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Laboratory-based courses play a critical role in scientific education. Automation is changing the nature
of these laboratories, and there is a long-running debate about the value of hands-on versus simulated
laboratories. In addition, the introduction of remote laboratories adds a third category to the debate. Through
a review of the literature related to these labs in education, the authors draw several conclusions about
the state of current research. The debate over different technologies is confounded by the use of different
educational objectives as criteria for judging the laboratories: Hands-on advocates emphasize design skills,
while remote lab advocates focus on conceptual understanding. We observe that the boundaries among the
three labs are blurred in the sense that most laboratories are mediated by computers, and that the psychology
of presence may be as important as technology. We also discuss areas for future research.
Categories and Subject Descriptors: K.3 [Computing Milieux]: Computers and Education; H.5.2 [Information Interfaces and Presentation]: User Interfaces—User-centered design; interaction styles (e.g., commands, menus, forms, direct manipulation); theory and methods; J. 4 [Computer Applications]: Social and
Behavioral Sciences
General Terms: Experimentation, Design, Performance
Additional Key Words and Phrases: Remote laboratories, experimentation, simulation, presence, thought
experiments, human-computer interaction, teleoperation

1. INTRODUCTION

Increasing use of automation presents a quandary to institutions of higher learning.
On the one hand, these technologies can increase the reach of pedagogy by allowing
professors to teach large numbers of students who are geographically dispersed. On
the other hand, automation may remove the serendipity associated with traditional
laboratory learning. This quandary may be examined more specifically by looking at
the debate over the value of hands-on versus simulated and remote laboratories in
engineering. In this review, we will describe the multiple streams of research that
address this question.
The topic may seem narrow, but we believe it is timely and has broad significance.
For example, the control of a remote laboratory in a classroom is very similar to the
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control of robots used in remote manufacturing. Thus, the topic has implications for
education, robotic research, and industry.
There is no doubt that lab-based courses play an important role in scientific education.
Nersessian [1991] goes so far as to claim that “hands-on experience is at the heart of
science learning” and Clough [2002] declares that laboratory experiences “make science
come alive.” Lab courses have a strong impact on students’ learning outcomes, according
to Magin et al. [1986].
Researchers have convincingly argued that information technology has dramatically
changed the laboratory education landscape [Scanlon et al. 2002]. The nature and practices of laboratories have been changed by two new technology-intensive automations:
simulated labs [e.g., McAteer et al. 1996] and remote labs [e.g., Aburdene et al. 1991;
Albu et al. 2004; Arpaia et al. 1998; Canfora et al. 2004] as alternatives for conventional
hands-on labs. Each type of lab has been discussed from different perspectives [Nedic
et al. 2003; Sehati 2000; Selvaduray 1995; Subramanian and Marsic 2001; Wicker and
Loya 2000]. However, there is no conclusive answer to the key question: Can technology
promote students’ learning or not? The two new forms of laboratory are seen by some
as educational enablers [Ertugrul 1998; Hartson et al. 1996; Raineri 2001; Striegel
2001] and by others as inhibitors [Dewhurst et al. 2000; Dibiase 2000]. The relative
effectiveness of the two new laboratories compared with traditional hands-on labs is
seldom explored.
As a backdrop for these phenomenological issues, there is a set of economic issues.
Universities are struggling with the heavy financial burden of maintaining expensive
apparatus in traditional laboratories and seek to maintain the effectiveness of laboratory education, while at the same time reducing the cost. Remote and simulated
laboratories may provide a way to share specialized skills and resources, thereby reducing overall costs and enriching the educational experience. Educators might then
satisfy economic constraints as well as produce better learning. However, in contrast
to this view, a dystopian vision sees educators fooling themselves into believing the
technologies are an improvement, thus depriving students of the hands-on experiences
they need in order to become scientists.
Our research questions are the following: What might explain the continued unresolved debate over the effectiveness of different laboratory technologies in education? Having understood the state-of-the-art, what will be the fruitful areas for future
research?
We will answer these questions through an analysis of the current research. First, we
will discuss how we surveyed the literature. Next, we will make some general observations about the literature in the field, and will articulate the positions of both advocates
and detractors of the different forms of laboratories. We will then provide a set of possible explanations for why the different viewpoints have not converged. In particular, we
will look at an important aspect of the literature, the differing educational objectives
used by advocates of different technologies. We will look at other possible explanations
for the unresolved debate over the competing types of laboratories, including issues
surrounding both coordination and presence, and their interaction with the choice of
technology. Following this, we will discuss the implications for future research.
2. METHOD FOR THE LITERATURE SEARCH

This domain of study ranges across many disciplines, and is challenging to survey. In
order to find the existing literature, we focused on three electronic databases: ACM,
IEEE, and ScienceDirect. Also, we reviewed the table of contents of educational journals
which publish work in this area, including Computers and Education, Computers in
Human Behavior, the Journal of Learning Sciences, Learning and Instruction, the
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Lab Style
Hands-on
Simulated
Remote
Total

Table I. Subjects and Methodology in the 60 Articles
Subject
Methodology
Engineering
Science
Others
Technical
Qualitative
11
7
2
1
16
13
4
3
14
6
15
2
3
17
3
39
13
8
32
25

3

Empirical
3
0
0
3

International Journal of Electrical Engineering Education, and the International Journal of Engineering Education. We used a list of Boolean conditional keyword phrases
such as “remote laboratory or remote experiment,” “virtual laboratory or virtual experiment,” “real laboratory or real experiment,” and “hands-on laboratory or hands-on
experiment.” Overall, more than 1000 articles were found. We looked through the titles of the articles to eliminate once that were unrelated; for the rest, we browsed the
abstracts to gauge their relevance.
We also used other criteria to filter the literature. First, we excluded articles that
discussed laboratory infrastructure without paying attention to its educational value.
For example, one article we found addressed the feasibility and implementation of simulated scenarios for power systems without regard to education [Foley et al. 1990].
Also, we excluded articles which championed the use of computers to acquire data (e.g.,
Barnard [1985]; Staden et al. [1987]). In addition, we focused on journal rather than
conference articles, and within the set of journals, we paid more attention to those with
higher-impact factors. However, there was a tradeoff; many relevant educational studies take place in interdisciplinary conferences that focus on special problem domains,
and these works are important to the field.
As a result, 60 articles were selected for a full-text review and coding (20 publications
each for hands-on labs, simulated labs, and remote labs). These articles are listed in the
Appendix. There are many high-quality, relevant articles that we did not find through
this process; the articles in our list should be regarded as representative of the work
written on the topic, but not in any sense as a ranking. In the course of performing the
survey, we also read many other worthy articles outside of the 60, and we cite them
throughout our work. A number of articles range across the boundaries of the different
lab types, either because they compare them or because they discuss hybrid mixtures
of laboratories. These articles do not appear in the list of 60 works, but we show them
in Table II.
3. OBSERVATIONS

Our search results indicate that the attention in this field is dispersed across more
than 100 different journals and conferences. One possible explanation for the scattered
distribution might be the wide disciplinary spectrum of this area. Authors focus on different domains, including engineering, the natural sciences, education, and psychology.
Within engineering, there is a further breakdown into electrical, mechanical, experimental, and aeronautical engineering. In the natural sciences, there are articles which
focus on physics, chemistry, and biology.
3.1. Observation I—Most of the Laboratories Discussed Fall into the Engineering Domain

In order to provide a clear view of what the articles are about, we divide the literature
into three separate subject categories: engineering, natural science, and others. Most
of the literature focuses on engineering laboratories (39), as opposed to laboratories in
pure science disciplines (13). Engineering contained the biggest portion of laboratory
studies, as shown in Table I.
ACM Computing Surveys, Vol. 38, No. 3, Article 7, Publication date: September 2006.

4

J. Ma and J. V. Nickerson

Table II. Comparison of Lab Formats
C&H
∗
Article
S √
R √
H Sample Size
Outcome
√
Carlson and Sullivan [1999]
H
N = 3160
Overwhelming positive for
integrated labs
√
√
Subramanian and Marsic [2001] H
N = 18
Positive attitude for simulation
as supplement
√
√
Gillet et al. [2005]
H
N = 96
Positive attitude of simulation
as supplement
√
√
Edward [1996]
C
N = 56
Hands-on group learning
superior, but simulation
group is preferred∗∗
√
√
McAteer et al. [1996]
C
N = 66
Positive attitude for simulations
as alternative
√
√
Engum et al. [2003]
C
N = 163
Hands-on groups have more
cognitive gains, more
satisfaction∗∗
√ √
Sonnenwald et al. 2003]
C
N
=
40
Equivalence
of remote labs∗∗
√ √
Scanlon et al. [2004]
C
N
=
12
Equivalence
of remote labs
√ √
Corter et al. [2004]
C
N = 29
Equivalence of remote labs
√ √
Sicker et al. [2005]
C
N = 12
Equivalence of remote labs, but
hands-on is preferred
∗ The first column indicates whether the articles evaluate hybrid combinations of labs, or strictly compare
the different types; S, R, and H represent simulated, remote, and hands-on labs. ∗∗ Those which discuss p
statistics on the significance of tests.

Why might this be? Science professors may see laboratories as a way of confirming
beliefs and teaching scientific methods. Engineering professors may also see the labs
as connected to future employment [Faucher 1985]. In other words, engineering is
an applied science, and the labs are a place to practice the application of scientific
concepts. Also, educators in the engineering disciplines may be more likely to have
the technical skills needed to create technology-enriched labs. While there are some
commercial simulators available for certain engineering and science-related topics, to
our knowledge there are no off-the-shelf remote laboratory systems currently available
and therefore, professors who desire them are likely to develop them themselves if
they have the requisite skills. Alternatively, the impetus for the creation of a remote
laboratory may come from an engineer’s desire to build something.
3.2. Observation II—There is No Standard Criteria to Evaluate the Effectiveness of Labwork

Given that the literature is spread across so many disciplines, it is not surprising
that we did not see any agreement on conventions for evaluating the educational effectiveness of labwork. Even the definitions of hands-on labs, simulated labs, and remote labs are inconsistent and confusing. For example, remote labs are called web labs
[Ross et al. 1997], virtual labs [Ko et al. 2000] or distributed learning labs [Winer et al.
2000] in different studies.
As a result, no common foundation has been established to evaluate the effectiveness of labwork [Psillos and Niedderer 2002]. In 1982, Hofstein and Lunetta [1982]
gave a critical analysis of laboratory education, and twenty years later they published
another review [2004] examining the literature published in the interim. There was
no significant change. Many problems discussed in 1982 still remain unsolved, such
as the absence of agreed-upon assessment measures of students’ learning and insufficient sample sizes in quantitative studies. As early as 1972, Lee and Carter [1972]
surveyed 20 British universities for recent changes in labwork and reported that the
ill-defined objectives of undergraduate practice work were putting laboratory education
into a precarious situation. They argued that clear objectives are necessary to evaluate
laboratory learning outcomes.
ACM Computing Surveys, Vol. 38, No. 3, Article 7, Publication date: September 2006.

Hands-On, Simulated, and Remote Laboratories

5

Different approaches have been adopted for associating laboratory aims and outcomes. For example, Fisher [1977] proposed that the variance between ideal aims
and actual results should be used as the assessment criterion to evaluate laboratory learning outcomes, while others [Boud 1973; Cawley 1989; Rice 1975] tried to
develop a checklist of different learning aims for laboratory education and to put different weights on each of them. The effectiveness of laboratories was then evaluated
by the performance on different objectives, as well as these weights. Hegarty [1978]
argued that the role of the traditional laboratory should be changed and the ability
to perform scientific inquiry should be addressed as the primary goal in laboratory
education. More recently, four reviews have been published to examine technologymediated practical work. Hodson [1996] and Scanlon et al. [2002] provided a general review discussing different approaches that have been used to investigate laboratory work. Ertugrul [2000b] surveyed labVIEW-based labs with respect to both
simulated and remote labs; Amigud et al. [2002] covered 100 virtual laboratories
in an attempt to establish the criteria for assessing virtual labs. Each of these articles provide valuable insights in studying laboratories, but only within its focus
topic.
The three types of labs are sometimes compared to each other, while in other
cases the labs are merged, as shown in Table II. The integrated teaching and learning (ITL) program at the University of Colorado at Boulder provided an example
of how to combine hands-on practice with simulation experience and remote experimentation [Carlson and Sullivan 1999; Schwartz and Dunkin 2000]. A handful of articles evaluated remote laboratories in comparison to hands-on laboratories
[Corter et al. 2004; Ogot et al. 2003; Sicker et al. 2005; Sonnewald et al. 2003] or simulated laboratories in comparison to hands-on laboratories [Engum et al. 2003]. Engum
et al. [2003] showed that hands-on labs were more effective than simulated; however,
we note that the problem domain, the placement of an intravenous catheter by nursing
students, might reasonably be expected to require hands-on training. The general consensus of these comparison studies, with the exception of Engum et al., is that there
is no significant and consistent difference between hands-on, simulated, and remote
laboratories as measured by the results of lab reports or testing. For the most part, the
comparative studies are small-scale.
There are many reasons why this is the case. Research across the formats holds specific challenges. Large-scale randomized studies can take place only with large numbers
of students attending a class. This will tend to limit such experiments to introductory
level courses which are shared across many different concentrations; such courses may
not be the desired venues within which to test a new apparatus or specialized device.
In addition, different technologies suggest different uses; for example, instructors may
design a simulation experiment that uses color to show temperature in a way that is
impossible to replicate in a hands-on lab. This may produce the most effective teaching,
but it makes comparison difficult.
3.3. Observation III—There are Advocates and Detractors for Each Lab Type

As a reflection of the confusion in evaluating the effectiveness of laboratory education,
the arguments about different laboratories are also inconsistent and ambiguous. We
look at the discussed pros and cons of each lab type in turn.
Hands-On Labs. Hands-on labs involve a physically real investigation process. Two
characteristics distinguish hands-on from the other two labs: (1) All the equipment
required to perform the laboratory is physically set up; and (2) the students who perform
the laboratory are physically present in the lab. Advocates argue that hands-on labs
provide the students with real data and “unexpected clashes”—the disparity between
ACM Computing Surveys, Vol. 38, No. 3, Article 7, Publication date: September 2006.
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theory and practical experiments that is essential in order for students to understand
the role of experiments. Such experiences are missing in simulated labs [Magin and
Kanapathipillai 2000].
On the other hand, hands-on experiments are seen as too costly. Hands-on labs
put a high demand on space, instructor time, and experimental infrastructure, all of
which are subject to rising costs [Farrington et al. 1994; Hessami and Sillitoe 1992;
Philippatos and Moscato 1971]. A continuous decline in hands-on laboratory courses has
been noted. The ASEE [1987] suggested that “making use of advances in information
technology” might be a “cost-effective approach” towards economizing laboratory-based
courses.
Also, due to the limitation of space and resources, hands-on labs are unable to meet
some of the special needs of disabled students [Colwell et al. 2002] and distant users
[Shen et al. 1999; Watt et al. 2002]. Additionally, students’ assessments suggest that
students are not satisfied with current hands-on labs [Cruickshank 1983; Dobson et al.
1995; Magin and Reizes 1990].
Simulated Labs. Simulated labs are the imitations of real experiments. All the
infrastructure required for laboratories is not real, but simulated on computers. The
advocates of simulated labs argue that they are not only necessary, but valuable. First,
simulated labs are seen as a way to the deal with the increasing expenses of handson laboratories. Simulations purportedly reduce the amount of time it takes to learn.
Additionally, simulated labs are seen as being at least as effective as traditional handson labs [Shin et al. 2002] in that “the students using a simulator are able to ‘stop the
world’ and ‘step outside’ of the simulated process to review and understand it better”
[Parush et al. 2002]. Furthermore, they are also embraced for creating an active mode
of learning that thereby improves students’ performance [Faria and Whiteley 1990;
Smith and Pollard 1986; Whiteley and Faria 1989].
Detractors argue that excessive exposure to simulation will result in a disconnection between real and virtual worlds [Magin and Kanapathipillai 2000]. Data from
simulated labs are not real and therefore, the students can’t learn by trial-and-error
[Grant 1995]. Another concern about simulation is its cost. Some note that the cost of
simulation is not necessarily lower than that of real labs [Canizares and Faur 1997]. Realistic simulations take a large amount of time and expense to develop and still may fail
to faithfully model reality [Papathanassiou et al. 1999]. The theory of situated learning (e.g., McLellan [1995]) would suggest that what students learn from simulations is
primarily how to run simulations.
Remote Labs. Remote labs are characterized by mediated reality. Similar to handson labs, they require space and devices. What makes them different from real labs is
the distance between the experiment and the experimenter. In real labs, the equipment
might be mediated through computer control, but colocated. By contrast, in remote labs
experimenters obtain data by controlling geographically detached equipment. In other
words, reality in remote labs is mediated by distance.
Remote labs are becoming more popular [Fujita et al. 2003; Gustavsson 2002;
Shaheen et al. 1998; Yoo and Hovis 2004]. They have the potential to provide affordable real experimental data through sharing experimental devices with a pool
of schools [Sonnenwald et al. 2003; Zimmerli et al. 2003]. Also, a remote lab can
extend the capability of a conventional laboratory. Along one dimension, its flexibility increases the number of times and places a student can perform experiments
[Canfora et al. 2004; Hutzel 2002]. Along another, its availability is extended to more
students [Cooper et al. 2000b]. Additionally, comparative studies show that students
are motivated and willing to work in remote labs [Cooper et al. 2000b]. Some students
even think remote labs are more effective than working with simulators [Scanlon et al.
2004].
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However, even as remote labs become more popular, their educational effectiveness is
being questioned. Keilson et al. [1999] point out that the equivalence between the original laboratory experiment and its remote implementation is conditional and limited.
They argue that students are likely to be distracted and impatient with the computers,
which in turn will harm students’ engagement with the experiment. Vaidyanathan and
Rochford [1998] also report that the value of remote experiments is doubted by some
students. Nedic et al. [2003] suggest that students don’t consider remote labs realistic,
therefore, they claim that students’ feelings towards both simulated and remote labs
are the same, regardless of the fact that remote labs provide real data.
4. EXPLAINING THE DEBATE
4.1. Overview

We found three things: a preponderance of articles from engineering, a lack of agreement on what constitutes effectiveness in student learning, and evangelism for one
or another possible format without sufficient empirical evidence. With such contradictory results, one possible explanation is that there are confounds present. If such
confounds could identified, then research in the field might proceed less divisively and
more rapidly.
Here, we will look for possible explanations for why researchers disagree over the
relative merits of the different laboratory technologies. We have several purposes for
doing this. First, for the interested reader, these possible explanations provide a way to
explain in more detail what we have found in the literature. Second, for the researcher in
the field, the discussion of possible confounding factors leads naturally to a discussion of
possible future research to better understand which factors are important in producing
a more effective laboratory education. Third, for the philosophically inclined, we will
show that the issues concerning laboratory technology are related to questions about
the way we interact both with the natural world and with each other.
4.2. Advocates Measure Against Different Educational Objectives

The educational objectives used to evaluate the technology differed. This led us to
wonder if the controversy over the laboratories might be explained in the following way:
Since advocates of the competing technologies measure against different objectives,
they all can claim superiority, but each in reference to a different criterion.
In order to study this hypothesis, we first coded the articles based on educational
objectives. We developed a four-dimensional goal model for laboratory education (see
Table III). We built this model starting with the educational goals proposed by the
Accreditation Board for Engineering and Technology (ABET) [2005]. We also considered
other taxonomies of lab work [Herron 1971; McComas 1997; Newby 2002; Schwab 1964].
McComas proposed a measure based on the relative openness of laboratory problems;
some experiments are close-ended, intended to demonstrate a formula, while some
experiments are exploratory, where the results are not known ahead of time. This idea
is related to the ABET recommendation to teach design, which is usually taught as an
open-ended activity, as well as conceptual problem-solving, which is usually taught as
a closed-ended task. We consolidate the many ABET educational goals into a smaller
number of dimensions in Table III.
Using this inventory as a framework, we analyzed the 60 articles with regard
to the educational goals identified. Often, the goals are explicitly stated. For example, conceptual understanding and professional skill development are identified
by Beck [1963]. In other cases, the goals are implicit, for example, Shen et al.
[1999] did not point out the aims of their study directly. Inferences about their
ACM Computing Surveys, Vol. 38, No. 3, Article 7, Publication date: September 2006.
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Lab Goals
Conceptual
understanding
Design skills

Social skills

Professional skills

Table III. Educational Goals for Laboratory Learning
Description
Goals from ABET
Extent to which laboratory activities
Illustrate concepts and principles
help students understand and solve
problems related to key concepts
taught in the classroom.
Extent to which laboratory activities
Ability to design and investigate
increases student’s ability to solve
Understand the nature of science
open-ended problems through the
(scientific mind)
design and construction of new
artifacts or processes.
Extent to which students learn how
Social skills and other productive
to productively perform
team behaviors (communication,
engineering-related activities in
team interaction and problem solving,
groups.
leadership)
Extent to which students become
Technical/procedural skills
familiar with the technical skills they
Introduce students to the world of
will be expected to have when
scientists and engineers in practice
practicing in the profession
Application of knowledge to practice

Fig. 1. Educational goals of hands-on labs.

aims can be made by analyzing the descriptions of the laboratory, the way they
evaluated the laboratory, and reading between the lines in the Results and Conclusion
sections.
For hands-on labs, we find that all four educational goals are well-addressed by most
of the articles, as shown in Figure 1. In particular, the literature on hands-on labs
placed a strong emphasis on conceptual understanding and design skills. Professional
skills were also recognized as an important mission for hands-on labs.
Conceptual understanding and design skills can be regarded as opposite ends of
the open-endedness scale. Numerous educators argued that design is the essential
element of laboratories [Hegarty 1978; Magin and Kanapathipillai 2000; McComas
1997]. They claimed that it is critical to expose students to open-ended situations so
that they develop the ability to create and investigate. We found that more than half of
the hands-on laboratory articles recognized the importance of design skills and agreed
that design skill is an important goal for hands-on labs.
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Fig. 2. Educational goals of simulated labs.

Fig. 3. Educational goals of remote labs.

The dimension of social skills is least represented in the articles. Although social skills
are explicitly identified by ABET as well as other educators [Magin 1982; Edward 2002]
as one of the most important goals for an engineering education, they are not discussed
as often as other educational goals.
Articles on simulated laboratories skew even more towards conceptual understanding and professional skills, as shown in Figure 2. All the articles discuss conceptual
understanding; less than half address design skills.
Remote laboratory articles are dramatically different, as shown in Figure 3. They
focus on conceptual understanding and professional skills. Only one work discusses
design skills. This is an interesting result. It suggests that the proponents of remote
laboratories may think of their success only in reference to conceptual and professional
learning. It may be that they do not think remote laboratories are appropriate for
teaching design skills.
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The results from this sample of articles suggest the following possible explanation for
the debate over laboratories. Adherents of hands-on laboratories find other laboratories
to be lacking. They do not believe that alternative labs can be used in teaching design
skills. By contrast, adherents of remote laboratories think the hands-on laboratory
researchers are ignoring evidence which shows that remote laboratories are effective
in teaching concepts. Remote laboratory adherents are evaluating their own efforts
with respect to teaching concepts, not design skills.
4.3. Hands-On Labs are Already Mediated by Computers

While observing a hands-on laboratory, we noticed that hands-on labs are becoming
increasingly mediated. For example, an experiment may involve measuring an output
through a PC connected to the experimental apparatus. In such a case, the interactive
quality of laboratory participation may not differ much, whether the student is colocated with the apparatus or not. Another way to say this it is that most laboratory
environments may already involve an amalgam of hands-on, computer-mediated, and
simulated tools. The extent to which the interaction is already mediated may affect
whether or not a remote version of the laboratory will be effective. In other words, it
may depend on what is being studied. To take an extreme example, studying small objects through an electron microscope will always be mediated, and therefore, hands-on
and remote lab experiences may be similar for the student.
In hands-on labs, computers are widely used to analyze data or control the experiments [Barnard 1985; Oehmke and Wepfer 1985; Saltsburg et al. 1982; Tuma et al.
1998]. From this point of view, a pure hands-on lab is rare; it is often mediated by a
computer [Mann and Fung 2002]. This hybrid format of a computer-aided hands-on
lab has been shown to be useful [Kasten 2000; Torres et al. 2001]. Also, simulation
and remote labs may be effective in combination [Sonnenwald et al. 2003]. A variety
of combinations of computers, hands-on labs, and simulations have been discussed by
several researchers [Cohen and Scardamalia 1998; Riffell and Sibley 2004; Tuckman
2002]. These studies suggest that a mixture of elements might be superior to any single
technology, and that what really matters might not be the type of laboratory, but the
weight of each type in a given situation.
4.4. Belief May Be More Important than Technology

The effectiveness of labwork is seen to be correlated to the directness of its link to the
real world [Cooper et al. 2002b; Rohrig and Jochheim 1999; Tzeng 2001]. As a result,
simulated labs (and to some extent, remote labs) are criticized for their inability to
provide authentic settings and interaction with real apparatus [Zeltzer 1992; Zywno
and Kennedy 2000].
However, is it the link to the real world that is relevant, or the belief about that link?
We examine here the possibility that it is not the actual nature of the laboratories, but
the beliefs that students have about them, which may determine the effectiveness of
the different lab types. We will briefly review the literature on this more philosophical
issue, and relate it to the studies of laboratories.
Discussion of this issue goes back over 50 years. Two different kinds of fidelity, engineering and psychological, were clearly discerned by Miller [1954]. He noted that
engineering fidelity concentrates on the closeness of simulated environments to physical surroundings, while psychological fidelity is seen as the determining factor for the
effectiveness of a simulation device. More recently, Patrick [1992] reported that simulation with high psychological fidelity can lead to a high transfer of learning, despite
low physical fidelity.
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Table IV. Alternative Views of Presence
View of Presence
There are three types of presence: physical presence, physically being
there; telepresence, feeling as if you are actually there at the remote
site of operation; and virtual presence, feeling like you are present in
the environment generated by the computer.
Presence is a mental projection of the physical object: It is not a physical
state, but a phenomenal attribute that can be known only through
inference.
Presence has six dimensions: social richness, realism, transportation,
immersion, social actor, and medium.
Presence is a perceptual flow requiring directed attention. It is based on
the interaction of sensory stimulation, environmental factors, and
internal tendencies.
Presence is “subjective mental reality.” To distinguish reality from
simulation, quantify the amount of noise.

The sense of being in a place is described in the literature as presence. Distinctions
have been made between different forms of presence, as we show in Table IV. Sheridan
[1992] identified three types of presence: physical, telepresence, and virtual. Physical presence is associated with real labs and understood as “physically being there.”
Telepresence is “feeling like you are actually there at the remote site of operation,”
and virtual presence is “feeling like you are present in the environment generated by
the computer” (p. 120). The author argued that by suspending disbelief, we can experience presence in a virtual environment. Noel and Hunter [2000] claimed that the
critical issue in designing virtual environments is to create a psychologically real setting rather than to recreate the entire physical reality. From their experiments, they
concluded that by manipulating the variables of physical world, designers can create
the desired subjective reality. Nunez and Blake [2003] asserted that more attention
and effort should be given to the suspension of disbelief in determining presence in
virtual environments.
The role of beliefs may be important in explaining students’ behavior in a computerassisted learning situation [Vuorela and Nummenmaa 2004]. It may be that psychological reality—the belief of what is real—is not restricted by physical reality and therefore,
may play an important role in affecting subjects’ behaviors in a virtual environment.
Bradner and Mark [2001] found that subjects tend to cooperate less with their experiment partners if they believe them to be in a remote city, even if in actuality, both are
in the same location.
Given the richness of information available to participants in the lab, it has often
been argued that physical presence is preferred by students [Ijsselsteijn et al. 2000;
Lombard and Ditton 1997; Short et al. 1976; Snow 1996]. However, remote labs and
simulations provide alternate forms of presence: Telepresence and virtual presence are
competitors for physical presence. Biocca [2001] claimed that the root of presence lies
in the “perception of reality,” rather than in physical reality. In other words, presence is
more about “the illusion of being here or there and less about being as such” (p. 550), a
sentiment also echoed by Bentley et al. [2003]. Slater and Usoh [1993] showed that the
extent to which human participants feel immersed in virtual environments depends on
how convinced they are by the computer-synthesized effects.
Some researchers have asserted that the sense of presence can predict the level of
performance. By comparing experimental results under six versions of virtual environments, Bystrom and Barfield [1999] claimed that a sense of presence is one of the key
contributing factors to higher task performance. Other research also provides positive
support for this argument. Barfield and Weghorst [1993] illustrate the relationship
between presence and performance by introducing the mediating effect of enjoyment.
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Nevertheless, the causal relationship between presence and performance has been
questioned by other researchers. Mania and Chalmers [2001], in comparing levels of
presence and task performance in a real versus simulated world, suggested that presence is not necessarily positively related with task performance: High-fidelity simulations should function as well as the real world. A recent study conducted by Youngblut
and Huie [2003] reported that no significant difference in task performance can be attributed to a difference in presence. Nash et al. [2000] suggested that presence alone
cannot explain the difference in performance. Several studies have shown that students
may prefer remote laboratories in terms of convenience, but think the interaction lacks
either verisimilitude [Ogot et al. 2003] or immersion [Corter et al. 2004]. These studies,
however, did not show a difference in performance.
At the extreme, experimentation can be completely independent of the physical.
Thought (Gedanken) experiments also have strong advocates: “Experimenting in
thought is important not only for the professional inquirer, but also for mental development” [Matthews 1991]. Reiner and Gilbert [2000] showed that thought experiments are instrumental tools for science teaching and that students who use them
are able to generate new knowledge by retrieving tacit, implicit knowledge. They emphasized that thought experiments are characterized by a combination of thought
and experimentation, which cannot be completely represented by either. As an extension, they further claimed that other educational elements can be integrated with
thought experiments to produce hybrid experimentation, which they call thought
simulation.
The aforementioned work in total suggests that students’ preferences, and perhaps
their learning performance, cannot be attributed to the technology of the laboratory
alone. In other words, it is important to focus on how students’ mental activities are
engaged in coping with the laboratory world. From this point of view, other factors
discussed in relation to the effectiveness of laboratories, such as motivation [Edward
2002], peer collaboration [Baxendale and Mellor 2000], error-corrective feedback [Grant
1995] and richness of the media [Chaturvedi et al. 2003] should also be studied in order
to produce more interactive and immersive settings that ultimately lead to a space
students perceive as real.
From these studies, we might expect that students in a simulated or remote lab where
the reality is, respectively, faked or mediated by distance may experience psychological
presence, but not physical presence. In a similar way, students in a real hands-on
experiment could be exposed to physically real apparatus, but may not experience
psychological presence. For example, student might get bored or distracted if their role
is only to passively watch others interact with the device. Such ideas might be tested
by simple framing. By changing students’ beliefs about a technology (is it real or not?),
as well as their ability to immerse themselves (can they interact with it or not?), the
potential confounds related to belief and interactive immersion might be separated and
discarded.
4.5. Collaboration Methods May Interact with the Laboratory Technology Type

Finholt and Olson [1997], echoing our previous discussion about psychological and physical reality, suggested that “laboratories as physical settings may have become less essential for scientific collaboration than was formerly the case” (p. 28). Apparently, they
place an emphasis on psychology, rather than the physical locations of collaboration.
Collaboratories (the word combination of collaboration and laboratory) have gained increased attention. They are intended to link scientists and engineers with remote facilities “as if they were colocated” [Lederberg and Uncapher 1989] to access experimental
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apparatus. The number of collaboratories has been increasing after a national call
in 1993 to develop, refine, and evaluate the collaboratory concept in realistic settings
[Agarwal et al. 1998].
The Grid project [Foster et al. 2001] builds “coordinated resources sharing” across
the boundaries of multiinstitutions,” which fits the premise of remote labs and
collaboratories. Recognizing the impact of the grid on collaboration, researchers are
trying to build “truly collaborative, multidisciplinary and multi-institutional problemsolving settings” [Mann and Parashar 2002].
The growth of this shared infrastructure in scientific practice has implications for
pedagogy. First, for students who end up in careers in engineering and science, it is
likely that they will at some point participate in collaboratories. Second, it may be that
the collaboration, not the technology, accounts for learning performance differences.
In other words, even if remote labs are not as effective as hands-on labs, the experience of working with geographically separated colleagues and specialized equipment
may be educationally important enough to compensate for any shortcomings in the
technology.
It may be that students using remote laboratories will find different ways of collaborating, and the mode of collaboration they choose may affect what they learn
from the laboratory experience. Some researchers have begun layering coordination
technologies on top of remote laboratories as part of their evaluation experiments
[Scanlon et al. 2004]. There are more studies possible: For example, students might
be asked to run remote laboratories separately, and then meet the next day to discuss results. The work of Pea [1993, 1994, 2002] is especially informative. He showed
that the transformative communication both between students and between students
and teachers is a key contributor to learning performance. He related this communication to the general concept of sensemaking, much studied in the field of organizational
behavior [Weick 1996]. This work demonstrated the value of well-constructed group
activities used in conjunction with simulations, as well as the feasibility of developing
design skills through simulations.
5. DISCUSSION

We have looked at several possible reasons for why the debates over laboratory technology have continued over the years without any sign of abating. Our general conclusion is
that researchers are confounding many different factors, and perhaps over-attributing
learning success to the technologies used. There is much in the literature to suggest
that both students’ preferences and learning outcomes are the result of many intertwined factors. Thus, it is sensible to suggest that researchers more carefully isolate
and study the different factors which might interact with laboratory technology in
determining educational effectiveness. However, such work is difficult. It is hard to
perform large-scale educational tests and hold factors such as instructor ability constant. It is also difficult to compare studies which focus on different scientific domains.
Thus, it is especially important that effort should be focused on areas that look the most
promising.
First, research may look at hybrids of laboratories that are designed to accomplish
a portfolio of educational objectives. There is a fair amount of evidence that simulated
and remote labs are effective in teaching concepts. There is still a shortage of data on
whether such technologies are as effective as hands-on laboratories when it comes to
teaching design skills. Those who advocate the use of hands-on labs might be more
amenable to the use of simulated or remote technologies if all three technologies are
clearly integrated as part of a curriculum in which goals such as teaching open-ended
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design are clearly protected. Right now, the perception is that new technologies are
competitors against current teaching techniques, and this sense is probably getting in
the way of a more carefully considered educational evaluation.
Second, the effectiveness of laboratories may be affected by how much students believe in them. Therefore, an understanding of presence, interaction, and belief may lead
to better interfaces. Also, if belief proves important, then hybrid approaches might be
contemplated, in which hands-on work is used at an early stage to build confidence in
remote or simulated technology used in later teaching.
Third, research might pay more attention to collaboration and sensemaking. The
technology may change the way we can and should coordinate our work, and studies of
such interactions may be productive in suggesting the kinds of educational processes
that should accompany the lab technologies.

6. CONCLUSION

Interest in the effectiveness of virtual versus traditional learning in laboratories has
increased, probably due to two forces: advances in technology, and cost pressures on universities that are related to laboratories. In this survey, we reviewed current research
on laboratory education with a focus on three different types of labs: real, simulated,
and remote. We found that most of the laboratory articles were engineering-related.
Additionally, there were advocates and detractors for each different type of laboratory.
We asked what might explain the continued unresolved debate.
The debate can be partially explained by examining the educational objectives associated with each laboratory type. Hands-on lab adherents emphasize the acquisition of
design skills as an important educational goal, while remote laboratory adherents do
not evaluate their own technology with respect to this objective.
The debate is also confused for other reasons. Even hands-on laboratories are often
mediated by computer, so that there is rarely a pure hands-on experience for students.
Therefore, we may really be talking about relative degrees of hands-on, simulation,
and remoteness. Furthermore, research in psychology suggests that the beliefs and
experiences of students may be determined more by the nature of the interfaces than
by the objective reality of the laboratory technology. This is a complex issue; it may be
that hands-on labs are important initially to establish the reality of remote laboratories
or the accuracy of simulations for later study.
Finally, it is clear that students learn not only from equipment, but from interactions with peers and teachers. New technologies may call for new forms of coordination
to augment or compensate for the potential isolation of students engaged in remote
learning.
Our work may provide a starting place for researchers involved in the discussion
about the role and value of laboratory work. Perhaps a sense of reality can be achieved
by students not only in hands-on experience, but also in virtual environments. Perhaps
with the proper mix of technologies we can find solutions that meet the economic constraints of laboratories by using simulations and remote labs to reinforce conceptual
understanding, while at the same time providing enough open-ended interaction to
teach design. Our review suggests that there is room for research that seeks to create
such a mix, which might be informed by studies of coordination as well as the interactions that lead students to a sense of immersion.
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APPENDIX
TABLES OF ARTICLES AND EDUCATIONAL OBJECTIVES DISCUSSED THEREIN
Subject∗
P: Physics
B: Biology
AE: Aeronautical Engineering
CE: Chemical Engineering (chemistry)
Clm: Climatology
CVE: Civil Engineering
EE: Electrical Engineering
INS: Interdisciplinary
ME: Mechanical Engineering
MME: Mechanical and Manufacturing Engineering
PE: Power Engineering

Phy: Physiology
TE: Telecommuncation
CS: Computer Science
IS: Internet Science
EES: Environmental and ecological science
SE: Science and Engineering (physics, biology, EE)
Methodology∗
Qualitative—conceptualization and evaluation
Empirical—variance-based methods
Technical—design and implementation

Table V. Hands-On Laboratory Article Objectives
Lab Style
Constraints
Educational Objectives
H S R
Time & Accessibility Conceptual Professional Design Social
Article √
L L L Subject∗ Methodology∗ Cost
Flexibility
Understanding
Skills
Skills Skills
√
√
√
√
√
[1]
ME
Q
√
√
√
√
[2]
ME
Q
√
√
√
√
√
[3]
ME
E
√
√
√
√
√
[4]
ME
Q
√
√
√
√
√
[5]
EE
Q
√
√
√
√
√
[6]
MME
Q
√
√
√
√
[7]
ME
E
√
√
√
√
√
[8]
SE
Q
√
√
√
[9]
CE
E
√
√
√
[10]
B
Q
√
√
√
√
[11]
EE
Q
√
√
√
√
√
√
[12]
EE
Q
√
√
√
√
[13]
CE
Q
√
√
√
[14]
P
Q/T
√
√
√
√
√
[15]
CE
Q
√
√
[16]
P
Q
√
√
√
√
[17]
AE
Q
√
√
√
√
[18]
EES
Q
√
√
[19]
CE
Q
√
√
√
√
√
[20]
ME
Q
sum
6
2
20
15
13
8

Table VI. Hands-On Laboratory Article
Cross-Reference
HL-No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Grant [1995]
Collins [1986]
Fisher [1977]
Faucher [1985]
Edward [2002]
Magin and Kanapathipillai [2000]
Magin [1984]
Elton [1983]
Berg et al. [2003]
Tapper [1999]
Martin and Lewis [1968]
Martin [1969]
Miller et al. [1998]
Beck [1963]
Drake et al. [1994]
Roth et al. [1997]
Wentz and Snyder [1974]
Schauble et al. [1995]
Kozma et al. [2000]
Feisel and Rosa [2005]
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Table VII. Simulated Laboratory Article Objectives
Lab Style
Constraints
Educational Objectives
H S R
Time & Accessibility Conceptual Professional Design Social
Article L √
L L Subject Methodology Cost
Flexibility
Understanding
Skills
Skills
Skills
√
√
√
[1]
EE
T
√
√
√
√
√
[2]
TE
T
√
√
√
√
√
√
[3]
EE
T
√
√
√
√
√
[4]
EE
T
√
√
√
[5]
ME
T
√
√
√
√
√
[6]
EE
Q
√
√
√
√
[7]
CE
T
√
√
√
√
√
[8]
ME
Q
√
√
√
√
√
[9]
ME
Q
√
√
√
√
√
[10]
Phy
Q
√
√
√
√
[11]
ME
Q
√
√
√
√
√
[12]
INS
T
√
√
√
√
√
[13]
CE
T
√
√
√
√
√
√
[14]
B
T
√
√
√
√
√
√
[15]
Clm
Q
√
√
√
√
√
[16]
CVE
T
√
√
√
√
√
[17]
ME
T
√
√
√
√
√
[18]
PE
T
√
√
√
[19]
PE
T
√
√
√
[20]
PE
T
sum
13
11
20
16
9
5

Table VIII. Simulated Laboratory Article Cross-Reference
SL-No
Article
1
Chetty and Dabke [2000]
2
Fernandez-Inglesias et al. [2000]
3
Sehati [2000]
4
Ertugrul [1998]
5
Wicker and Loya [2000]
6
Smith and Pollard [1986]
7
Garcya-Luque et al. [2004]
8
Edward [1996]
9
Dobson et al. [1995]
10
McAteer et al. [1996]
11
Magin and Reizes [1990]
12
Shin et al. [2002]
13
Gomes et al. [2000]
14
Raineri [2001]
15
Edleson et al. [1999]
16
Budhu [2000]
17
Ertugrul [2000a]
18
Karady et al. [2000a]
19
Karady et al. [2000b]
20
Sakis Meliopoulos and Cokkinides [2000]

ACM Computing Surveys, Vol. 38, No. 3, Article 7, Publication date: September 2006.

Hands-On, Simulated, and Remote Laboratories

17

Table IX. Remote Laboratory Article Objectives
Lab Style
Constraints
Educational Objectives
H S R
Time & Accessibility Conceptual Professional Design Social
Article L L √
L Subject Methodology Cost
Flexibility
Understanding
Skills
Skills Skills
√
√
√
√
[1]
ME
T
√
√
√
√
[2]
ME
T
√
√
√
√
√
[3]
EE
T
√
√
√
[4]
EE
T
√
√
√
√
√
[5]
IS
T
√
√
√
√
[6]
EES
T
√
√
√
[7]
EE
T
√
√
√
√
√
[8]
EE
T
√
√
√
√
√
[9]
EE
T
√
√
√
√
[10]
EE
T
√
√
√
√
√
[11]
EE
T
√
√
√
√
√
[12]
EE
T
√
√
√
√
√
√
[13]
SE
Q
√
√
√
√
√
[14]
P
&
CE
Q
√
√
√
√
√
√
[15]
CS
T
√
√
√
[16]
EE
T
√
√
√
√
√
√
√
[17]
B
Q
√
√
√
[18]
EE
T
√
√
√
√
√
[19]
EE
T
√
√
√
√
√
[20]
EE
T
sum
17
19
19
13
1
4

Table X. Remote Laboratory Article Cross-Reference
RL-No
Article
1
Tan et al. [2000]
2
Hutzel [2002]
3
Gustavsson [2003]
4
Vial and Doulai [2003]
5
Naghdy et al. [2003]
6
Krehbiel et al. [2003]
7
Shen et al. [1999]
8
Arpaia et al. [2000]
9
Ferrero et al. [2003]
10
Albu et al. [2004]
11
Gustavsson [2002]
12
Bauchspiess et al. [2003]
13
Colwell et al. [2002]
14
Scanlon et al. [2004]
15
Zimmerli et al. [2003]
16
Arpaia et al. [1997]
17
Thakkar et al. [2000]
18
Ko et al. [2000]
19
Rohrig and Jochheim [2001]
20
Kolberg and Fjeldly [2004]
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