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Simulations

Use a short title page.

Provide complete directions and allow the Jearner to return (o them at any time.
Use the organization principle of memory as well as the repetition principle,

Use item types that both enhance response economy and accomplish your aims. Mouse
selection, single-word, and numeric answers are usually good,

Consider mixed-mode presentations and responses for generalization and transfer.

Item presentations should be lean, have good fayout, and use proper spelling, grammar,
and punctuation,

Use graphics as a conlext, as prompts, as feedback, and as a motivator,
Keep item difficulty fairly constant in a dril] session,
Use variable interval performance (VIP) quewing for item or algorithm selection.

Retire items based on mastery, such as climination from the future queue in VIP queuing.

Introduction

Muitimedia simulation is an increasingly popular method for learning, Siln}llatlons él‘(t‘
perceived as more interesting and motivating than many other methoflolo.gxes, a bc:zuex
use of computer technology, and more like “learning in the real world. Th‘ls chapte} .dei
scribes various types of simulations, discusses their advan%ages, analyzes factors crifica
to their design, and suggests some activities unique {o thel{‘ development. . .
Confusion and disagreement about what is and what is not an educational simula-
tion are considerable. An educational simulation can be deﬁned as a mod'el of some phc?-
nomenon or activity that users learn about through interaction with the simulation. .Thl_S
definition of simulation embodies several new techniques, such as some types of mi-
croworlds (Brehmer & Dorner, 1993; Li, Borne, & O’Shea, .I 996, .Rleilaer, 1996.; Under-
wood, Underwood, Pheasey, & Gilmore, 1996), virtual reality (Milheim, 1995, iisotka,
1995), and case-based scenarios (Jarz, Kainz, & Walppth, 1997): Pl'Op(f)llel}lS‘Q‘i Fhese
new approaches often maintain that they are not samuiatpns, pm{ltmg Ol.lt cne differ encfe
or another, such as that microworlds may represent imaginary o unposs1ble'phenomena.
Nevertheless, if a program has the critical features of simulations, Fhe de_telg.ner should
consider it a simulation and should apply simulation theory and design prlnglples. ‘
Qur definition of simulation also exclisdes some formats, such 'as 'molwes, anima-
tions, and many types of games. Although these oftep contain some 1m.1tat10n or f'cpr‘e-
sentation of reality, they typically are not based on an internal model (whlpll movies Iac‘,kﬁ
for exampie), or lack the main goal of users learning about a mc?del (as is the".case w1f
many games). Many programs are called simulation gameS‘(Fja.na, 1‘99‘8; H(c-:i.z & ]1\/!ei Z,
1998). This is an apt term when the program meets the definition of s1aT1u}at10? (learn-
ing through interaction with an underlying model) and has the char.actenst]cs c:l 1& game
(competition, rules, winning and losing). However, a program that uses a mo cC 0%‘ ac-
tivity solely as a motivating device (for example, being a d‘etectlve in the Carmen
Sandiego programs) is usually classified solely as a game or drill,

Terminate drills permanently based on performance, such as complete exhaustion of the
future queuve,

AHlow temporary termination at any time based on learner request, and allow restarting
where the learner left off,

Allow help requests and requests 1o see the answer.

Judge intelligently.

Give format feedback when (he response format is wrong. Don’t consider the responsc in-
corsect; rather, give another try,

Use answer markup for constructed responses that are partially correct.

Give a short confirmation when the response is correct,

Give immediate corrective feedback when the response content is incorrect.

Keep feedback short and positive.

Keep the pace of a drill quick.

Design drill sessions to last about fifteen minutes.

Provide special fecdback and queving for discrimination errors,

H subdrill-grouping is being used, sefect items for each subdrill based on equal difficulty,
to minimize discrimination crrors and to take advantage of the organizational principle of
memory. In a drill session, select items from a single subdrill group except for some re-
view items from completed subdrills.

The endless-continuum technique may be used as an alternative to subdrill-grouping. It
avoids the problems of repetitious drill endings and adjusting session length, Drill ses-
sions should still be terminated at about fifieen minutes, and leamers should be kept in-
formed of progress,

Increase motivation by using games, cooperative learning, competition, setting reasonable
and relevant goals, progress reporting, display and response variety, adjunct reinforcement,
and short drill sessions. Be careful that competition does not discourage poorer learners.
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A simulation doesn’t just replicate a phenomenon; it also simplifies it by omitting,
changing, or adding details or features. This is a critical point. Many simulation designers
suggest that the more accurate the representation, the better the simulation (Duchaste],
1994). Although this imay be true for simulations in engineering and research, it is not the
case for educational simulations, Using simplified models, learners may solve problems,
learn procedures, come to understand the characteristics of phenomena and how to con-
trol them, or learn what actions to take in different situations. In each case, the purpose is
to help learners build their own mental models of the phenomena or procedures and pro-
vide them opportunities to explore, practice, test, and improve those models safely and
efficiently. This can be done more effectively when the model is simplified.

In addition to simplifying models, educational simulations may add elements not
present in the real world. Coaching {Acovelli & Gamble, 1997), providing feedback or
hints, and similar techniques help make complex phenomena or procedures easier and
more comprehensible to beginning learners. The technigue of adding or highlighting par-
ticular elements has been termed augmentation of reality in the simulation theory of de
Jong and van Joolingen (1998).

The topic of simulations for learning is challenging and fascinating. Simulations
are more difficult to design and develop than methodologies discussed previously, but
the benefits in terms of user satisfaction and learning can also be much greater.

Types of Simulations

Several approaches have been suggested for categorizing educational simulations (Gib-
bons, Fairweather, Anderson, & Merrill, 1997; Goodyear, Njoo, Hijne, & van Berkum,
1991; Reigeluth & Schwartz, 1989; Towne, 1995; van Joolingen & de Jong, 1991). We
divide simulations into two groups according to whether their main educational objec-
tive is to teach about something or to teach how te do something. The about something
group can be subdivided into two subcategories, physical and iterative simulations, and
the how fo do something group into two subcategories, procedural and situational sim-
ulations. This can be summarized as follows:

About something simulations
Physical
lterative

How to do something simulations

Procedural
Situational

This classification into four categories is useful for several reasons. First, because
there is disagreement as to what is meant by simulation, it helps clarify the terminology.
The word simulation has different connotations to people of different disciplines. When
civil engineers or economists refer to a simulation, they likely mean an iterative simula-
tion. Psychologists and businesspeople typically mean situational simulations whereas
training professionals generally mean physical or procedural simulations.
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Second, categorizing simulations atlows us to identify and discuss what factors are
of greater or lesser importance for each category, which assists designers of simulations
by placing emphasis and effort on what should yield the greatest benefit,

Some simulations are difficult to assign to single categories. For example, flight
simulator programs appear to fit in both the physical and the procedural categories be-
cause they simulate an aircraft as well as the procedures involved in flying the aircraft.
Classification is easier if you begin by identifying the educational objective (learning
about versus learning how). This helps clarify whether a simulation is physical or pro-
cedural, or iterative or situational. For example, flight simulator programs would gener-
ally be classified as procedural simulations because the learner’s primary objective is
learning to operate the aircraft.

Although categorizing simulations is beneficial, a potential drawback is creating
the impression that the categories are clearly distinct, In truth, many simulations do not
fall neatly into just one category but are a synthesis of more than cne type. It is not un-
common for the learner to be learning about a device (how it works), as well as how (o
operate that device, as might be the case for an aircraft mechanic. Nevertheless, a clas-
sification system does provide guidance to both simulation users and designers. We now
describe and give examples of the four subcategories.

Physical Simulations

In physical simulations a physical object or phenomenon is represented on the screen,
giving the user an opportunity to learn about it. Many examples are in the physical and
biological sciences (gravity, optics, chemical bonding, photosynthests, weather), in en-
gineering (internal combustion engines, transmission of electricity through power lines,
computer logic circuiis), and in some social sciences (economics, urban planning, and
psychology).

A popular example of a physical simulation is SimCity Classic (Electronic Arts,
1996a) and its related family of programs such as SimEarth (Electronic Arts, 1998) and
SimFarm (Electronic Arts, 1996b), Although these are marketed as games, they are pow-
erful simulation programs that allow learners to explore difficult topics, such as urban
planning and ecelogy. SimCity Classic is illustrated in Figure 7.1. Free from any time
constraints, you can build cities of varying size with different layouts of businesses,
homes, roads, parks, mass transportation, and services. You can observe and analyze
the effects of such layouts on population, economics, resident satisfaction, and traffic
patterns. SimEarth, illustrated in Figure 7.2, allows you to design and modify entire plan-
ets, including landforms, oceans, and lving species; analyzing the effects on popula-
tions, weather, and many other outcomes. Such phenomena take place over periods of
time too lengthy to be observed in real time and, of course, are impossible in most cases
for learners to manipulate. The fact that some of these programs contain game elements
(for example, in SimCiry Classic your city might be attacked by Godzilla, after which
you must rebuild) does not detract from them being simulations. Each program has an
underlying computer model of a system (a city, the earth, a farm), and the objective is to
{earn about those models.

Another example of a physical simulation is Future Lab: Circuits for Physical
Science (Simulations Plus, 1998a}, iltustrated in Figure 7.3. In this simulation, you can
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SimCity Classic, an Example
of a Physical Simulation

Courtesy of Electronic Arts, Inc.
Copyright © 1996 by Electronic Arts,
Inc. SimCity Classic is a trademark
or regisiered trademark of Electronie
Arts, Inc. in the U.S. and/or other
countries. All rights reserved,

_ Geosphere Model

SimEarth, an Example of a
Physical Simulation

Courtesy of Electronic Arts, Inc.
Copyright © 1998 by Electronic
Arts, Inc. SimEarth is a tfrademark or
registered trademark of Electronic
Arts, Inc. in the 1.8, and/or other

countries. All rights reserved.
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Counrtesy of Simuiations Plus.

There are physical simulations of many other phenomena, such as the movement of
stars and planets, the development of weather systems, how internal combustion engines
work, the behavior of light fransmitted through lenses or reflected off mirrors, how earth-
guakes affect the earth’s surface, and so on. All such physical simulations are intended to
inform learners about some object or phenomenon and its underlying principles. We learn
ifrom physical simulations by manipulating the various ohjects or variables (such as build-
ing new roads in SimCity Classic) and observing how the overall system changes as 4 re-
sult (such as the number of people who drive to work rather than take the train).

Iterative Simulations

Iterative simulations, which we previously called process simulations (Alessi & Trollip,
1991), are quite similar to physical simulations in that they teach abour something. The
primary difference is the manner in which learners interact with the simulation. Instead
of continuously manipulating the simulation as it unfolds in either real or manipulated
time, the learner runs the simulation over and over, selecting values for various parame-
ters at the beginning of each run, observing the phenomena occur without intervention,
interpreting the results, and then running it all over again with new parameter values.
Time is generally not included as a variable in iterative simulations. That is,
whether the real phenomenon occurs very quickly or very slowly, in iterative simulations
the leamner manipulates parameters, runs the simulation, and sees immediate results.
Some simulation theorists refer to this as a static (in contrast o a dyramic) time frame
because the user is not manipulating phenomena as time continually passes (van Joolin-
gen & de Jong, 1991). Rather, time “stops” between runs and nothing happens while the
user decides on parameter values for the next run. The ability of simulations to manipu-
late time (speed it up, slow it down, or freeze it) is one of their great educational bene-
fits. Some actions happen too fast to see, such as the movement of electrons in a wire.

Pa—
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the dynamics of a country’s economy over a decade. It is much easier for learners to con-
ceptualize what is occurring when it is presented in a time frame that highlights the
changes. Once the learner understands the process, the true rate of occurrence can be in-
troduced or explained, together with its ramifications.

Some researchers refer to this type of simulation as scientific discovery learning sim-
ulation (de Jong & van Joolingen, 1998) because the learner is essentially engaging in sim-
ulated scientific research, applying the scientific method and performing repeated
experiments to arrive at an understanding of the underlying model of a scientific phe-
nomenon. The intent of these simulations is not to tell the learner the underlying model
but to have the learner figure it out by doing research. Such simulations often have a dou-
ble objective, learning the specific content (such as physics or econvmics) and learning
about scientific methods (such as hypothesis formation and testing). Because the scientific
discovery learning approach is generally used with iterative simulations, they may be con-
sidered “black box” simulations (Alessi, 2000a; Wenger, 1987) because the underlying
model is hidden and the learner’s goal is to discover it independently through research.

Tterative simulations are often used {though not exclusively) for teaching about pro-
cesses that are not directly or easily visible, such as economics (the laws of supply and
demand) and ecology (changes in populations over Tong periods of time). In most cases,
we see only the numeric outcomes, such as the prices of goods or number of people in
various countries. However, iterative simulations are also used for some more visible
phenomena, such as in physics or manipulating parameters in a mechanics Jaboratory.

Catlab (Kinnear, 1998), shown in Figure 7.4, is an example of an iterative simula-
tion in biology. The learner chooses the initial physical characteristics of 4 female and a
male cat, such as fur color and pattern. The cats mate and have kittens, a process that is
speeded up so the kittens arrive in a few seconds rather than after the normal nine weeks,
The learner then has a litter of kittens with characteristics derived from its parents, ac-
cording to the laws of genetics. That is, the kittens are not identical to the parents, but
share some of their characteristics. The process is then repeated, with the learner choos-

FIGURE "
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ing to mate two new cats from any of those available. These include the original parents
and all generations of their offspring, which are assumed to mature immediately. The
purpose of the simulation is to become familiar with genetic research and the laws of ge-
netics. This is accomplished by generating hypotheses about how physical characteris-
tics of cats are inherited, and by testing each hypothesis through observing the results of
each mating. Many generations of kittens have to be produced before you have enough
information to understand how the genetic laws of inheritance operate. In the simulated
world, this can be accomplished in a matter of minutes.

Kangasaurus: Transmission Genetics (Kinnear, 1997), illustrated in Figure 7.5, is
an iterative simulation closely related to Catlab. Whereas in Catiab the learner is re-
stricted to the visible characteristics of cats, Kangasaurus allows the learner to see and
manipulate the underlying genetic variables and characteristics that we cannot see with
the naked eye, such as chromosomes, alleles, and linkages. It not only manipulates time
to enhance learning, but makes visible the invisible. Both these types of simulation are
beneficial in the biological sciences, in which scientists deal with visible macroscopic
objects as well as the underlying invisible microscopic objects, and in which speeding
up time makes learning more efficient and effective. .

Iterative simulations are particularly useful in learning ecology and population dy-
namics. Community Dynamics (Lopez, 1998) is illustrated in Figure 7.6. Learners can ma-
nipulate the birth rates and death rates of predators and their prey, among other things and
observe how their populations rise and fall. Similarly, Population Concepts (Lopez, 1994),
shown in Figures 7.7 and 7.8, allows the learner to vary birth rates, the carrying capacity
of the environment, and other variables, and to observe changes in population over time.

Future Lab: Gravity for Physical Science (Simulations Plus, 1998b), an example of
an iterative simulation in the physical sciences, is illustrated in Figure 7.9. The learner
can perform experiments relating to gravitational forces and mechanics. In the iflustra-
tion, the learner is dropping balls of different mass and recording the time that they pass

Kangasaurus, an Iterative
Simulation

Courtesy of EME Corporatien,
Stuart, Florida.
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An Iterative Simulation in
Physics Future Lab:
Gravity for Physical Science.

Setting Parameters in
Population Concepts, an
Iterative Simulation

Courtesy of EME Cerporation,

Staart, Florida.

various points. The measurement instruments show the times, allowing the learner to cal-
culate velocity. The learner can investigate, for example, the velocity and acceleration of
different masses, with and without air and on different planets. The benefit of doing these
experiments with a simulation is that the user can complete many more trials with less
effort than could be done in a laboratory with real objects. The learner can casily com-
pare the relative velocities under different conditions. In a real laboratory, the learner can
only deal with a limited range of height and velocity, cannot manipulate friction or other
parameters, such as gravity, and cannot easily measure a falling object. Future Lab:
Gravity for Physical Science clearly has the characteristics attributed to the category of
physical simulation, but because of its method of interaction and treatment of the time
frame, it is classified as an iterative simulation.

Courtesy of Simulations Plus.

Procedural Simulations

The purpose of procedural simulations is to teach a sequence of actions to accompiish some
goal. Examples include flying an airplane, performing a titration, or diagnosing equipment
malfunciions. Procedural simulations typically contain simulated physical objects, because
the learner’s performance must imitate the actual procedures of operating or manipulating
them. However, it is important to distinguish between the role that the physical objects play
in this type of simulation in contrast to that in physical simulations. Here, the simulation
of the various physical objects is necessary to meet the procedural requirements, that is, to
allow engagement in the procedure, whereas in physical simulations the objects themselves
are the focus of the instruction. The purpose of a titration simulation, for example, is to
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teach science students how (o obtain measurements for calculating the strength of acids,
not to show what the apparatus looks like, although it may serve this function too. As stated
earlier, the primary objective of a procedural simulation is to teach the learner how 1o do
something, whereas a physical simulation is designed to teach about something or how
something works.

An important type of procedural simulation is the laboratory simulation (McAteer
et al., 1996), which might more appropriately be called the prelaboratory simulation,
Such simulations are not generally intended to replace the learning of a real laboratory
activity, but to introduce it and prepare the learner for it. A good example is Burette
(EME, 1999), which teaches the procedures of performing a chemistry titration, Burette
is shown in Figure 7.10. Sometimes laboratory simulations are intended to replace (or
reduce the frequency of) actual laboratory experiments. BiolLab Frog (Pierian Spring
Software, 1997), shown in Figure 7.11, allows the learner to dissect a frog and perform
other experiments without hurting live frogs. Experiments with animals raise ethical con-
cerns as well as being expensive, so many people welcome such a simulated environ-
ment. Although some occupations may require learning with real animals (for example,
veterinarians), the majority of learners can bhenefit just as much from simulations. (Sur-
veys among frogs indicate that they overwhelmingly prefer the use of simulations.) More
importantly, procedural simulations are increasingly being used in the health education
fields (including medicine, dentistry, nursing, and surgery) to teach critical procedures
without pain or risk to human patients. Dependence on the use of cadavers for teaching
anatomy and physiology is being decreased through the use of anatomy simulations such
as A.DLAM. Interactive Anatomy (A.D.AM. Software, 1997).

Another common type of procedural simulation in medicine is the diagnosis simu-
fation (Johnson & Norton, 1992). The learner is presented with a problem to solve, such
as a patient with particular symptoms, and must follow a set of procedures {o determine
the solution, in this case determining the illness. Diagnosis simulations are also common
in military training to teach how to diagnose malfunctions in mechanical and electronic
equipment and how to correct malfunctions. A large portion of military training involves

FIGURE 7.10
Burette, a Procedural

: Simulation
vol HaH = 72 60 mL
e Courtesy of EME Corporation,
Acetic skt i Stuart, Florida.
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BioLab Frog, a Procedural
Sinrulation

Courtesy of Pierian Spring Software.
Copyright @ 2000 Pierian Spring
Software.

using and maintaining sophisticated equipment, much of which is costly and dangerous.
Procedural simulations have become an indispensable part of such training.

One of the most popular home computer simulations is the flight simulator, such as
Microsoft Flight Simulator (Microsoft, 1989). Although these microcomputer simula-
tions are primarily for home entertainment, the military and commercial aviation indus-
tries depend on sophisticated aircraft simulators to train and test real pilots. Simulators
for large commercial jet aircraft may cost tens of millions of dollars. However, the real
aircraft can cost a hundred million dollars or more, Not only are the simulators much
less expensive than real aircraft, but they do not require expensive fuel to “fly”; they do
not endanger pilots; and they permit exhaustive practice in rare emergency procedures,
such as what to do when the engines fail, Just as modern aitline companies and the mil-
itary have become dependent on simulations for training, so have other industries and
branches of government, such as electrical utility companies (using simulators to train
operation of both conventional and nuclear power plants) and NASA, which uses simu-
lations to train all aspects of an astronaut’s job.

Another type of procedural simulation is the trip simulation. Africa Trail (MECC,
1995a), Amazon Trail (Softkey Multimedia, 1996), and MayaQuest (MECC, 1995b)
allow the user to plan and engage in trips in Africa, Central America, and South Amer-
ica. In the case of both Africa Trail and MayaQuest (the latter shown in Figure 7.12), the
trip is taken by bicycle, and the learner must dea) with the details of fong-distance bicy-
cle trips. In addition to simulating the procedures and activities involved in such trips,
these programs are also entertaining vehicles for learning about the geography, culture,
and history of the regions.

In all procedural simulations, whenever the user acts, the compuler program reacts,
providing information or feedback about the effects the action would have in the real
world. Based on this new information, the user takes successive actions and each time ob-
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st MayaQuoo st o

FIGURE.7.12
Traveling by Bicycle in
MayaQuest, a Procedural
Simulation

Courtesy of MECC.

learner is told that a patient has been admitted to the hospital with certain symptoms, such
as a high temperature, skin coloration, and a feeling of general weakness. The learner
must take some action, such as choosing from available medical tests: blood test, tissue
samples, throat cultures, and so on. The simulation then provides the test results: for ex-
ample, the blood and tissue are normal, but the throat culture is not. Based on these re-
sulis, the learner selects further tests and obtains more results. This procedure continues
until the learner feels confident enough to enter a diagnosis. The program then provides
feedback about the accuracy of that diagnosis. In some cases, the patient may be so ill that
the learner must perform some medical procedures before receiving the results of tests.

Procedural simulations vary greatly in terms of what they consider to be correct or
good sequences. Some simulations, such as a chemistry titration, have one preferred se-
quence of steps that the user should learn to perform. Others, such as a flight simulator,
have many ways of reaching the same destination, though not all are equally efficient.
Still others, such as Africa Trail, are more exploratory with many equally valuable paths.
However, even in simulations with one or a few “best” sequences, learners may be en-
couraged to try out poor or even disastrous paths to learn about their consequences and
what to watch out for. Therein lies another advantage of simulations, being able (o ex-
plore guestionable alternatives safely.

Situational Simulations

Situational simulations deal with the behaviors and attitudes of people or organizations in
different situations, rather than with skilled performance. They may be considered a spe-
cial type of procedural simulation, but it is useful to distinguish them for several reasons.

In procedural simulations, learners are encouraged to explore alternatives and see
their effects even when there are preferred procedural paths. This s even more true con-
cerning interactions with other people and organizations. The behavior of people and or-
ganizations is not as predictable as that of machines and physical (that is, not living)
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objects. To interact successtully with them requires an understanding of this unpre-
dictability. Simulations that teach such interactions must exhibit some degree of proba-
bilistic (or even random) behavior. For example, in a parenting simulation, scolding a
child might sometimes elicit apologetic behavior from the child and other times aggres-
sive behavior. In a business simulation, lowering your product price far below that of com-
petitors might result in more customers, or might decrease customers due 1o a perception
that your product must be inferior. It is even more important in situational simulations for
learners to explore alternative choices and to compare the same choices at different times,

Most situational simulations incorporate role playing. The learner is not outside the
simulation watching it occur, but is one of the participants or objects within the simula-
tion. Like traditional role playing, some situational simulations are multiuser simulations
or games, meaning that several learners participate in the simulation simultaneously, ei-
ther taking turns at a single computer or working simultaneously on networked comput-
ers. When this is the case, the predictability of outcomes in the simulation is even more
variable, and learning is greatly enhanced by engaging in the simulation several times
and discussing it with the other participants.

Situational simulations have been used for training counselors, teachers (typically
dealing with classroom behavior control), and lawyers. However, the most popular field
for situational simulations is in business education, including marketing, contract nego-
tiation, employee relations, and interaction with other businesses (Faria, 1998; Keys,
1997). Most of these programs are referred to as simulation games or just as business
games because, as the next chapter explains further, they incorporate the features typi-
cal of games, including rules, role playing, winning versus losing, teamwork, and, most
importantly, competition.

Capitalism (Interactive Magic, 1996), which is shown in Figure 7.13, and Capital-
ism Plus (Interactive Magic, 1997) allow participants to create companies, manufacture

Setting Up a Business in
Capitalism, a Situational
Simulation

Courtesy of Trever Chan and Enlight
Software fwww.enlight.com],
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and market products, and compete in markets, Single or multiple participants are possi-
ble. A wide and realistic variety of activities are included, such as choosing factory sites
r.esearching product design, dealing with suppliers, advertising, selling stock, and thé
]er. This is but one of many simulations relating to business management. A substan-
tial number of the articles in the journal Simulation and Gaming dea) with business sim-
ulation games.

Another example of a situational simulation is The Interactive Courtroom series
(Practising Law Institute, 1999), which includes simulations of interviewing, examining
and cross-examining, being the judge, making motions, negotiating, and other courtroom
skills. This series of lessons includes not only tutorial, practice, and assessment compo-
nents, but also frequent situational simulations as well. For example, as one of the
!awyers in a simulated trial sequence, you observe video of an opposing attorney speak-
ing and may choose to object to the attorney’s questions or make motions on the admis-
sibility of evidence. Depending on the nature and timing of your objections or motions
they may be sustained or overruled by the trial judge. ,

. Many adventure games have the characteristics of situational simulations. Once
agam, an adventure game can be considered a simulation game if one of the learning
goals is to learn an underlying model. Take for example an adventure game in which you
must survive in the wilderness. It can be considered a simulation game if its educational
objective is 1o learn survival skills and techniques. If the same adventure game is used
only as a motivational vehicle to reward reading or math problem solving, it is consid-
ered an educational game rather than a simulation.

Situational simulations are the least common type of educational simulation, per-
haps because they are more difficult and expensive to develop, given the great compiex—
ity of human and organizational behavior. Another reason may be that learners and
educators are less convinced of the effectiveness of simulations for teaching “soft” skills,
such as interpersonal behavior, believing instead that on-the-job experience is better.
This is an area in which research is needed.

# Advantages of Simulations

The discussion above concerning types of simulations illustrated the wide variety of sim-
ulation techniques and some of their advantages. These advantages can be examined in
greater detail if we divide our discussion into two parts—the advantages of simulations
compared to learning in the real world, and the advantages of simulations compared to
other multimedia methodologies.

Advantages of Simulations Compared
to Reality

Learning with simulations has several advantages as compared to using the real world
as a learning environment. We alluded to some of these in the previous section. Simula-
tfons can enhance safety, provide experiences not readily available in reality, modify
tam‘e frames, make rare events more common, control the complexity of the learning sit-
uation for istructional benefit, and save monev.
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Many educators consider safety to be one of simulation’s most important advan-
tages. A good example is teaching someone how 1o operate a nuclear power plant. The
power industry makes extensive use of simulation for operator training. For obvious
safety reasons, it is not appropriate to use a real nuclear power plant as the learning en-
vironment in which to teach novices about the complexities of operation. If the trainee
were to make a mistake, the results could be catastrophic. Similarly, nobody would con-
sider teaching a future Boeing 747 pilot how to deal with multiple engine failure on take-
off by actually cutting the power at lift-off in a real aircraft.

Sometimes simulation is the only way of providing certain types of instruction. In
a history course, for example, it is impossible for Jearners to actually witness events in
the past. However, simulation can create an impression of what happened and provide
role playing of historical figures. Similarly, in an economics course, simulation may be
the best way for learners to recreale and analyze the events of the Great Depression.

Another attribute of simulations is that one can contro aspects of reality that ordi-
narily make learning difficult. The best example is manipulating time for instructional
benefit. In some circumstances, accelerating the passage of time is useful. For example,
in simulations of genetics and inheritance, successive generations can arrive in seconds
rather than hours or months. Similarly, in the study of the movement of glaciers, simu-
lations can compress years or even centuries into minutes. Sometimes it is necessary to
slow down time. In studying the movement of molecules, for example, manipulating
time helps the learner see the movement, which in reality is much too rapid to observe.

It is often important to learn how to deal with rare events, but doing so in reality is
obviously difficult precisely because of their rarity. In medicine, certain discases occur
so rarely that a medical student might never encounter them during medical school. Sim-
ilarly, airplane engine failure is rare enough that it will not likely occur during a pilot’s
training. Nevertheless, physicians need to be able to diagnose and treat the more rare dis-
eases, and pilots need to be able to react correctly to engine failure. In simulations, these
events can occur as frequently as necessary to ensure that learners can deal with them.

Because simulations simpfify reality, they can be more conducive to learning than
some real environments. Real-world situations are ievitably filled with distractions.
Consider again the task of learning how to fly an airplane. The cockpit of a modern air-
plane is one of the worst learning environments possible. Not only are many instruments
facing the novice pilot, but messages are being relayed between the air traffic controllers
and all planes in the vicinity, requiring cateful attention to what is being said. The novice
pilot is apprebensive about being up in the air and is also concerned about other aircraft
nearby. All this creates a situation in which most attention is being concenfrated on as-
pects actually irrelevant to the immediate task at hand, which is learning to control the
plane. With attention thus divided, it is not surprising that it takes a long time to learn
how to fly when the actual plane is used as the vehicle for learning.

Thus, the aviation industry and the military make extensive use of aircraft simula-
tors. The most sophisticated of these, used for jet aircraft training, consist of a cockpit
that replicates perfectly the aircraft it is simulating, mounted on a hydraulic motion plat-
form, with computer monitors replacing the windows. The computer monitors can re-
produce scenes outside the atrcraft to whatever degree of realism is desired, and the
hydraulic motion base can recreate most of the kinesthetic aspects of flying the aircraft.
A realistic impression of flying an aircraft can be created even though in reality it never
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feaves the ground, Most of the extraneous, intrusive factors, such as air-traffic conversa-
tion, noise, and fear, do not exist in the simulation or at least can be controlled by the in-
structor, Thus, the student pilot is able to pay greater attention to the goals and critical
cues of a particular activity. This makes simulator time at the beginning of a person’s
training considerably more productive than the same {ime spent in a real airplane,

As an example, Trollip (1979) used a computer-based simulation to teach pilots
how to fly holding patterns. Because this task is primarily a cognitive one rather than
one of controlling the airplane, using a simulation results in several benefits. The in-
struction uses time more efficiently because the simulated airplane can be repositioned
for each sequence of instruction, whereas a real airplane would have to fly to the appro-
priate starting position each time. In this simulation, learners flew holding patterns using
simulated instruments in a variety of conditions. At the end of each pattern, a simulated
mstructor analyzed the pattern flown, compared it to the ideal pattern for the given set
of conditions, and provided both informational feedback (“Your inbound leg was more
than ten degrees to the left of where it should have been™) and prescriptive feedback
{(*You must adjust the outbound heading more for the crosswind”).

A different type of complexity is the number of variables in a phenomenon. For ex-
ample, Catiab (Kinnear, 1998) deals with just a few of the inheritable characteristics of
cafs, Real cats have many more characteristics than are simulated in the program. Sim-
ilarly, some physical and social science phenomena have hundreds of relevant variables
and cause—eflect relationships. Simulations dealing with them include just the more im-
portant variables, those having the greatest effect on outcomes, This simplification of re-
ality is often beneficial pedagogically because learners tend to be confused or
overwhelmed by a large number of variables to control

Stmulations are also more convenient than their real-world counterparts, For exam-
ple, they cost less, are available at any time, and are repeatable. A simulation of flying an
airplane is certainly less expensive than actually flying an airplane and can be used any-
time, day or night, irrespective of weather conditions, Furthermore, when an instructor
can be simulated, a learner does not have to coordinate with a real instructor and can even
learn at home. A simulation of diagnosing a particular disease in a patient can be done at
any convenient time, whereas in reality the learner may have to wait for a patient with the
relevant disease to enter the hospital. A new teacher’s first year of teaching occurs only
once in real life, but in a simulation the events of first-year teaching can be repeated over
and over, hopefully improving the real experience when it occurs. Similarly, one can re-
peat the treatment of a sick patient until the appropriate tests and treatments are learned.
In the real world, finding patients with identical symptoms is close to impossible.

Simulations are also more controllable than reality. As mentioned earlier, simula-
tions are not only imitations of reality, but also simplifications of it. This is inevitable be-
cause reality is impossible to imitate in all its detail. Simplification is also instructionally
advantageous. A person Jearns faster when details are eliminated at the beginning of in-
struction. For example, in an automotive diagnosis simulation, unimportant differences
between engines, such as age, quality of spark plugs, and months since the last tune-up,
can be ignored or eliminated. Instruction may then focus on the particular problems to
be diagnosed. When real engines are used for training, learners may be distracted or mis-
led by the minor, but irrelevant, problems all engines have.
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In general, simulations of all types may facilitate initial learning by simplifying the
phenomena. As a learner becomes increasingly competent in dealing with the simplified
case, a simulation may then add detail to bring the learner closer to reality.

Advantages of Simulations Compared
to Other Media and Methodologies

Simulations typically have four main advantages over more conventional media and
methodologies such as books, lectures, or tutoriats. They tend to be more motivating.
They enhance transfer of learning. They are usuatly more efficient. Finally, they are one
of the most flexible methodologies, applicable to all the phases of instruction and adapt-
able to different educational philosophies.

Motivation That simulations enhance motivation is well known and not surprising.
Learners are expected to be more motivated by active participation in a situation than by
passive observation. It is more interesting to fly a simulated airplane, for example, than
to read about flying it. It is more exciting to try to diagnose and treat a simulated patient
than it is to attend a lecture about it, The theories of motivation design we have discussed
(Keller & Suzuki, 1988; Malone & Lepper, 1987) suggest several motivational elements
that are found in most simulations. Malone’s elements include challenge and fantasy. Re-
alistic fantasy (imagining oneself in an interesting activity) is a part of most simulations
and is a function of the simulation storyline or scenario. Challenge is easily maintained
in simulations that increase in difficulty as the Jearner progresses. One of Keller’s moti-
vational elements is relevance, Most learners consider simulations more relevant to their
learning than lectures, books, or other more passive methods, because they are engaging
in the activity rather than just reading or hearing about it.

Last, many simulations include gaming techniques. As indicated earlier, these are
particularly popular in business education, where the competition inherent in games is
also a factor in the real world of business, including competition between firms, between
management and labor, or between salespeople. Such simulation games have the poten-
tial to be more intrinsically motivating (Lepper & Chabay, 1985} than other instructional
strategies.

Transfer of Learning Transfer of learning refers to whether skills or knowledge
learned in one situation are successfully applied in other situations (Clark & Voogel,
1985). Simulations have good transfer of learning if what was learned during the simu-
lation results in improved performance in the real situation. It is easy to understand why
a simulation of growing a rose garden, for example, in which you manipulate soil acid-
ity, the exposure to sunlight, and the amount of watering, wouid result in better transfer
than would reading a gardening book. The simulation gives you practice in growing
roses and the opportunity to try out different combinations of conditions and care. The
book, however, only provides information and hints on how to do it. We would expect
learners who use the simulation to be better prepared.

As discussed in Chapter 2, the term fransfer of learning is often used in reference to
quite different ideas. The term near transfer refers to applying what is learned to very
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similar circumstances. The term far transfer refers to applying what is Jeamed to some-
what different circumstances, or generalization of what is learned. Simulations can be de-
signed to optimize either type of transfer. Near transfer, which is generally more relevant
to procedural (how to do it) learning, tends to be facilitated by making the training sim-
ulation as similar to the real-world work situation as possible. This is known as the the-
ory of identical elements (Osgood, 1949). Far transfer, which is generally more relevant
to declarative learning as in physical and iterative simulations, tends to be facilitated by
mtroducing more variety into the simulation environment, including a variety of visual in-
formation, auditory stimuli, situations, and learner activities (Clark & Voogel, 1985).

Efficiency The idea of transfer of Jearning can be taken a step further. Not only can
one measure how effectively knowledge, skills, or information transfer from one situa-
tion to another, but one can also measure how efficient the initial learning experience is
with respect to the transfer. This is best illustrated with a hypothetical example.
Assume that you have two different classes for one chemistry course. To one class
you give a series of interesting and informative lectures dealing with a specific labora-
tory procedure. To the other you give a computer program that provides the same infor-
mation and includes a simulation of the laboratory. On completing their respective forms
of instruction, each class of chemistry students performs the procedure in a real labora-
tory. Your observation of the two classes convinces you that there is no difference in per-
formance and that both perform well. On the basis of this information you might
conclude that both instructional methods have the same transfer of learning. However, if
the lecture series took ten hours, and the average time to complete the simulation re-
quired only five hours, you might conclude that the simulation was more time efficient.
That is, more transfer occurred per unit of learning time with the simulation than with
the lectures, Although simulations don’t guarantee time efficiency, there is evidence that
well-designed simulations do foster it. (For more information on transfer of learning and
transfer efficiency see Beaudin, 1987; Broad & Newstrom, 1992; Cormier & Hagman,
1987; Detterman & Sternberg, 1993; Foxon, 1994, 1993; Parry, 1990; and Yellon, 1992.)

Flexibility The last advantage of simulations is their flexibility. Simulations can sat-
isfy more than one of the four phases of instruction. In fact, they usually satisfy at least
twor either initially presenting material and guiding the learner through it (Phases I and
2) or guiding the learner through previously learned material and providing practice with
it (Phases 2 and 3). Simulations are also being applied increasingly to the assessment of
learning (Alessi & Johnson, 1992; Lesgold, Eggan, Katz, & Govinda, 1992; O’ Neil,
Allred, & Dennis, 1997; O’Neil, Chung, & Brown, 1997), although assessment is usu-
ally not combined with other phases. It is rare to find simulations that provide three or
all four phases of instruction in the same lesson. However, the applicability of simula-
tions to all phases certainly stands in contrast to most other media and methodologies.
When simulations do provide initial instruction, they frequently do so by the sci-
entific discovery learning or experimentation approach (de Jong & van Joolingen, 1998).
Catlab and most other iterative simulations are examples of this. Not all simulations
teach in this way, however. Some provide extensive help or tutorial components that
learners may access at any time and according to their own choice. A simulation about
road signs and driving laws might introduce the signs and rules, guide the learner in their
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use, and provide practice by letting the learner use the simulation over and over until fa-
miliar with the laws. Many simulations have this characteristic. If used once, the simu-
lation presents information and guides the leamer in its acquisition. 1f used repeatedly,
it takes on the characteristics of a drill. Some simulations are in fact drills, requiring the
learner to continue until proficiency is demonstrated.

Many simulations combine instructional strategies. Microsoft Flight Simulator, for
example, allows the user to fly the airplane alone or with a simulated instructor. With the
instructor feature turned on, presentation and guidance is provided. Without it, practice
is emphasized. Laboratory simulations, such as Burette, generally assume the learner has
had some introduction to laboratory procedures and provide guidance and practice, usu-
ally before performing the real experiment.

Finally, simuiations may be used as tests. Flying a simulated airplane may be the
test that determines if the learner is ready to fly real planes. If the learner “crashes” in a
flight simulation, more practice is probably needed in the simulated environment. If the
simulated flight is successful, the learner is perhaps ready to fly in a real airplane—with
an instructor. Another benefit of using simulations as tests is that they have greater face
validity than the alternatives. For example, a paper-and-pencil test with multiple-choice
items is unlikely to provide the same information about a learner’s ability to perform a
chemistry experiment as requiring the learner to perform the experiment via a simula-
tion. This is a controversial area however. Psychometricians argue that because a simu-
lation is different for each user, simulation-based tests may suffer from lower reliability,
which threatens their validity as well. Despite these difficulties, simulation-based exams
are being used in a variety of fields to assess professional skills, such as aviation, med-
icine, and dentistry {Alesst & Johnson, 1992; O’ Neil, Allred, & Dennis, 1997; O'Neil,
Chung, & Brown, 1997).

The other aspect of flexibility and the final advantage of simulations is the appli-
cability of simulation to different educational philosophies. Simulation is one of the few
methodologies embraced equally by behavioral versus cognitive psychologists, and by
instructivist versus constructivist educators. Simulations can be designed in accordance
with any of these approaches. We can design simulations that emphasize behavioral ob-
jectives; thinking and problem solving; direct instruction; discovery or experiential
learning; or individualized, collaborative, or competitive learning. We can also combine
these techniques in the same program. A simulation may provide extensive learner con-
trol or may be directive and program controlled. Simulations provide designers with far
more options and decisions than other methodologies, as we shall see in the next section
on factors important to instructional simulations.

Factors in Simulations

Introduction—A Theory of Learning
from Simulation
We begin our discussion of factors in simulation by briefly deseribing a basic theory of

learning from simulation. That theory (Alessi, 2000b), which is diagrammed in Figure
7.14. maintains that three considerations combine to determine how learners encode.
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represent, and use knowledge: the attributes of the knowledge to be learned, the attrib-
utes of the learners, and the attributes of the simulation environment.

Knowledge attributes include the type of knowledge in a simulation, its organiza-
tion, its complexity, and its precision. The fype of knowledge primarily means whether
it is declarative or procedural (Anderson, 1980), corresponding to the two broad cate-
gories of simulation described earlier, simulations abour something versus simulations
on how fo do sometiting. The organization of the knowledge refers to whether it is se-
quential, hierarchical, weblike, cyclical, or perhaps something else. Complexity is inde-
pendent of organization. The knowledge needed for diagnosing and fixing problems in
a bicycle and a diesel engine may have the same organization (some parts hierarchical
and some sequential), but the knowledge relevant to the diesel engine is clearly much
more complex, because the engine has more parts, more potential problems, more diag-
nostic procedures, and more ways to fix it. Precision refers to the accuracy of knowledge
and how well predictions can be made from it. Some natural phenomena are well under-
stood, and events can be predicted and effects controlled precisely, based on our knowl-
edge of them. The mechanics of a bicycle are precise. Other phenomena are poorly
understood, so prediction and control are more difficult. Our knowledge of weather is
not precise, and our knowledge of human psychology is imprecise at this time. Each of
these attributes has implications for the manner and ease with which people learn knowl-
edge, and thus affects how simulation attributes are designed.

Learner ativibutes (of the people expected to use the simulation) are many and in-
clude age, gender, prerequisite knowledge or skills, prior knowledge or ability in the sub-
jectarea, general cognitive abilities such as memory and problem solving, metacognitive
abilities, interest in the subject area, learning styles and preferences, and motivation to
learn. Once again, all these affect the probability of successful learning, and simulations
should be desipned accordingly.

Attributes of the sinudlation are the realizations of the factors relevant to simulation
design. That is, each choice a designer makes about a factor (for example, the scenario
factor) results in a particular attribute for the simulation (for example, having the sce-
nario of an industrial labor strike, which requires negotiation between representatives of
labor and management), The designer has little control over the attributes of knowledge
or the atiributes of potential learners, so simulation design is largely a matter of select-
ing the simulation attributes in accordance with the uncontrollable attributes, and in such
a way as to best facilitate learning.

All these attributes combine to affect learning and how the learners encode knowl-
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ory (encoding, representing, and using knowledge) deals with the learning issues, dis-
cussed in Chapter 2. The two issues most relevant are mental models (Frederiksen,
White, & Gutwill, 1999; Gentner & Stevens, 1983) and transfer. Any simulation incor-
porates a model of some phenomenon or procedure, and the primary objective is for the
learner {0 internalize that model—to develop their own mental model. Therefore, how
such internal models form and work is crucial to our understanding of learning from sim-
ulations. Second, one of the main reasons we use simulations is to enhance transfer of
learning. An understanding of what facilitates transfer (both near and far) is also crucial
to our understanding.

Fidelity

For the remainder of this section, we describe the simulation factors and how they should
be related to the knowledge attributes, learner attributes, and desired learning outcomes.
The factor of fidelity is an overarching issue that affects all aspects of a simulation, such
as the underlying model, presentations, and interactions. Fidelity refers to how closely a
simulation imitates reality, An aircraft simulator with a sophisticated visual and motion
system provides a high-fidelity simulation of flying. A computer-based simulation, such
as Microsaft Flight Simulator (Microsoft, 1989) has much lower fidelity. Fidelity affects
both initial learning (the learner’s performance during the simulation) and transfer of
learning (how well one applies new knowledge or skills to new situations).

Historically, people believed that increasing fidelily in an instructional setting nec-
essarily led to better transfer (Hays, 1980). However, research has demonstrated that the
relationship between fidelity and transfer is more complex and depends on, among other
things, the instructional level of the learner (e.g., Andrews, Carroll, & Bell, 1995; Burki-
Cohen, Soja, & Longridge, 1998). Alessi (1988) suggested this complexity exists be-
cause transfer of learning depends not only on fidelity but also on initial learning (the
level of learning at the time of instruction), which in turn is also affected by fidelity, as
indicated by Figure 7.15.

The relationship between fidelity and initial learning is complex, as illustrated in
Figure 7.16. For a novice learner, low-fidelity instruction does yield learning, but some
increase in fidelity might result in better learning. For example, a student pilot would
learn something from reading a text about flying an airplane, but might learn more from
watching a film with narration. The same person might learn less, however, from a very
high-fidelity experience, such as in a mechanical simulator. Putting the novice in a real
airplane, the highest possible level of fidelity, may be so confusing and stressful as to re-
sult in no learning at all. On the other hand, an experienced user initially Iearns more
from higher fidelity, such as in a mechanical simulator. In a real airplane, that person
may learn less than in a simulator, but more than the novice. For an expert, such as an
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experienced pilot learning to fly a new airplane, a high-fidelity simulator might be very
effective, and the actual airplane even more effective.

In Figure 7.16, the line Jabeled best learning is plotied through (or near) the max-
imum point of each curve, the point of best learning for different levels of learners. For
increasingly sophisticated learpers, it reflects increasingly high-fidelity instruction.
However, the line does not represent the best level of fidelity in terms of other training
factors. The line labeled most cost-effective intersects the curves where they begin to ex-
hibit diminishing returns. Beyond that point, great increases in fidelity and expense are
required for small increases in learning. An efficient curriculum would train students of
mcreasing knowledge levels at correspondingly higher points on the most cost-effective
line. Methods of measuring and deciding on the most cost-effective combinations of
media and instructional fidelity are discussed in Roscoe (1971; 1972), Povenmire and
Roscoe (1973), and Carter and Trollip (1980).

Figure 7.16 describes the effect of fidelity on learning at the time of instruction. As
Figure 7.15 indicated, transfer of learning depends directly on fidelity and on initia)
knowledge obtained at the time of instruction. Initial learning, however, is not only af-
fected by actual fidelity, but also by the perceived similarity of the instructional situa-
tion to the performance environment. This perception often affects the learner’s level of
motivation. These additional factors, which are not independent, are illustrated in Figure
747, Actual similarity (fidelity) affects perceived similarity, which affects motjivation.
For that reason, it is possible that point A on Figure 7.16 will yield less initial learning
for the novice learner than B, but may still yield higher transfer. However, point C, which
represents higher fidelity and higher initial learning, will probably yield better transfer
for a more advanced learner than either points A or B.

It would appear we are faced with a dilenyna in simulation desi gn. Increasing fideiity,
which theoretically should increase transfer, may inhibit initial learning, which in turn
would inhibit transter. On the other hand, decreasing fidelity may increase initial learning,
but what is learned may not transfer to the application situation if too dissimilar.

One solution to this dilemma may lie in using a level of fidelity based on the
learner’s curtent instructional level. As a learner progresses, the appropriate level of fi-
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for an advanced learner, transfer is emphasized (with higher fidelity). This can be ac-
complished by choosing points along the best learning line in Figure 7. 1.6 or, in consid-
eration of economic and time limitations, along the mast cost-effective line.

This solution has been suggested for instruction generally in Bruner’s spi!.'al cur-
riculum (Bruner, 1966} and Reigeluth’s elaboration model of instruction (Reigeluth,
1979). For simulations, this approach is called dynamic fidelity. 1t has been suggested
under different names by other simulation researchers and developgrs {for example, de
Jong et al., 1999; Goodyear, Njoo, Hiine, & van Berkum, 1991; Relgeluth & Schwartz,
1989; Swaak, van Joolingen, & de Jong, 1998). There are many ways (o implement d}:-
namic fidelity. Tt may be increased (or decreased) continuously baseq on the lezlxmer §
performance. It may be increased from one lesson segment to the next in amore discrete
fashion. It may be increased by the learner’s own choice or the instructor’s choice. Com-
binations and other approaches are also possible. .

The discussion above may imply that fidelity is a single entity. In fact, simulaulon
designers speak about fidelity of the presentations and fidelity of the qucl and ﬁdn?hty
of many other components of a simulation. A simujation may have reahstlc-pre;;entattons
but rather simple interactions. Similarly, it may have a fixed levell of ﬁdehty for th(-.: un-
derlying model but dynamically increasing fidelity of presentatxfms aqd mterac‘tlons.
After discussing the other simulation factors in the remainder of this section, we will re-
turn to the issue of fidelity and suggest a model for integrating the many decisions a de-
signer must make about it.

Delivery Mode

One of the most visible of the factors in simulation is the delivery mode. Some of the
many modes of delivering a simulation include:

® An individual microcomputer with no special peripherals

m Networked microcomputers with no special peripherals

» Individual microcomputer-based virtual reality environment with head-mounted
viewer and sensory gloves

m Networked microcomputers with virtnal reality equipment

m Supercomputers with virtual reality environment ‘

m Large-scale physical simulators (such as for a jet aircraft) controlled by super-
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The choice of one of the above modes should be made in appreciation of the in-
structional goals, the learner characteristics, the level of fidelity required, the importance
of performance, learner motivation, and economics. In many cases, however, the deliv-
ery mode is chosen first. For example, a company already owns a large simulator and
wishes to use it as much as possible, In that case, the choice of delivery mode impacts
many decisions concerning presentations, scenario, feedback, and the like.

Delivery mode can have a huge effect on cost. A large-scale jet aircrafl simulator
costs tens of millions of dollars. The same is true for many military equipment simula-
tors, power plant simulators, NASA spacecraft simulators, and medical simulation envi-
ronments. What can justify such cost? Perhaps the most critical consideration is
importance of performance, which can best be appreciated by assessing the conse-
quences of making errors. Millions of dollars can be justified for the use of aircraft sim-
ulators because the consequences of pilot error in a commercial jet airliner can be
catastrophic, affecting hundreds of passengers and very expensive equipment and prop-
erty. The same is true for the operation of a nuclear power plant. The consequences of
errors can be deadly and incredibly expensive, so training must be completed to a degree
of mastery (near perfection) that justifies very expensive simulators.

Instructional Strategy

Related to delivery mode, and sometimes a function of it, is the simulation’s instructional
strategy. Some of the more common instructional strategies for simulation follow. These
are not all independent. A particular lesson may combine different strategies, such as mi-
croworld and laboratory simulation, or virtual reality and operator-in-the-loop simulation,

Microworlds Many physical simulations are delivered as microworlds. The learner is
given a collection of objects that can be assembled. manipulated, turned on and off, mea-
sured, and so on. Sometimes a microworld follows the rules of the real world, and some-
times it allows the user to ignore them. Future Lab: Gravity for Physical Science is a
small microworld, in which some aspects are true to the laws of physics (carth’s gravi-
tational pull is fixed and cannot be manipulated), whereas other aspects may be over-
ridden (for example, friction can be turned on and off).

The term microworld has been used for many types of software. Some, but not all
such microworlds, are simulations. Microworlds that have an underlying model to be
learned, such as Future Lab: Gravity for Physical Science or White’s physics and chem-
istry microworlds (White, 1993), are simulations. In contrast, programming microworlds
such as Logo are not (Papert, 1980). SimCiry Classic and related programs (Simfarm,
SimEarth) may be considered microworlds.

Scientific Discovery Learning Thesc arc usually iterative simulations, such as Cat-
lab and Population Dynamics, in which learners perform scientific experiments to as-
certain the laws of nature for themselves.

Virtual Reality Virtual reality environments (Milheim, 1993; Psotka, 1995) replicate
a real-life environment visually, functionally (the actions you can perform), aurally, and
sometimes kinesthetically (what you can feel). They may require special equipment,
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such as a head-mounted computer monitor and gloves that can sense hand movements
and provide tactile feedback to the hands. Virtual reality is generally used for physical
or procedural simuations, Newer microcomputer-based flight simulators may be con-
sidered low-end virtual reality programs. Many can be operated with realistic aircraft
controls connected to the computer.

Laboratory Simuiations  These are usually physical or procedural simulations, such
as Burette and BioLab Frog, that allow the learner to engage in procedures, observations,
and computations of laboratory research. Often, using these is followed by doing real
laboratory activity. Some laboratory simulations allow users to follow any paths they
want (including completely nonsensical ones), but most have constraints, which guide
the learner down correct pathways.

Role Playing This strategy is generally used in situational simulations, such as Cap-
italism, The Interactive Courtroom, and Choices Choices—Taking Responsibility (Tom
Snyder Productions, 1997). Role playing is a popular approach for training in business,
salesmanship, counseling, parenting, and classroom teaching {(Holsbrink-Engels, 1997).

Operator-in-the-Loop  This is a term used by engineers for large-scale physical sim-
ulators of aircraft, military equipment (such as tanks, submarines, and radar systems),
automobiles, and power plants. Operator-in-the-loop refers to the fact that a physical de-
vice (such as an aircraft simulator) is running while a live operator (the learner) inter-
acts with it in real time.

Case-Based Scenarios  Sometimes called goal-based scenarios (Collins, 1994), case-
based scenarios (Schank & Cleary, 1995) refer to an approach closely related to and
sometimes incorporating role playing. The learner is placed in a hypothetical work or
problem situation and must carry out the job or find and implement solutions. These are
popular in business. For example, training accountants may have the learner playing the
role of auditor who must audit a small business. The auditor must obtain and inspect the
company books, interview people, perform audit tests, and write an audit report.

Simulation Gaming  This strategy is sometimes just called gaming. Often gaming is
competitive, as in business games like Capitalism (Interactive Magic, 1996). This is es-
pecially true for multiple-user simulation games. Other simulation games are less com-
petitive, such as MayaQuest (MECC, 1995b) and Africa Trail (MECC, 1995a).

The Underlying Model and Its Components

The underlying model of the simulation is the representation of the system or phenom-
enon being simulated. The computer program depicts the physical entity, the procedure,
the situation in which the learner i$ a part, or the process that the program mimics, Com-
puter models that underly simulations are primarily of three types: continuous, discrete,
and logical,

Continuous simulation models are those that represent phenomena having an infi-
nite number of srates. Most nhenomensa in the nhucicral criancese and maomno in the omabal
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sciences are of this sort. The model underlying the motion of a falling object, the growth
of animal populations, and the cycles of an economy all are based on continuous simu-
lation methods.

The mathematics used to represent such systems is calculus, and the solutions that
enable one to program the model are based on numerical integration. The program for a
confinuous simulation includes the initial conditions for relevant variables, their rates of
change, and the time period over which they are examined.

If you are building a program to simulate plant growth, for example, variables might
include sunlight intensity, air teraperature, water and mineral availability, chlorophyil
content of the plant, and plant tissue mass. The initial values of each of these would be
necessary along with formulae indicating how each changes over time, as well as the val-
ues of other variables and constants. Given this information, a continuous simulation cal-
culates the change in these variables for each time increment (for example, every hour).

The mathernatics undertying this type of simulation is complex, but software exists
to aid the designer in development. For Macintosh and Windows computers, STELLA
(High Performance Systems, 1987) and PowerSim (PowerSim, 1999) allow the devel-
oper to enter initial conditions, rates of change, and time parameters; and the software
generates the necessary equations.

Discrete simulations are less common in education. They represent phenomena in
which quantities vary by discrete amounts. Whereas the variables of continuous simula-
tions are real numbers, those of discrete simulations are integers. Common examples of
discrete simulations are queuning simulations, which represent objects waiting in line.
Systems such as automobile and air traffic, check-out lines in a grocery store, and pro-
duction on an assembly line are examples amenable to discrete simulation.

The mathematics of discrete simulations is probability, statistics, and queuing the-
ory. Discrete phenomena are characterized by objects arriving for some kind of service
(cars, airplanes, or people}, waiting in line for service, being served, and finally leaving
the system. The simulation depends on knowing the distribution representing arrival of
objects, and the patterns and time required to serve them. Although discrete simulations
are easier to program than continuous simulations, their development is also facilitated
by simulation systems and languages. Both STELLA and PowerSim, for example, include
commands for creating discrete simulation models.

Logical simulations are very common among educational simulations, though un-
common in other uses of simulation. Logical models are represented by sets of if-then
rules in & computer program. Systems represented by logical models include the opera-
tion of machines, decisions in running a business, and many social interactions. For ex-
ample, a machine starts to operate if the power switch is depressed. A camera takes a
picture if there is film, and it is properly advanced, and you press a button. Sales take
place if it is a work day, there is inventory to sell, and customers are willing to pay the
required price.

Continuous and discrete simulation methods have long been used by scientists and
engineers for research and development. They often used these simulations to understand
how various physical phenomena work and to design systems based on them. Logical
simulation methods are of greater interest to educators than scientists and engineers.
However, many simulations, especially educational ones, use a combination of these
methods, Most simulations in science education. for example. include a combination of
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the physical system itself, and the logical parts of the model represent the ways in which
users interact with the physical system. This is also (rue in most procedural simulations.
In a program such as Microsoft Flight Simulaior; the model of aireraft 1ift and movement
is a conlinuous one based on principles of {luid dynamics. On the other hand, all the pilot
actions, such as turning the yoke or setting the navigation instruments, are represented
by logical models.

The underlying model must include a number of components that determine both
the nature of the simulation and the nature of the learner’s interactions with it. These
COMpOREnts are

Objects

Precision

Type of reality
Sequence

Number of solutions
Time frame

Role of the learner

Objects The objects of the simulation are any physical entities, pictured or described.
The objects in SimCity Classic (Figure 7.1} include the buildings, streets, parks, cars,
and funds available. The objects in Furure Lab: Circuits for Physical Science (Figure
7.3} include the meters, switches, bulbs, wires, as well as the electrical quantities volt-
age and amperage. Other examples include airplanes, parts of a chemical apparatus, tele-
phones, spaceships, hospital patients, automobile engines, unknown substances, a job
application, road signs, school principals, animals, corporations, countries, and so on.
Some simulations may deal with a single object, such as a piano, whereas others may
deal with many objects, such as the teachers and students in an elementary school.

Having a larger number of objects does not necessarily make the simulation more
complicated, either to program or to use. Rather, it is usually the presence of people among
the objects that increases complexity. The rules governing the behavior of people are far
less understood than those governing the behavior of airplanes, pianos, and animals,

Precision Precision refers to how well we understand the processes being simulated.
The precision of the real phenomenon is closely correlated with the presence or absence
of people as objects. The most precise subjects are those involving strict mathematical,
physical, or chemical laws. It is well known what happens when a distillation apparatus
is heated or when a 5-kilogram weight is dropped from three meters.

However, even phenomena that follow physical or chemical laws may have elements
of probability or chance. That is, some of the factors that influence reality are either un-
known or impossible to determine. An automobile engine, for example, follows physical
and chemical laws completely, but deciding why an engine runs poorly is still a difficult
matler because so many physical and chemical influences can affect the many parts of the
engine. Many unknown influences, such as the care the engine has received in the past or
how fast the owner normally drives, also affect the engine. Thus, the operation of an en-
gine is based on chance or probabilistic considerations, as well as scientific or ntechani-
cal ones. The more chance 18 involved. the less precise the model is. and the harder it i
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The exireme case is when people are involved. Very little is really understood about
individual human behavior, which makes predicting it almost impossible. Simulations
that include humans as objects, therefore, incorporate a great deal of chance and conse-
quently are the least precise and most difficult to program. This is the case for almost all
situational simulations. .

Remember that simulations require a description or prediction of the behavior of
the various objects, When trying to determine how difficult a simulation will be to pro-
gram, think about how predictable the various objects are, Pianos, for example, are very
predictable: pressing a particular key always results in the same sound. Aut'omoblle en-
gines are less predictable. When you turn the ignition key on a cold morning, they Fio
not always start. People are very unpredictable, and the degree of predlctabﬂ.}ty varies
from one individual to another. Thus, simulating a piano is easier than simulating an au-
tomobile engine, which in turn is easier than simulating a person.

Type of Reality The type of reality of a simulation refers to wheth‘er thc.: phenoimenon
depicted is one that occurs in the real world. There are three levels of reality. Some phe-
nomena do occur as simulated, which includes most simulations described so far. Some
phenomena do occur, but rot exactly as simulated, such as the learner takling the role of
an animal in a predator—prey simulation, or turning off friction in a physics labor‘fltory,
or doubling the birth rate of a country in one year. Some phenomena are imagmc.xry,
which do not occur at all, such as castles with dragons or battles between spaceships.
Realistic subjects are neither better nor worse than imaginary ones. They simply have
different purposes and advantages.

Sequence Sequence tefers to whether the events occur in a lincar,.cyciic, or more
complex fashion. The events of a titration are essentially linear. Bamcglly a titration
should be performed in one way. The events of driving and obeying road signs are cychc.
We periodically approach a road sign and engage in the appropiiate behavmxj, such as
slowing, stopping, and looking. The same scenario occurs repeatedly as we drive. ‘

Many phenomena are complex, which means that the order of CV(‘)I‘[IS\IS not strictly
definable or that many different orders may be possible, some perhaps preferable to oth-
ers. There are many ways to fill out a job application, land an airplane, diagnose prob-
lems in an automobile engine, or run a business. Many unpredictable events may oceur
in one’s first year of teaching or in treating a hospital patient. In general, the inclusion
of unpredictable events makes the sequence of a simulation more cgmplex. Althoggh
complexity is a function of reality, the underlying model of the simulat%on is usually sim-
plified to make it easier to design and program, and to facilitate learning.

Number of Solutions Reality varies a great deal with respect to the number of solu-
tions available. Sometimes there is no solution because there is no such thing as right or
wrong. An example of this is how mating different cats (in Catlab) affects the charac-
teristics of the offspring. Another is measuring the time it takes for objects to reach the
ground when dropped from different heights. »

Other subjects, particularly procedural ones, have one preferred sequence of events.
Examples include performing a titration, playing a particular song on a piano, or prop-
erly obeving a series of road signs encountered on a road. Finally, some subjects have
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your first year of teaching, or running a business. In most simulations, the number of so-
lutions possible in the real world is reduced in the simulation, both to simplify pro-
gramming and to facilitate learning.

Time Frame The time frame is the period of time over which a phenomenon normally
takes place. An event in optical physics, such as light moving through a lens, occurs in
a billionth of a second. A titration may take from ten minutes to an hour, Diagnosing a
rare disease takes days or weeks. Breeding and raising cats takes months. Doubling the
population of a country takes decades. The formation of mountains and rivers takes a
million years. Models can be built to simulate ail these things, but the more extreme the
time frame of the real phenomenon (microseconds or millennia), the less realistic the
model can necessarily be on this dimension. Nevertheless, it is precisely (hose events that
occur extremely fast or very slowly that simulations excel at teaching, Learners cannot
in reality observe the motion of light through a lens or the growth of a mountain, but they
can do so through simulation.

The internal model may deal with the time frame in three ways. It may eliminate
time, modify time, or maintain real time. Elimination of time is accomplished in what
are called static simulations (van Joolingen & de Jong, 1991). Most iterative simulations
eliminate time. You set parameters, click the start button, and get results, There is no nat-
ural passage of time. When time does pass (modified or not) during a simulation, it is
called a dynamic simulation (van Joolingen & de Jong, 1991). Modification of time is
probably the most common, and occurs frequently in physical, procedural, and situa-
tional simulations. )

Time may be speeded up or stowed down. This may be done consistently (for ex-
ample, ten seconds in the simulation is always equivalent Lo one hour in the real world)
or inconsistently (for example, sometimes ten seconds represents an hour and sometimes
ten seconds represents one minute to accentuale a critical part of a procedure). Last, a
model may maintain real time. This is not very common and applies mostly to proce-
dural simulations for procedures that do not take very long, like performing a chemistry
titration. An interesting example is Microsoft Flight Simulator. This program allows
users to select whether they want to fly in real time or modified time and to change their
mind whenever desired. This is very useful for a skill such as flying. During take-off and
landings, which take just a few minutes, you generally want to do everything in real time
(which is the program’s default). But as you fly for several hours from Chicago to Saint
Louis over the flat Illinois corn ficlds, most users like to speed up the trip.

Medification of time is a very important example of lowering a simulation’s fidelity
for instructional advantage. Most of what we want {o learn does not oceur in convenient
time frames. Rather, they occur too quickly or oo slowly. Modifying the time frame can
decrease boredom, improve time efficiency, accentuate critical events, and clarify the bi g
picture,

Role of the Learner The role of the learner refers to whether the person using the
simulation is considered one of the objects in the model or is external (o it. Being a part
of the model does not necessarily mean the learner is a person in it; the part may be
an animal or physical object. Usually, however, people are people. In most situational
simulations and in simulations using game, role playing, or case-based scenario ap-
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learner generally manipulates and observes objects from outside. Procedural simulations
can go either way, depending on whether the designer wanis to create a sense of in-
volvement. Operator-in-the-loop simulations (such as flight simulators) generally create
a high level of involvement (you are in the plane and your life depends on landing it),
whereas diagnostic simulations (diagnosing a patient’s illness or a car engine’s failure)
generally do not.

Another aspect of the learner’s role is whether the learner is primarily an actor or
a reactor. By actor we mean the learner engages in actions to which other objects react.
In contrast, objects may be the primary actors to which the learner reacts. Sometimes
neither take the primary role, but act and react in equal ways. In a titration simulation,
the learner is the primary actor who controls the apparatus and the experiment. This is
the case for mos{ iterative simulations. In a driving simulation, however, the learner must
react correctly when a particular road sign comes into view. The learner has no control
over the signs, and thus is the reactor. The learner is also the reactor when filling out a
job applcation.

The most challenging simulations to design are those in which both the learner and
the model act and react because this makes the underlying model more complex. In a med-
ical simulation, the patient shows symptoms, the physician performs tests, the test results
come back. The physician prescribes a treatment, new symptoms begin to develop in the
patient, and so on. Each change in symptoms causes a reaction in the physician (the user
of the simulation), and each choice or decision by the physician, such as giving medica-
tion, causes reactions in the patient and other aspects of the simulation. Situational sim-
ulations usually include equal action and reaction by both the model and the user of the
simmulation. This is seen in The Interactive Courtroom (Practising Law Institute, 1999), in
which your decision, as a defense attorney, to object to questions by the prosecuting at-
torney, elicits a reaction by the trial judge to either sustain or overrule your objection,

Providing Objectives

Like all instrectional software, simulations generally have an introductory section that
includes a title page, description of the objectives, directions, and so on. Because learn-
ers are generally less familiar with simulation methodology than they are with tutorials,
drills, and tests, greater emphasis should be placed on explaining the purpose of a sim-
ulation. We often observe that when using simulations, learners ask, “What am I sup-
posed to be getting out of this.” Without giving away any surprises, it is useful for
motivational reasons to both clarify a simulation’s educational purpose and to give some
idea of the activity to come. To inform learners that a lesson is about the Civil War is not
likely to excite them. For many it may conjure up memories of history books filled with
dry facts about the civil war and dates to be remembered. If the lesson introduction states,
in contrast, that “You will play the role of advisor to General Grant. You will help make
decisions about purchasing weapons, food, medical supplies, and about strategy, which
will affect the outcome of the war,” the learner is likely to be more interested.

One neeads to exercise some caution, however, because an introduction like the one
above is so different from most learners’ educational experiences that they might still
wonder what the lesson is all about. Consequently, a lesson should not only state what
will happen in the simulation, but should also make clear the purpose of the activity. The
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above introduction might continue by explaining, “This simulation will acquaint you
with the social, political, and economic conditions of the middle nineteenth century, and
how they influenced the outcome of the civil war” In their theory of motivation, Keller
and Suzuki (1988) indicate that relevance of the lesson to the learner’s needs should be
¢lear. More than in other methodologies, providing goals or objectives for a simulation
can make the relevance clear.

Directions

Another critical part of the introductory section of a simulation is the directions. We dis-
cussed directions in Chapter 3, but we must emphasize here that clear and complete di-
rections are more important in simulations than in most methodologies because learners
engage in activities that are more complex and varied. For example, there is greater use
of devices other than the keyset and the mouse for interacting and inputting information.
When devices such as a joystick or aircraft yoke are used, their operation must be ex-
plained and perhaps practice provided to master their use. If using the device is crucial to
the successful operation of the simulation, you may even want to ensure the skill level by
requiring proficiency before the learner starts the main simulation. Because of the com-
plexity of directions in simulations, such as explaining how to operate devices on the dis-
play, it is usually better to give directions when they become relevant, rather than at the
beginning of the program. Figure 7.18 shows directions (at the bottom of the illustration)
explaining how to manipulate and respond to the interaction currently on the screen.

The Opening

After the title page, objectives, and directions, a simulation sometimes establishes the sce-
nario for the lesson. This is often accomplished with what has been called an opening
scene. This generally describes the context of the simulation, paying particular attention

FIGURE 7.18 °
Directions in Future Lab:
Optics for Physical Science

Courtesy of Simulations Plus.
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the left mouse click the Print button.
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to the physical entities the learner can manipulate, as well as the procedures the learner
can engage in, the situations that the learner may encounter, or the processes to be stud-
ied. In Air Pollution (Chandler, 1995) the opening is textual (Figure 7.19) whereas in
MayaQuest the opening is graphic with a woman in the top-left speaking to you and ex-
plaining your task (Figure 7.20).

The opening merely sets the stage. It does not attempt to describe all that the sim-
ulation can do. The narrator in MayaQuest describes your overall goal (“Save the earth
from an incoming astercid”) and your initial goal ( “Find some ancient burial site”), but
many tasks are necessary to find the burial site, and additional tasks must be completed
to reach the overall goal.

FIGURE 7.19
A Text Opening in Air
FPollution

Courtesy of EME Corporation,
Stuart, Florida.

FIGURE 7.2¢0

Graphic and Audie Opening
in MayaQuest

Courtesy of MECC.

CHAPTER 7  Simulations 245

Instructional Supports

In addition to modeling activities and phenomena, instructional simulations almost al-
ways provide support for successful learning. Hints, corrective feedback, coaching, and
providing assignments (de Jong et al., 1999) are the most common of instructional sup-
ports. Another is augmentation of reality {de Jong & van Joolingen, 1998), which refers
to instructional support that emphasizes, clarifies, or makes the invisible visible. Exam-
ples of augmentation of reality are displaying the potential and kinetic energy of mov-
ing objects or highlighting components of a machine with color. An instructional support
technique of fairly recent vintage is hyperlinks. Being able to click on a screen object to
receive text or audio identifying its name and explaining its function has become a pop-
ular and effective type of support. Even more popular is the rollover technique, in which
moving the cursor over an object gives its name, purpose, or directions for use.

The most common type of instructional support is text explanations embedded
within the simulation. Figure 7.21 shows Capitalism (Interactive Magic, 1996) with a
box in the center of the simulation giving advice about selecting a good site for building
a department store. That type of instructional support usually decreases a simulation’s
fidelity. It is also an example of how lowering fidelity benefits initial learning.

Motivators

One of the advantages of simulation is motivation. Simulations tend to emphasize in-
trinsic motivation as recommended by Lepper and Chabay (1985). Learners find them
interesting because they are participating in events rather than reading about them. But,
as always, it is unwise to assume motivation is present. It is better to design Tor motiva-
tion enhancement and to use various motivational approaches to guarantee success with

Instructional Support in
Capitalism

Courtesy of Trevor Chan and Enlight
Software [www.enlight.com].
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a wide variety of users. The approaches of Keller and Suzuki (1988) and Malone and
Lepper {1987) are both useful.

Foliowing are some examples, In a business simulation such as Capitalism, mak-
ing money serves Keller’s satisfaction component and is also a logical outcome of run-
ning a business. On the other hand, one must be wary of providing fake computer money
as a reward for nonbusiness games, as it does not logically follow and may be perceived
by learners as silly. Malone’s fantasy component (Malone & Lepper, 1987) is a power-
ful technique that works better in simulations than in most other methodologies. Simu-
lation games such as SimCity Classic, Africa Trail, and MayaQuest all use fantasy
effectively. Sometimes the fantasy is a realistic (that is, not impossible) activity, even if
not a likely one for the learner, such as pretending to be the president of the United States
in Oval Office—Challenge of the Presidency (Meridian Creative Group, 1996).

Control is another component of Malone’s theory of motivation, suggesting that
learners are more motivated when they have a sense of being in control. This is not in-
herent in all simulations. Designers can and should design in such a way that learners
feel in control. That does not mean they are able to control everything about a simula-
tion. Providing a few good types of user control, for tasks users typically want to con-
trol, can be sufficient.

Last, Malone’s challenge component suggests that learners must be properly chal-
lenged. The activities must not be either too easy or too difficult. This is a particularly
relevant component for simulations and relates to the previously mentioned technique of
dynamic fidelity. As learners progress through a simulation, it can gradually increase vi-
sual realism, add user actions, and decrease instructional supports (such as hints and
coaching). Doing so increases the challenge to learners in keeping with their improving
performance and may enhance transfer of learning as the simulation becomes more
realistic.

Sequence

Earlier we discussed the sequence of the underlying model and of the real phenomenon.
Here we refer to the sequence of the simulation as the learner encounters it, which is ob-
viously related to both the sequence in the model and the real phenomena. Like the
model’s sequence, the overall simulation sequence may be linear, eyclic, or complex.
Many procedural simulations are linear, such as performing a titration, whereas others,
such as flying an airplane in a holding pattern, are cyclic. A cyclic sequence is inherent
in almost all iterative simulations, such as the breeding of cats in Catlab (Kinnear, 1998).

Some procedural and most situational simulations have complex sequences with
multiple paths and a variable number of steps. The paths and number of steps depend on
the actions of the user, and so may change every time the user makes a decision or takes
an action. Procedural simulations of the diagnosis variety and most situational simula-
tions like Capitalism (Interactive Magic, 1996) illusteate complex sequence.

The sequence of the real phenomena is completely out of a designer’s control, and
sequence of the underlying model tends to be tied tightly to that of reality (although sim-
plified). However, the simulation sequence as seen by the learner is very much up to the
designer and greatly impacts the simulation’s effectiveness. An overall sequence must be
created that makes sense to learners, is easy to use, and is efficient.
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Presentations

The factors of this section deal with how the simulation is presented to learners, what
they see and hear, and how faithfully objects of the simulation are represented.

Mode Presentations may include text, pictures, voice, animations, video, or a combi-
nation. The best mode or modes are often dictated by the content. It is easier to depict
road signs with pictures than describe them with words. Conversely, it is easier to de-
scribe the first year of teaching with a narrative than depict it with a drawing. Depicting
a visual subject pictorially is usually more realistic, but not necessarily better from a ped-
agogical point of view. Sometimes it is just not possible to use anything other than text.
Although expensive and time consuming to develop, situational and procedural simula-
tions may benefit from video and audio presentation. Pictures and text tend to work bet-
ter for physical and iterative simulations. Presentation mode affects motivation (people
tend to like video), fidelity, and ease of use. Finally, some presentation modes are better
for particular types of learners. For example, speech presentation is better for young chil-
dren who do not yet read well.

Types Four major types of presentation are usually present to varying degrees in every
simulation:

a Choices to be made

a Objects to be manipulated

a BEvents to react to

a Systems to investigate

Choices to be made may be either textual or pictorial, depending on the nature of the
choice. Figure 7.22 from Amazon Trail shows a page on which the learner chooses what
to do next. Figure 7.23, also from Amazon Trail, shows the page on which the user

FIGURE 7.22

Text Choices in Amazon
Trail

Coustesy of Softkey Multimedia.
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Graphic Choices in Amazon
Trail

Courtesy of Softkey Multimedia,

chooses a guide by clicking on a person. Objects to be manipulated are usually pictor-
1al, as in Figure 7.18 (shown previously) from Future Fab- Optics for Physical Science
{(Simulations Pluys, 1998¢). Events to which the learner must react can be of any mode.
Thus, the learner may be told that a patient’s vital signs have deteriorated, a pilot may
see a change in the instruments, or a musician may hear a sequence of musical notes
played by the computer. Systems to be investigated also typically use mixed modes. Fig-
ures 7.24 and 7.25 from Population Concepts (Lopez, 1994) describe the animals ny-
merically and graphically whereas Carlub (Kinnear, 1998) draws pictures of each new
generation of cats on the screen (Figure 7.4, shown previously),

Presentation Realism AJ] simulations simplify reality. The resuit is a decrease in fi-
delity. It is important to remember that such a decrease in fidelity does not mean that the
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effectiveness of the simulation is decreased. To the contrary, it is usually beneficial to
Mmpl';‘?f': realism of presentations refers o the dfigree tolwbich alpa‘rtlcul;n;lcmzi?;::;
appears like its real counterpart (such as the.fau:ly reahsu_c dep{ctmrn 0 faged ol
River as it appears from inside a boat, showx} in Figure 7.26). To repeat, mt?rrl § rea
ism is nof necessarily tied to increased effectlvenes‘s. In a program abopt \x{efll 1erl,] L z
be important to represent a cumulonimbus cloud qmte a‘ccurately, shf)\fvmg 11_5; im:;; a bolzl t
and giving details about growth rate, height, and intensity. Ho?v.evel, m.a.pl.fé’lc:f 1 about
cross-couniry flying, it may only be necessary to show CIOLl'db in th? v10}n1 i/ the air
plane. In a chemistry laboratory simulation, if the purpose is to mt‘m.duc,‘e c.wm ; q,lljd
paratus, it may be important to include details such as volume markings, stoppets, ¢

FIGURE 7.26 -
A Realistic Image in
Amazon Trail

Courtesy of Softkey Multimedia,
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the correct size of each object. However, if the simulation merely uses the apparatus g4
part of some experiment, simple silhouettes might suffice,

The most common error made in the design of simulations is believing that in-
creased realism feads to improved learning. Particularly among novice desi gners, achiey-
ing high fidelity is almost a compulsion. The level of realism should be determined by
mstructional effectiveness.

Learner Actions

Simulations are very interactive in nature. That is what makes them both appealing and
effective. Because simulations require a great deal of action on the part of learners, it is
important to analyze learner actions carefully during simulation design.

Mode of Actions Simulations incorporate more variety of input modes than other
methedelogies. In addition to the keyset and mouse, they use devices such as steering
yokes, joysticks, and microphones for speech input. Some of these are particularly use-
ful in simulations that require the learner to manipulate objects on the screen. Designing
input for disabled learners requires additional considerations to avoid creating obstacles
for them. The best way to facilitate activity by ail learners is to provide a variety of re-
dundant methods for learner action.

The keyset is currently the best for inputting textual information, but as always, the
age and typing ability of learners is a major design consideration. The mouse is good for
selecting, drawing, and moving objects. Numeric inputs can be typed with the keyset,
which is more accurate, or entered via numeric sliders using the mouse, which is easier
and simultaneously shows allowable number ranges. If you use any devices other than
the keyboard or mouse, be sure to determine whether they are available on the comput-
ers used by your potential learners. Finally, the use of several modes within a lesson en-
hances interest and stimulates more learning than the use of a single mode (Rigney &
Lutz, 1976), as well as being advantageous for a wider varicty of Tearners.

Types of Actions Eadier, four types of presentations were introduced and discussed:
choices to make, objects to manipulate, events to react to, and systems to investigate.
Lach has its own associated user action. They are, respectively, making a choice, ma-
nipulating an object, reacting to an event, and collecting information, Figure 7.27 and
7.28 show several of these in the program SimFarm (Electronic Arts, 1996b). Figure 7.27
shows an event to be reacted to. Figure 7.28 shows the user, having clicked on the plant
button, selecting from a list of sixteen possible crops to plant. A variety of objects also
can be manipulated on the same display. For example, the fence tool (Tour tools above
the plant button, on the left) allows you to build and change the farm’s fence structure.
The bulldozer tool (directly above the plant button on the right) allows you to remove
buildings, trees, and other objects.

Increasingly, most of these actions are made with the mouse, which can be used to
select among multiple-choice options, drag sliders, click on buttons, or arrange objects
on the screen. In newer simulations, the keyboard is used primarily when words or sen-
tences must be typed, which is less common in simulations than in other methodologies.
Typing words and sentences is likely to be replaced with voice input in the near future.
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Cate  [Weped of Jun {

Reacting to an Event in
SimFarm

Courtesy of Electronic Ants, Inc.
Copyright © 1996 by Electronic
Arts, Inc. SimPFarm is a trademark or
registered irademark of Electronic
Arls, Inc. in the U.S, andfor other
couniries, All rights reserved.

Dale  {viesh 2 o

Making a Choice A list of
chotces to select from is given
in SimFarm. The too! bar also
shows the fence tool and the
bulldozer tool.

Courtesy of Electronic Arts, Inc.
Copyright © 1996 by Electronic
Arts, Inc. SimFarm is a trademark or
registered trademark of Electronic
Arts, Inc. in the U.S. andfor other
countries, Al rights reserved.

Realism of Actions lLearner actions, like presentatio’ns, h:clve vary_ing de.greej? of 1(::
alism. This means that the similarity between the learner’s ﬂCthI‘l' and th; act;\(/}nl? r:e% )
son in the real situation varies. Figure 7.29 f?‘om Amaz{m Trail (Soft eifha L'll hlouette;
1996) shows the user fishing for food by thrqmng spears into the w.at(;r at c, :]11 houerss
of fish. The visual part of the activity is fairly r@ahstlc. HOWC’:_VE}I, ‘t e u;sjcﬂ rows e
spear by clicking with the mouse, which is very different from the aim and coo

needad o hir fich with a ehear in realitv,
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Spearing Fish in Amazon
Trail A learner action that is
visually realistic but not
functionally realistic.

Courtesy of Softkey Multimedia,

‘ In the context of user actions, fidelity may refer either to the mode of action (type
chf:k, speech) or the fype of action (select, generate, confrol). Typing in the desiredyfo:
tation speed of a motor is of lower fidelity than dialing a simulated knob to achieve the
same en'd. Multiple-choice questions are not common in the real world as a means for
dvlagnosmg why an automobile does not start in the morning. Touching the buttons of
simulated telephone is similar to the actual activity. Our real interactions with other peo-
ple are usually predicated on speaking. Furthermore, the sentences in a conversatit;niJ ar
generated rather than selected from a list. Because speech input is not sufficient} ad?
vanc.ed, low fidelity typing or even lower fidelity selection of sentences are still they re-
dominant techniques used for actions in situational simulations Higher fidelity m pb
beneficial for motivation and for transfer of learning, . i nay

s e .. but it also incr
inhibit initial learning. cases cost and may

Learner Control of the Simulation

Tlhe‘ amount of control a‘iearner has in a simulation depends largely on the type of sim-
ulation. More conirol exists in iterative simulations, somewhat less in physical simula-

tions, still less in [?rocedural simulations, and the least in situational simulations
of learner control in a simulation include: -

Types
m Initiai choices

Sequence

Obtaining directions

Terminating the simulation

Restarting within the simulation

Restarting after termination

Saving data
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a Printing
w Changing the level of difficulty
m Changing the level of fidelity

Initial choices and returning to remake initial choices are essential in iterative sim-
ulations. They are the vehicle for determining process parameters and for rerunning the
simulation with different parameters each time. Simulations with complex sequences,
such as diagnosis simulations, often provide the user with control over sequence. Ter-
mination of a simulation (that is, the entire program), like any program, should be pos-
sible at any time. Restarting within the simulation means to begin the simulation
sequence over, usually initializing all variables. Such an option is useful when the user
takes an action that causes a failure, such as crashing an airplane into a mountain.
Restarting after termination, in contrast, means choosing to use the simulation again after
terminating the program. Simulations cannot always be restarted in the same way as tu-
torials and drills. In those methodologies, a marker may indicate where the user will re-
turn and continue working. Because of the holistic nature of simulations, the user must
sometimes start again from the beginning. Procedural or situational simulations that are
very long are more likely to incorporate markers for restarting than are physical or iter-
ative simulations. In the latter types, users typically have considerable control over the
simujation anyway, so restarting capabilities are not as critical.

The above are the most common and essential of learner controls in simulation.
Morte optional are saving data, printing screens or data, changing the level of difficulty,
and changing the level of fidelity. Saving and printing are conveniences. Designers
should take advantage of them because they are easy to implement and because users
like them (especially printing). As a result, they increase the perception of control,
which, as stated earlier, improves motivation. Allowing users to change the level of dif-
ficulty is a potentially good way to maintain a proper level of challenge, which Malone
and Lepper (1987) suggest is one method for increasing motivation. Similarly, allowing
users to change the level of fidelity is a good way to implement dynamic fidelity, with-
out requiring an accurate measure of the user’s performance level.

Certain simulations have their own types of learner control. In simulation games,
for example, players may choose names, tokens, teammates, and roles. In laboratory sim-
ulations, learners may choose which of several experiments to pursue. In adventure sim-
ulations like Africa Trail, learners have many choices, such as what country to visit next,
what route to take, and what supplies to carry. Flight simulators allow you to choose
among several types of aircraft, the airport you wish to depart, and your destination. A
flight simulator might allow you to choose the weather (an example of decreasing both
fidelity and difficulty) or might set it randomly (as happens in reality).

The distinction between leamer actions and learner controls is often subtle, but
taken together they are what simulations are all about. Designers should delineate and
analyze all possible actions and controls, and then design them in consideration of the
Jearner characteristics and learning goals. A key part of this is fidelity. For example, are
the controls you provide the same as what we have available in the real world? We can-
not control the weather, although some flight simulators permit that. Allowing low fi-
delity controls (and actions) can significantly enhance initial learning, though: its effects
on motivation and transfer may be the opposite.
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System Reactions and Feedback

A simulation may react in many ways to a learner’s action, If you add too much base
during a titration, the liquid may change color, a voice may inform you that you added
too much base, or corrective text may appear on the screen (Figure 7.30), If you are fly-
ing a simulated plane from Chicago to St. Louis and head northeast, a text message may
appear, you might encounter unexpected weather, or nothing obvious may happen at all
(unless you notice that you are over water rather than land). These examples point out
the two main dimensions of system reactions and feedback. First, they may be natural
(like the rea! world) or artificial, Second, they may be immediate or delayed.

Natural versus Artificial In the real world, if you fly an airplane into the clouds and
become lost, you are given no verbal message to that effect nor informed about moun-
tains in the vicinity. Natura] feedback may come in the form of never reaching your des-
tination or crashing into a mountain. In a simulation of such a flight, the same type of
natural feedback can be provided with the simulated airplane crashing. However, artifi-
cial feedback can also be given in the form of a written or spoken message, such as the
warning, “There are mountaing up ahead” or “You have Jjust crashed.”

plugs instead of cleaning a blocked fuel line, which is the real cause of faiture, natura]
feedback can be an engine that still does not start. Artificial teedback can be a message,
such as, “The old spark plugs were fine, Try something else.”

Natural feedback in a simulation is similar or identical to what occurs in reality, Ar-
tificial feedback may provide the same information, but in a way that does not occur nat-
urally. Artificial feedback can also provide advance warning, which might not occur at
all in the real world,

Figure 7.30 shows artificial feedback, a text message in the program Burette {(EME,
1999). The message stops the learner from going any further with a failed experiment,

Textual Artificial Feedback
in Burette

vot NsOH w 50,60 ml.

Courtesy of EME Corporation,
Stuart, Florida,

numissed the end point. Try egain
restarting, Using the sliger, stop the
Hration barurs the pnd buint, thon ad
Nadlt dropwise unlil you reach the end
ol
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explains what went wrong, and gives suggestions for how to suoce;gl 0112 the nexll' czittc:nl;});
e exa resented ¢
Ui 3 ¢ f both natural and artificial feedback pres
Figure 7.31 shows an example o | : o o). Mo
ime in Fufur - Gravity for Physical Science (Simulations Plus, 2
same time in Fufure Lab: Gravity for Ph : s o) ear
i the disple an see the 1-gram and 1-kilogram weight: £, !
the middle of the display you can see an B hane in
[ ac their 1i see two graphs showing the weights :
of natural feedback. To their right you see show e U change i
i iffi ially affi air resistance) as a function of time. The Ie §
velocity (differentially affected by air res ) netion oe.
form 0}‘/ artificial feedback, which the real world does not nos md}}y ?Ig'wdt(; 2 problem
| | 2k s i e, higher in fidelity. 1t nsvally indicates
Natural feedback is, by its nature, hig lity. Tt e lower ety
i [ sting & soluti the other hand, artificial feedback is low ty,
without suggesting a sotution. On : . ‘ s tomecially beat
[0 pr [ error ilitates immediate learning. Learners (esp iy
tends to prevent errors, and faci ‘ carmers (especially begin-
[t refer artificial fe k, such as warnings to avoid a crash,
ners) often prefer artificial feedback, varnis i @ crash, Arifioul fsed
ier to interpret ¢ ‘e positive in tone than natural fee .
ack can be easier to interpret and be more p ve in tor n naral foedback. These
Eonsiderations must be weighed against the possibility that higher fidelity (in this cas
natural feedback) enhances motivation and iransfer.

Immediate versus Delayed Feedback about any action may be g;lven]]mme;dmte(ljyé
i 50 illustr, alternatives of
er st ; discussed above also illustrate the a
or at some later stage. The examples : state fhe @ ematives of
i i ] ‘ k. In the case of flying an airplane into ds,
immediate versus delayed feedback. . fplane Inta the clouds, o
% i rOvi first entering the clouds. Rather, |
feedback might be provided when ing louds. Raher, the feedback is de-
il a catastrophe s. The aiternative is to inform the learne !
layed until a catastrophe occurs. T e o 0
ibility i i rash. In the case of the mechanic fixing ,
ility is lost, thus preventing a crash. e ! ‘ . —.
:Ecqqzlge could be given as soon as the decision was made to change the. spark plugs,
ratklér than waiting for them to be replaced and attempting to stﬁrt thle Lelilcgl;;:dba‘:k .
k1 se cases was delayed, even though the
Natural feedback in both these cases was de : [moueh (he Teecback oc-
‘ i | 1d have in reality. It is described as delay
curred exactly at the time as it woul ‘ s vibed aved becanse
1t oceurred some time after the initial action that led to it, which is the way real

FIGURE 7.31

Natural and Artificial
Feedback A combination of
natural and artificial feedback
is presented in Fufture Lab:
Gravity for Physical Science,

Courtesy of Simulations Plus.

Oick kere to begln the simalation,
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i‘eedba'ck often ts Thus, the learner may not discover the consequences of an acti i

a consldel‘a_bte time after the action, However, natural feedback is not always dell-On a
the same flight in which the feedback is delayed about the decision to fly in};o th d:3/1%. o
cach movement of the joystick results in immediate changes in the flight I'n‘stiaj " OUd-S’
Sometlmes no feedback is given at all, which is often the case in reality, If lo Lig!etlls.
notice a stop sign while driving along a country road and drive through ity. ) }1 v
know that you did so. Sy neve

"ll“hel 1ssue _Of feedback timing (immediate or delayed) is one of the most interest:

ones in sxmuignon design because it poses a dilemma. Research has shown lth'lt iurl]em(?‘g
ate feedbaclf 18 beneficial and preferred by learners. Natural feedback is presu;ned :ﬂﬂ -
hance transfer of learning and is more fun and challen ging. But natural féedballck isu ”0'61111-
d.ela)‘fed. The technique of dynamic fidelity again suggests a solution to the dilenlmlw‘}; y
glnmng learners can benefit from immediate feedback, even if unnatural. Advanced ? ‘6-
ers prefer and profit most from natural feedback, whether immediate o:: delayede o

;Efgzc2|ing Nfa;uralhvers?s Artificial and Immediate versus Delayed Feedback
r es‘s of how the real world works, simulation provides us t i ivi
E;Eélkor ?1°t11?61;Lfeedback, of giving immediate or deliz)lyed f(el::(;]E:z:clz]if le)l:)?z:':fing‘;véggf;ﬁ—
at all. The main reason for artificial feedback is to gi , g ious and
unFit—zr:?[anFiabie feedback. A primary reason for giving immediﬁevi?e{igg:xik()::;?}u:f Tld
aruhcml., 1s o prevent errors and increase learning efficiency. The advanta’ es of l .
natural f‘eedba§k are that it has greater face validity, is usually more interes%il; cfmrl;g
;1:)?)1& ii;z;ﬂengll]n]g, and may enhance transfer of learning. Immediate verbal ﬁ;ec?l?acif
actions helps correct them before the learner becomes S 3
fused. Natura feedback is more like the real world, and soﬁ?cﬁﬁiﬁ?zftyelkm 33“.1 fi(_’ll“
learner for performing in it ‘ prepaes the
In llght of 'these considerations, we recommend using immediate corrective feed
black, e\‘fen it if is unnatural, when a learner first begins using a simulation or whe ei N
stmulation’s purpose is initial presentation and guidance. In contrast, when a 1 e 1210
vanced lv:earner uses the simulation, especially when it is used for prla(,:tice or ‘asI:tOtr eta t
sbould give natural feedback as much as possible, whether delayed or immediate ACS , 1:]t
simulation can start the learner out with very helpful, immediate, and correcti:\/e ? 0(21
back. As the learner progresses and improves performance, the amz)unt of artifici lfee i
back may be reduced and replaced with more natural feed,back. e feed:
. In gen‘e'ral, learner actions fall into four major categories: desirable, neutral
tive, and CI:lllcaI. The feedback that is provided should be appropriate to tl,le natucre, (I:F ﬁa-
learnc::r action and to the intention of the instruction. When a learner action is desirab;e
(makI.ng progress toward a goal), immediate feedback is least necessary, and n';Lurai fi -clc
l?ack is sun.ab‘le It most cases. Neutral (or unnecessary) actions are thos;e that (lnve n e f-
fect on atta%mng a goal. For example, looking at your watch does not make oucr fii Etet )
Londfm arrive any earlier. When such an action is taken in a simulation imnylediategf dO
back is probgbiy unnecessary, Negative actions cause the learner to mo,ve away fr eei :
gpa}f or possibly prevent its attainment unless corrective action is taken, An :-:xali i(‘: s ;1(‘3
g]dlng 1o ﬂy an f:xtra hundred miles when low on fuel. For beginning I'eamem fugurés ee'-
fo%'man'ce ina s%tuation like this may be enhanced by using immediate feedi‘a"lck e ; lf
1t is artificial. Finally, an action may be critical, causing the eoal to be oern;ane!nrl\;e:ln:-
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reachable. Continuing to fly with the fuel gauge on empty is an example. In that circum-
stance, future performance probably is enhanced by giving the learner immediate artifi-
cial feedback, and showing the learner how to avoid the destructive consequences.

The examples above are meant only to ilfustrate the kinds of considerations in-
volved in choosing feedback. They are not rules to be followed blindly. Artificial, nat-
ural, delayed, and immediate feedback can always be used, and may be used in various
combinations. Each situation must be analyzed to determine which type of feedback best

helps learners attain the goals of the simulation.

Completion of the Simulation

Completion of a simulation can mean many things. It may mean the learner has suc-
ceeded or failed in a particular run through the simulation. In iterative simulations this
may simply mean the calculations and results are complete for a single set of choices.
Individual runs of an iterative simulation are typically short and the learner repeats them
many times. The learner may choose to begin again or not. In physical, procedural, and
situational simulations, completion usually means the learner has followed either a suc-
cessful path or onc that has led to failure. In either case, it does not necessarily mean the
learner terminates the simulation. The learner may choose (if the option is available} to
do the simulation again immediately. If the learner does not choose to do so, the simu-
lation is either temporarily or permanently terminated.

These distinctions may be unclear to learners. They might think “completing the
simulation” is completing the entire program or lesson, whereas an iterative simulation
may simply indicate a single run taking a few seconds. A distinction must be made be-
tween completing short simulation runs, as in iterative simulations, completing longer
simulation sequences, such as flying from New York to London, and succeeding in the
Jearning goals of an entire simulation program. As a designer, you must first be clear
about these distinctions yourself, and then make them clear to your users.

A Taxonomy for Fidelity Analysis

This section began with a discussion of factors in simulation design, particularly fidelity,
which is an overarching issue in simulation design. Fidelity is not a single factor for the
entire simulation, but one that applies to many different components. Having discussed
all the factors, we can now summarize the issue of fidelity in a more complete fashion.

Our summary is represented in Figure 7.32, which outlines a taxonomy for fidelity
analysis. The rows correspond to the four types of simulations: physical, iterative, proce-
dural, and situational. The columns represent four aspects of simulations to which fidelity
is relevant. In the first column, which deals with the underlying model, fidelity consider-
ations emphasize the objects inherent in the phenomenon and the rules underlying their
behavior. In the second column, presentations, primary considerations are the visual and
audible stimudi and the time frame in which events occur. In the third column, user ac-
tions, fidelity concerns the number and fype of actions in which the learner may engage.
In the fourth column, which deals with system feedback, considerations include whether
there is any feedback, whether it is immediate or delayed, and whether it is narural or ar-
siEnial W newy lank af examnles of Tidelity analvsis for each type of simulation,
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‘EhG:URE 3:

Taxonomy of Simulation Fidelity Considerations

LbJNIT?EBLYING MODEL. PRESENTATIONS USER ACTIONS ISYSTEM FEEDBACK
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Flde'llty in Physical Simulations In a physical simulation, such as teaching about
grawtatl'on and the orbits of satellites around the earth, a primary decision is wizclt oll;1
Jjects to include in the domain. For all learners, the satellite and the earth arelnecessar .
At an advanced level of instruction and fidelity, the sun and moon can be included IS' ’
ilarly, the mathematical equations governing the satellite and other bodies can b;*, 1;1;:
glrammc.id with varying degrees of accuracy. Simplified equations can be used whe ptl ;
simulation is designed around fewer objects. | e
For presentations in the same simulation, the scale of the pictures, the realism of
the garth and the satellite, the speed with which the satellite moves and’ the exten‘t that
the images are labeled and explained all may vary. Beginners car’l learn faster give
greater labeling and distortion of scale. In contrast, providing a high fidelity c;f 8 eid 1:
which .the §ateIIite moves would not benefit anyone-—it would appear much toc; i's)Iow :
Fidelity of user actions in this example and many other physical simulationqlghotltld
not vary much even for different phases of instruction. Physical simulations usuélii rive
conm.derable user control to start, stop, and slow down, but do not allow ‘chlfm o E‘l .
physical laws, which are the object of the lesson. , e fie
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Feedback correcting input errors would be an instractional technique that decreases
fidelity but would be appropriate for any level learner. However, artificial and immedi-
ate feedback for actions that lead to catastrophic results (the satellite crashing to carth)
might help prevent such actions for beginning learners, whereas natural feedback that al-
lows accidents to occur may be better for advanced learners. However, preventing such
events is not as important in physical simulations as in procedural simulations, in which
the instructional objective is the correct procedure. In general, fidelity of the model and
of presentations is most critical for physical simulations.

Fidelity in iterative Simulations An example of an iterative simulation is Carlab
(Kinnear, 1998), described earlier. It is a genetics simulation in which the learner mates
cats and investigates the laws of genetics by observing the characteristics of the parents
passed on to the offspring. Considerable variation in the underlying model 1s possible,
from dealing with just one genetic trait through a larger number of them.

Iterative simulations usually deal with multiple variables, and those variables that can
be observed and changed is important to learning. Beginning users of Carlab have been
observed to become confused and frustrated because they try to manipulate several vari-
ables at the same time. Additionally, users never see the cats’ genotypes—the underlying
genetic codes. They see only the phenotypes—the visible characteristics of the cats—and
can manipulate those only for the original parents. The related simulation Kangasaurus:
Transmission genetics (Kinnear, 1997) permits modification of genotypes (the internal ge-
netic characteristics) but with a corresponding increase in simulation complexity.

When an iterative simulation represents rates of change, such as the change in a
population over time, the internal model must include a fime increment which is the
amount of time that passes for each recalculation of all the system variables. The size of
the time increment affects the quality of the model. In general, smaller fime increments
always produce more accurate results but cause a simulation to run more slowly. Fidelity
of the model is most critical in iterative simulations. The designer has much more free-
dom to vary the fidelity of most other characteristics.

Fidelity in Procedural Simulations  Microsoft Flight Simulator (Microsoft, 1989} is
one of the most popular procedural simulations. It is a particularly instructive example
for discussing fidelity. Variation of the underlying model is not as important as the pre-
vious types of simulations. The model should be faithful to reality and not affect learn-
ing much if the other aspects of fidelity are properly chosen.

The fidelity of the presentations, actions, and feedback are more important. The
program confronts the learner with a bewildering array of instruments, views from
various windows, and controls to manipulate. The beginner has considerable difficulty
attending and reacting to the relevant visual information, The task of operating the sim-
ulated airplane is much easier if only a subset of the instruments and controls are pre-
sent and the wide variety of visual stimuli from outside the airplane is reduced to just a
few. But advantageous as this is for the beginner, the advanced learner must be facile
with all the instruments, controls, and outside stimuli (such as other airplanes, thunder-
storms, and tall buildings). Indeed, it is essential that a student pilot be able to do so when

flying a real airplane.



260

PART il Methodologies

Fidelity of feedback has great importance in procedural simulations because it af:
flects. whether incorrect actions are corrected in the future. In a flight simkulation. a lod i
fldehty feedback warning of dangerous actions may be beneficial durin ’ i 'tw‘
mstruction, but should be faded during practice and assessment. e il

F;del;ty in Situational Simulations Counseling, teaching, and business simulatio
are typical of this category. They deal with individual human behavior, ‘vlvl;ich is v o
comple‘x and difficult to predict. That compiexity and lack of preclictabi]i’ty is difﬁéuif Iy
mo‘del. m 4 compater program, but it can be done to varying degrees. Various n.umbe'O
pf md‘mdua!s may be included in such a simulation, just as may be degrees o;? variat "
in their behavior. The behavior of real people is not a function of iltllnedi;itel rece(c)fn
ing events but of al] their experience. A simulation’s fidelity may be varied inyt:rms 0;
the degree.to which individual behavior is based on multiple past events rather than just
the preceldmg event. Because our knowledge of these real phrenomena is imprecise gt 1
not possible to have high fidelity models, although we may create the illusion Iar;1 .
users that their fidelity is high, e
As with procedural simulations, a more critical issue is the number of actions the
learner can make. A real teacher faced with misbehaving students can take a wiﬁe ‘vari-
e_ty 01"" actions. Classroom behavior simulations typically provide a limited number of ac-
tlon:s in multiple-choice format. Users of such simulations often suggest actions that ;
not meluded among the programmed alternatives, e
Bec.aus-e the emphasis is on learning what to do, feedback fidelity is again impor-
tant. Beginning 'Ieamers can benefit from artificial feedback correcting inapproprialepac-
zlé)ns or (gi)ll'eventmg unfortunate outcomes. Transfer to the real world requires that more
advance : [ their i ithi i
o g{arsr;(;isv Zie;h}zg;t;ecquences of their behavior within social systems (see also

Simulation Design and Development

This chapter- concludes with some comments on overall procedures for designing and de-
velopme.n[ simulations. Simulations are quite unlike other methodologies. The r%lain dif-
ference is that simulations require an underlying model. Designers mustl ieam about the
real phenqmenon (usually to a more sophisticated degree than they must learn content
for a -tutorlal or drill}, must create and refine a computer model to simulate it, and must
then incorporate that model into an educational program. The following ste ’s g

gested for situlation development: 8P A s

a Learn and analyze the phenomenon.

w Make design decisions concerning the simulation factors,
» Create and refine the underlying model,

Transfer the model into your authoring software.

m Develop the user interface in the authoring software.

a Develop instructional supports in the authoring software,

Learnfqg ai?‘d ‘z'ma!yzil}g the phenomenon includes analyzing the knowledge to be

| R TR
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tions (Alessi, 2000b). That information influences both creation of the underlying model
and the design of the lesson,

Making design decisions should be based on the characteristics of the knowledge,
analysis of the learners and their characteristics, and the desired learning outcomes. The
design process consists of making decisions about outcomes and each of the simulation
factors. Some factor decisions impact other ones, so a four-level sequence of making suc-
cessively finer design decisions should be used. The first decisions, which impact all fol-
lowing ones, include the relative importance of initial learning versus transfer,
motivation of learners and techniques to enhance motivation, and techniques to support
learning. The second level, which will follow fairly logically from the first, includes de-
cisions about fidelity, learner control, delivery mode, and instructional strategy. The third
level encompasses design details such as mputs and outputs, whether time is static or dy-
namic, and types of images users see. The fourth level includes many decisions about all
the details of individual screens, texts, pictures, menus, buttons, sounds, movies, anima-
tions, user actions, feedback, and learning supports.

Creating a computer mode! is not easy in authoring systems (such as Authorware
or Director ) or in standard programming languages (such as C or Java). Modeling soft-
ware such as STELLA (High Performance Systems, 1987) or PowerSim (PowerSim,

1999) are much better. They allow the developer to create a system diagram in which
variables are represented by icons and the cause-effect relationships between variables
are represented by arrows connecting them. The programs generate model equations and,
when the model is run, can display either tables of numbers or graphs that describe sys-
tem behavior over time and under various circumstances.

Figures 7.33 through 7.36 show examples from STELLA, which is based on the Sys-
temn Dynamics modeling approach created by Jay Forrester in the 1960s (Forrester, 1961;
1968: 1969: 1971). The rectangles in Figure 7.33 represent the primary variables in the
system, in this case the amount of snow and ice in a glacier. The circles with little ar-
rows on top of them represent the rates at which these variables increase or decrease.
The plain circles represent other variables or constants that affect the system, such as the

% File fdit Windows Display Hun
g lacier BE  The Flow Diagram
B2 Describing a Simulation
e} ke Model in STELLA
i Glacier Courtesy of High Performance Sys-
838“”':"1"“1”” Snowimel ] tems, glacier mode! by James Quinn
and day Cook.

1 SnowTolce teeLoss
o 1
' ) ks
Snawﬁccumulﬁ:@ SnowRetained kS ,
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P
SnowFa'I'IDE})lh\@
H, [Helting
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Temperaturs
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® File £dil Windows Dispiay  Aum )
Ll ' S == Fquations S e
L) Glacier = Blecier + dt = ( SnowTotce - teeloss } <
INIT(Giacter) = Se8
[Z3 Srowaccumulation = SnawaAceumulati
= ation + dt * {5 -
SnowUnmelt + PreeSnow ) { SnowFalivatime

INTSnowaccumuletion) = o
[ snowRetained = § i
oroyal nowRetained + dt * { SnowUnmelt - SnowToice -
INIT{SnowRetained) = ¢
O Icequs = IF (Melting>Gleciar) THEN Glasier ELSE Melting
@) Melling = Temperature*DELAY(SnowRetsined, 3.5 1)
(3% of previous season's snowfall is melted.; '
F’revSn?w = DELAV(SnowRetained, 53+ o5
[ @] {$now Fall will be a certain percentage af
distibuted around .6 )
ShowFaliDepth = (Normal(1)* S+Precipiteti
_ S+Precipitation) * (N
(O {Equivalent water volume 3.5 years later) (NERAL(1 X0+ )
[ snowiglee = DELAY(SnowRetained, NORMAL{) * 2 » 3.5)

The Equations Generated

precipitation nermaliy b h
y the Flow Diagram in
STELLA

I . -
Courtesy of High Performance
I@ Systems.
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I = Graph Pad & = =
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The Graph Generated by
Running a STELLA Model

Courtesy of High Performance
Systems,

?m0|.11;}t of. prt'-:mp.ltatlon.and air temperature. The plain arrows show cause—effect rela
jonships, 111d1f:atmg which variables or constants affect which other ones
The relationships, as the diagram shows, can be m '

! any. T ing software
tomatically figures out the necessary equ utions.sbont fooware at-

: : ations and their solutions, sh i
o es out : : s, shown in the egua-
inc:-; ;:f;:ldotw of Figure 7.34. When the simulation is 1, the software progressic\]!ely
moreme S;g:}:}e and calc;:le‘lte; changes in all variables for each time increment. The re
s as a graph in Figure 7.35 and as a table of s in Fi - :
developer can sastly a1 : nd as & of numbers in Figure 7.36. The

1ge the relationships of variables or their initi
: ‘ . . E s or their initial v : -
1esu1l;r11g changes in equations and system behavior, s and see
N for.] I?j;;;?fgsgft‘ware hzliis obvious utility for the simulation developer. But useful as it
» 1018 usualty not good for creating user interf i i l
or m ser interfaces or instructi

or 1L3s ¢ b $ onal sup-
port features. Rather, the equations, graphs, or tables generated in STELLA or PowerSi.!:n
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g file Edit Windows Misplay Run }
3 — e — |
Time SpowAccumulation | SnowRetained Glacier O
1.00 4.0 00 500000000
2.00 § 2000000 0.0 500000000
300 21000000 0000000 S000GOMN0
400 30600000 S400000.0 5000000060
500 A00BGO00 79200000 500000000
£.00 49584000 10416000 500000000
7.00 59083200 99168000 50000000
5.0 65733360 0BEAGA0.0 507452416
9,00 TOBTIILE O05E72.0 505690208
10,00 73561326 77026655 509734144
11.00 744885356 BESHEE7.0 503476596 FIGURE 7.36
12,00 TE262136 9196427.0 505539968 A Table of Numbers
13.00 77950104 10523783 504905120 N .
14,00 BO46G176 12311050 4ue87E208 Generated by Running a
15.00 HA040624 11A71929 SO6A3BA00 STELLA Model
16.00 B8306H00 12409327 512759104
17.00 FAS1AARG Li6736A84 514141920 ¥ Coustesy of High Performance
iy Systems.

may be copied into authoring software, such as Authorware. In that kind of authoring
package, you can then develop an appropriate interface and add instructional support fea-
tures. This process is explained more fully in Alessi (2000a).

Conclusion

Simulation is an instructional methodology that takes full advantage of the computer for
learning and instruction. Simulations improve on tutorials and drills with enhanced mo-
tivation, transfer of learning, efficiency, and flexibility. They have the advantages of con-
venience, safety, and controllability over real experiences; provide a good precursor (o
real experiences; and are useful for giving learners experiences that are not otherwise pos-
sible. On the other hand, simulations are the most challenging of all methodologies to de-
sign and develop. The designer needs more understanding of the content and the learners,
must attend to many complex factors, and faces more sophisticated programming to im-
plement a simulation model and embed it within an effective program for learning.
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CHAPTER 7  Sumulations 269

"SUMMARY OF SIMULATIONS

Use simulations instead of actual experience when the latter is unsafe, costly, very com-
plex, or logistically difficult.

Use simulations instead of other media or methodologies when motivation, transfer of
learning, or efficiency need to be increased.

Simulations can be used for any or several of the phases of instruction.

Use a short title page. _

Give objectives, including the instructional purpose of the simulation.

Be clear whether the simulation teaches about something or how to do something.
Giive directions when they are first needed and allow users to retrieve directions at
any time.

Do not use overly detailed graphics. Provide just as much detail as is necessary to convey
the necessary information,

Thoroughly understand the phenomenon before you try to develop an instructional
simulation.

Use simulation languages to create and refine the underlying simulation model.
Use modes of presentation and user action that enhance fidelity.

Use lower fidelity for beginning learners.

Use higher fidelity for advanced learners.

Perceived fidelity may enhance motivation and learning more than actual fidelity.
Use immediate feedback (regardless of fidelity) for beginning learners.

Use natural feedback (regardless of immediacy) for more advanced learners.

In physical and iterative simulations, analysis of the fidelity of underlying models and
presentations is usually critical.

In procedural and situational simulations, analysis of the fidelity of learner actions and
system reactions is usually critical.

Altow the learner to return to initial choices.
Allow internal restarting.

Allow temporary termination at any time.
Provide restarting after temporary termination.

Clear any displays and give a final message at the end.




