs, many subjects completed the first simulated lab, but fewer subjects completed each subsequent lab. We received a total of 475 completed pre- and posttest pairs for the nine labs. The data were analyzed by comparing each student’s pretest and posttest scores for each lab simulation. An alpha level of .05 was used for all statistical tests. We used a within-subjects paired two-sample t-test for means. We also analyzed differences between theory and lab scores for each of the nine labs. 

Results

Table 1 presents the performance results. When all labs tests were combined, significant improvements were found on both theory and lab questions. The number of subjects (N) who completed both pre- and posttests for each lab declined during the series of labs. (Lab 9 is given immediately after Lab 1 because it requires only direct current.) When separate analysis was performed for each lab, however, no improvement was found on several labs.

Table 1. Results of Written Pre- to Posttests.

	Lab
	Description
	Theory Questions
	Lab Questions
	Total
	N

	1
	Instruments
	ns
	<.05
	<.05
	92

	9*
	Thevenin/Norton
	<.05**
	<.05
	ns
	62

	2
	Series RL/RC
	ns
	<.05
	<.05
	61

	3
	Series/Parallel Resonance
	<.05
	ns
	ns
	48

	4
	RL/RC Filters
	<.05
	<.05
	<.05
	56

	5
	Inverting Operational Amplifier
	<.05
	<.05
	<.05
	43

	6
	Non-Inverting Operational Amplifier
	ns
	ns
	ns
	44

	7
	Two Stage Integrator
	ns
	ns
	ns
	40

	8
	Multipole Filter
	ns
	ns
	ns
	29

	All
	All Labs Combined 
	<.05
	<.05
	<.05
	475


*Lab 9 was given following Lab 1;  ** Pretest greater than posttest;

ns =  no significant difference at alpha = .05

Qualitative analysis of detailed learner comments provided by students at California Polytechnic at San Luis Obispo yielded both encouragement for use of ELS and specific suggestions for improvement. We used an affinity diagram to sort comments into similar topics to guide revision.

Discussion

This first multi-university study found, not unexpectedly, that at the beginning of the semester, students were willing to try an optional addition to their course, but later, under the pressure of midterm and final examinations, their interest declined. This study is typical of initial work, in that it was not required of students or part of an existing course. Thus degree of implementation and compliance with procedures varied widely. 

Overall significant improvement was found. The improvement cannot be attributed to the lab simulation, since simulation was used in conjunction with other learning tools. Additionally, the improvement was not consistent between labs. Early labs showed improvement, and later labs did not. Given the self-selection factor, with not all subjects opting to continue with the later labs, we speculate that those who completed all the labs may be the strongest and most motivated students, who already knew some of the material in the pretests and thus had less room for improvement.

The most important outcomes from this study are the findings that learners at different institutions were willing to use the simulated labs, and that they were able to do so with few difficulties. 

Experiment 2: Effectiveness of an Electronic Laboratory Simulator in Relation to Physical Labs

Our next study investigated the efficacy of replacing the majority of physical labs with simulated labs. We tested the hypothesis that there will be no significant difference between those who use all physical labs vs. those who use simulated labs with two corresponding physical labs for practice. The work was conducted at Vanderbilt University in the introductory electrical circuits course. After receiving approval from the Institutional Review Board to conduct such a study with human subjects, we informed subjects in writing of the procedures and possible risks involved in the study and requested their informed consent to take part. They were given the option to withdraw from the study at any time and to receive the other treatment after completion of the study. Thus, following the experiment, subjects in the combined (simulated and physical) lab condition could take the physical labs that were replaced with simulated labs, and subjects in the physical lab condition could use the simulated labs. Data on each student were kept confidential beyond the normal academic use for reporting grades. 

The purpose of Study 2 was to determine whether subjects whose electrical circuits lab experiences are primarily simulated perform as well as those whose experiences occur entirely in physical labs.  The study investigated performance on both physical electrical circuits labs and written tests of laboratory practice and theory. We compared subjects who used a combination of simulated (ELS) labs and physical labs, to subjects who used all physical labs. The assessment was an un-encountered physical lab (the criterion lab) that is next in sequence after the labs that had already been completed, together with a written test of lab and theory knowledge.

Our goal was to establish an existence proof: that a substantial electronic lab learning simulation with limited physical lab practice can produce results comparable to that of all physical labs. Of course any study that uses only a single set of labs (in this case ELS) cannot be generalized to all electronics circuits simulations. However, if combined lab subjects who receive primarily simulations perform as well as subjects who take all physical labs, we may be able to provide simulated electrical circuits labs as an option for equivalent credit to students who are at a distance from campus and can come in only occasionally during the semester.  We could also proceed to investigate whether it is feasible to almost completely replace physical labs with simulations in courses that focus on applying theory rather than on technical skill in operating equipment. Equivalent performance could also warrant studies of other laboratory simulations, which might allow greater access for students and considerable cost savings in equipment and facilities for institutions. 

Method

Subjects

Forty students enrolled in the spring semester EE213 beginning circuits lab course at Vanderbilt University took part in the study. The normal course sequence places the course in the fall, so during the spring semester this course is given to a smaller number of students. Only one instructor and lecture session were involved, with two teaching assistants.

Procedure

Subjects were randomly assigned to one of two conditions: (1) all physical labs or (2) combined simulated and physical labs. Three outcome measures were used: time required to complete a physical lab, scores on written tests of lab knowledge, and comments of participants. Subjects took written tests before and after the set of labs, in addition to the criterion physical lab. We also interviewed combined lab subjects to evaluate their experience. The analysis included the following measures:

1. An F-test for homogeneity of variance, followed by the appropriate t-test of the group differences in time required to complete the lab, and of performance on written lab tests.

2. A qualitative analysis of comments from participants with regard to their experience using ELS.

Subjects were given a detailed written and oral explanation of the study and invited to take part. Those who agreed to participate were randomly assigned to either the combined lab condition or the physical lab condition. We provided that anyone who declined to take part in the study would be assigned to the traditional physical labs. A number of people requested assignment to the experimental treatment because of the time flexibility ELS provides. For example, several students assigned to the Physical lab condition preferred to work late at night. In keeping with random assignment, these requests were denied, but we provided that after the experiment anyone could take one or more labs using the method to which they were not assigned during the experiment. By removing approximately half the subjects from physical labs, we had more flexibility to move the remaining physical lab subjects to lab times that fit their schedules. 

We also assigned a lab assistant to be available during the evening hours (when many students prefer to do their work) to help students in both the physical lab and combined lab groups. Students in the physical lab condition who had conflicts with the newly assigned lab times were moved to different times, which in a few cases meant changing treatment conditions. Thus this study is quasi experimental in nature.

The pre-treatment assessment was a written test of lab and theory knowledge. The final assessment included performance in a physical lab as well as written tests. We included only questions on the written test that were covered in both the physical lab and combined lab conditions.

All subjects were required to hand in one lab report per week: a lab notebook for the physical lab condition and a diskette containing lab work and results for the combined lab subjects. The independent variable (treatment) was type of Lab: all physical or combined physical and simulated.  The dependent variables were scores on written tests and time required to complete the physical lab.  We also conducted a qualitative study of implementation and motivation issues by interviewing the subjects. 

We conducted the experiment at Vanderbilt University, where we could have the greatest control on the implementation.  Subjects were assigned to the simulation or physical lab sections as described above. There were 18 subjects in the physical lab condition and 22 subjects in the combined lab condition. One subject in the physical lab condition dropped out and was therefore excluded from the analysis.

All subjects received the same lecture/discussion from one professor and took the same written tests. Subjects in the physical lab group took seven physical labs. Subjects assigned to combined labs received diskettes with the software and one hour of training in its use. They completed seven simulated labs that corresponded 1:1 to the physical labs taken by the other group. Combined lab subjects also took two physical labs that repeated two of the simulated labs they had taken. This provided them practice using the physical lab before the final test. The final test included the criterion physical lab, which was new to all the subjects, and a written test of lab and theory knowledge. One teaching assistant had several years’ experience and the other was a new graduate student with no prior teaching experience. The more experienced TA was assigned to the physical lab group. 

Results

Table 2 presents the results of the written pretest, which indicates no significant difference in the mean scores of the two groups before the treatment.

Table 2. Pretest Score for Lab and Theory Questions

	Group
	N
	Score 
	Variance

	Physical lab
	17
	75.7
	96.6

	Combined lab
	22
	74.9
	238.0


An F test for equality of variance found a significant difference in the variances, with F(16, 21) = 2.46, which is significant at the .05 level. A two-tailed t-test for difference in means, given unequal variance, showed no significant difference in the two groups on the pretest, with t(36) = 0.21 (non significant at the .05 level). This indicates equivalent performance of the two groups prior to the treatment.

Table 3 presents the results of the written posttest, which indicates a significant difference in the scores of the two groups after the treatment, in favor of the combined group.

Table 3. Posttest Score for Combined Lab and Theory Questions

	Group
	N
	Score 
	Variance

	Physical lab
	17
	63.9
	375.1

	Combined lab
	22
	78.6
	140.3


An F test for equality of variance found a significant difference in the variances, with F(16, 21) = 0.37, which is significant at the .05 level. A two-tailed t-test for difference in means, given unequal variance, showed a significant difference in the two groups on the posttest, with t(25) = 2.77 (significant at the .05 level).

Time required to complete the posttest criterion physical lab was equivalent between the physical lab and combined lab conditions. Table 4 presents this data.

Table 4. Time to Complete the Criterion Physical Lab.

	Group
	N
	Minutes to complete final physical lab
	Completion time Variance

	Physical lab
	9
	129
	176

	Combined lab
	8
	127
	964


The criterion measure was time to complete the final physical lab. Subjects worked in teams of two or three people. Variances were non-equivalent by an F-test, with F (8,7) = 0.18, and p<.05. A t-test assuming unequal variance indicates no significant difference between the two group means, with t(9) = 0.16 (non significant at the 0.05 level set for this study).

Qualitative—Most subjects in the combined simulation and physical lab condition reported that ELS is helpful, and they appreciated being able to work on the labs at night or when they had free time, instead of on a fixed schedule.  Working at night had originally prevented them from accessing the teaching assistant if they had a problem. We therefore assigned a nighttime teaching assistant who was no longer needed in the physical lab, in order to complement the built-in assistance of the learning simulation. Some subjects worked ahead, doing two labs at one session.  Reported time required to complete the simulated labs was typically two hours each, not including prelab and postlab questions and write-up, which were the same in both treatments. This contrasts to three hours in the physical lab.  

Overall the combined lab subjects described ELS as helpful, with 91% indicating that it is good preparation for the physical labs, 91% agreeing that that they learned a lot using ELS, and 73% indicating they would highly or very highly recommend it to a friend. Fifty-four percent said they mostly used the simulation in their dorm room or home, and 46% said they primarily used the school’s computer lab. Favorite features of the simulation include the convenience of working on it whenever you want, the automatically generated graphs and tables, that errors are identified immediately, the ease of use, and that it requires the learner to do the lab correctly, not depending primarily on others.

Subjects had specific suggestions for ways to improve ELS. These included simplifying a rise time measurement (this is also difficult to do on the physical equipment), adding more theory to the lab manual, and providing the ability to return to a prior lab or one that is partially completed.

Discussion

Subjects in the combined lab and physical lab conditions did not differ significantly on the written pretest. Those in the combined lab condition performed significantly better than subjects in the physical lab condition on the written final test; they performed as well as physical lab subjects in time required to complete a physical lab. The evaluation interviews indicated that subjects liked using ELS--in particular they appreciated the flexibility to study when and where they wanted. 

The null hypothesis was that there would be no significant different between those who use all physical laboratories and those who predominantly use simulated labs. We did not reject the null hypothesis for the lab test. In other words, we found no disadvantage on physical lab performance to using simulated labs with two physical labs instead of all physical labs. 

We also found higher written test performance among those who used the combined labs than those who used all physical labs. We speculate that the availability of built-in tutorials and background information may have contributed to this difference.

We suggest the following potential implications of this finding, subject to replication:

1. The ELS simulation may be used to facilitate performance on both written and physical lab tests that is equivalent to or better than that of subjects using only physical electronic circuits labs in a beginning circuits course at the undergraduate level.

2. Use of simulation labs can make some labs more accessible in time and place by increasing available times and providing learners the flexibility to take a lab in their dorm or at home.  

3. Simulation labs may decrease the need for both lab equipment and lab space, thus potentially saving money.

4. Departments may choose to reassign some teaching assistants from supervising physical labs to tutoring simulated labs at times that are preferred by students (e.g., in the evenings).

These studies provide an initial indication that there exists an electronics laboratory learning simulation that yields learning that is at least equivalent to that gained from physical labs. Further investigations can help us understand how to increase the learning and cost effectiveness of such labs.
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