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Animations, simulations and visualizations are playing an 

increasingly important role in chemical education.  A powerful use 

of such tools is to give students experience at the particulate level 

of chemistry by depicting collections of molecules.  Here, however, 

the use of analogy-based simulations is considered as a means to 

help students learn abstractions that lie at the core of chemical 

reasoning.  Rather than depict atoms and molecules directly, these 

simulations use a variety of alternate representations.  These range 

from familiar physical systems, such as boxes and steps, to the 

diagrams employed by expert chemists, such as energy landscapes.  

Based on a review of analogies and other forms of comparison in 

educational psychology, abstractions are identified as a core part of 

expert reasoning in chemistry.  Analogy-based simulations help 

students learn such abstractions by providing multiple 

representations that clearly illustrate the abstraction’s internal 

relational structure.  As examples, analogy-based simulations for 

the thermodynamic abstractions of thermally-activated processes 

and entropy-driven reactions are discussed.  Based on both the 

psychological literature and direct experience developing these 

simulations, design guidelines are developed for analogy-based 

simulations.  
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Introduction 

Over the last thirty or so years, analogies have enjoyed increasing attention 

in both the education and psychology literature.  Within the realm of science 

education, in particular, the study of analogy usage in texts and in classrooms 

(1–8), as well as advocacy for the use of analogies to teach difficult concepts (9–

14) has been significant and influential.  Those who specialize in chemistry 

education have also taken an interest in the use of analogies to teach chemical 

concepts (15–19).  Simultaneously, educational psychologists and cognitive 

scientists have been building theories of how people use and understand 

analogies (20–27), which has provided additional guidance to those interested in 

using analogies in educational contexts.  In sum, we now know that when used in 

appropriate ways in the teaching of well-suited topics, analogies can provide a 

powerful means to enable students to understand difficult subjects.  Furthermore, 

research is continuing to refine our understanding of which subjects are well-

suited to treatment by analogy and how to best present analogies in educational 

settings. 

Over approximately the same span of time as analogies have come to 

prominence, computer-based visualizations and simulations have also undergone 

a transition from uncommon to ubiquitous.  This has occurred in many fields of 

science and engineering, though it has been perhaps most pronounced in physics 

and chemistry.  In chemistry education, as computers have become cheaper and 

increasingly powerful, visualizations have increasingly replaced physical 

models.  Furthermore, the growing body of research in student misconceptions 

has identified many areas of difficulty that can be traced to deficient 

understanding of stuctures and processes at the molecular level, providing 

impetus to create simulations of these structures and processes for students. 

Interestingly, in spite of the concurrently increasing popularity of both 

analogies and simulations, the two have remained largely separate, at least in 

chemistry education.  Here we argue that there are compelling benefits for the 

marriage of analogy and simulation and we hope that, through this contribution, 

we will motivate others to think about ways to deepen student understanding 

through analogy-based simulations.  
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Analogy-Based Simulations: Why? 

What Are Analogies? 

Before we discuss analogy-based simulations, it is first necessary to clarify 

what is meant by the term “analogy”.  Analogies come in many forms but, 

fundamentally, they compare one concept or item with another.  Vague analogies 

might take the form “A is like B”, where A and B each represent a concept or 

object.  In this case, how exactly A is like B is not specified and remains open to 

interpretation.  A more specific analogy might take the form “A is like B in 

that…”.  Such an analogy explains the manner in which A is like B.  In the 

cognitive science literature, stating that two physical objects resemble one 

another visually is categorized as a statement of “mere appearance”, rather than 

an analogy (20).  Analogies, on the other hand, claim similarity between objects 

on a deeper basis, such as similar relationships between constituent components.   

Simple analogies of the form “A:B::C:D” clearly display analogies’ focus on 

relationships.  These analogies assert that two pairs of objects or concepts, (A,B) 

and (C,D), share identical relationships.  That is, the relationship that A has to B 

is the same as the relationship C has to D.  These analogies make no claim that 

any kind of similarity exists between A and C or B and D.  Rather, they focus on 

the similarity of the A-B relationship to the C-D relationship.   

While such analogies involve one shared relationship, more useful and 

powerful analogies typically involve many shared relationships.  When drawing 

an analogy between two concepts or systems of objects, it is unlikely that all 

internal relationships will be shared; however, good analogies will involve the 

sharing of many, particularly high-level, relationships (20).  A concept or system 

can be modeled as a group of interconnected nodes, where the nodes represent 

sub-concepts or objects belonging to the system and the internodal connections 

represent relationships.  Creating an analogy, then, involves aligning the 

structure of the nodal network of one concept to the structure of another.  

Gentner (20) coined the terms “structural alignment” and “structure mapping” 

for this process.  In this process, the identity of each node is not important; 

rather, only the topology of the network and nature of the represented 

relationships are relevant. 

In education, analogies are used to teach students about an unfamiliar 

concept, system, or process by means of its relationship(s) to a familiar concept, 

system, or process.  In this usage, the unfamiliar concept is typically called the 

target, though some researchers call it the topic (5, 28).  The familiar concept 

goes by many different names in the literature, including base (20), source (29), 
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analog (11), and vehicle (5, 28).  In this chapter, we will use the terms base and 

target, respectively. 

Analogies And Other Categories of Comparison 

Analogy is not the only type of comparison discussed in the literature.  

Rather, there is a whole spectrum of comparison categories, which are 

differentiated on the basis of 1) the number of attributes (that is, single object 

descriptors) shared by the compared items and 2) the number of relationships 

(that is, descriptors relating two objects) shared by the compared items (20, 24).  

These categories are as follow. 

Mere appearance (20) comparisons involve the sharing of many attributes 

but few relationships.  An example of a statement of mere appearance is “Clouds 

look like pillows.”  Clouds and pillows have a similar appearance but they are 

composed of different substances, behave differently, and have different 

functions, etc.  Their only similiary is in their appearance. 

Another type of comparison, known as literal similarity (30) involves many 

shared attributes as well as many shared relationships.  An example of a literal 

similarity is “a Torx wrench is like an Allen wrench.”  Both items are similar in 

size, shape, and color, so they share many attributes.  In addition, both are also 

used by people to tighten and loosen bolts, so they also share person-wrench and 

wrench-bolt relationships. 

The opposite of  literal similarity is anomaly (31).  Anomalies involve few 

shared attributes and few shared relationships.  These are of little utility in 

science teaching, so we will not consider them further. 

From the earlier discussion of analogies, it is clear that they involve few 

shared attributes but many shared relationships.  As an example, a common 

analogy used in physics involves comparing electricity to flowing water (32).  Of 

course, electricity and water are not visually or compositionally similar, so they 

do not share many attributes.  However, the way electricity and water behave is 

similar, so they share many relationships.  For example, they both flow in 

response to a driving force (voltage gradient, gravitational potential energy 

gradient) and their flows can be impeded (by a constriction in a pipe, by a 

resistor), etc. 

Finally, a special case of analogy, termed abstraction, is similar to analogy 

in that it involves many shared relationships but few shared attributes.  However, 

it differs from analogy in that one of the compared entities is an “abstract 

relational structure” (20) rather than a concrete physical object or system of 

objects.  As such, the abstract relational structure simply does not possess many 

attributes that could be shared.  An example of this is “the solar system is a 

central force system” (33).  Central force systems can exist on hugely different 
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length scales (atom vs. solar system) and even the nature of the force 

(gravitational, electrostatic, magnetic) is not specified.  Thus, the notion of a 

central force system is based on relationships – the forces that objects exert on 

one another – rather than any attributes.   Finally, note the language used in the 

comparison.  While the other categories of comparison use the word “like”, with 

abstractions, we say “is”.  This indicates that one object is an instance or 

example of an abstraction. 

Although they may appear synonymous, the terms “abstract concept” and 

“abstraction” are not the same. In the work on thermodynamics discussed below, 

energy and entropy are two central concepts.  These concepts are clearly 

abstract, since they cannot be observed directly and find broad use across all 

areas of science.  However, they are not abstractions, in the sense described by 

Gentner (20), since they are not relational.  In the work described below on 

thermodynamics, “thermally-activated processes” and “entropy-driven 

processes” are abstractions. Just as for the central-force system discussed above, 

these abstractions apply to situations in which the entities being described have 

little overlap regarding surface features, but share a common relational structure 

that leads to a common and powerful mode of reasoning.  

What Are Analogy-Based Simulations? 

Now that we have considered analogies and abstractions, let us turn our 

attention to analogy-based simulations.  Analogy-based simulations are 

simulations that do not directly depict atoms or molecules; rather, they simulate a 

different physical system that relates to a chemical system or concept by analogy.  

For example, Figure 1 uses (non-interacting) balls bouncing on a vibrating 

staircase to illustrate how the population of a given state depends upon its energy 

and the temperature of the system.  Table I details the analogical 

correspondences between features of the staircase system and chemical systems. 
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Figure 1: Balls bouncing on a vibrating staircase as an analogy for the 

population of states in a chemical system. 

 

 

While using a simulation to illustrate this concept is not strictly necessary, 

we believe that it provides a more compelling and memorable learning 

experience than simply looking at an equation or a graph.  Furthermore, many 

students are not skilled at interrogating an equation or graph in order to construct 

a general, qualitative understanding of what the graph or equation represents 

(34).  For such students, a simulation of this type may make it easier to construct 

a qualitative understanding of the important functional relationships that govern 

system behavior. 

 

 

Table I: Analogical Correspondences Between Staircase and Chemical Systems 

 

Feature of Chemical System Representation in Staircase System 

(sub)System Ball 

State Step 

State energy Step height 

Temperature Vibration amplitude 

State population Number of balls above a step 
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While engaging with the simulation shown in Figure 1, students are able to 

manipulate both the difference in energy between platforms, ΔE, as well as the 

system temperature, T.  As they increase ΔE, they find, as they probably expect, 

that the number of balls on the highest platorms goes down and a greater fraction 

of balls occupies lower platforms.  This change can be undone by raising the 

temperature, giving balls the energy that they need to occupy higher platforms. 

In addition to the simulation itself, the user interface also provides two 

further representations of the state populations.  Both of these representations are 

meant to clarify properties of the Boltzmann distribution.  The exponential decay 

associated with the Boltzmann distribution is clearly displayed in the bar graph 

at top, while the fact that the natural log of an exponential decay takes the form 

of a downward-sloping line is shown in the line plot at bottom.  Thus, in addition 

to observing that fewer balls occupy higher platforms when ΔE is increased, 

students may also observe that increasing ΔE causes the slope of the line at 

bottom to become steeper, while increasing the temperature causes the slope to 

become shallower.  

What Is The Utility of Analogy-Based Simulations? 

There are two overarching scenarios in which analogy-based simulations 

may be used.  The first involves using analogies to simulate concepts which are 

not possible or not feasible to simulate directly with depictions of atoms or 

molecules, or which could be simulated more clearly by analogy.  A good 

example of such a concept is entropy.  As a consequence, many curricula use 

analogies involving dice (35) or other simple systems (36) to discuss state 

degeneracy and, by extension, entropy.   

The simulation in Figure 1 is another example of a concept that can be 

treated effectively using analogy.  Though it is possible to create simulations of 

chemical systems that exhibit the Boltzmann distribution, the chemical systems’ 

additional detail can get in the way of understanding.  By presenting a very 

abstract system, which has few attributes to distract students, the core idea and 

behavior of the Boltzmann distribution can be made clearer. 

The second main usage scenario is focused on helping students to 

understand overarching categories of systems and develop abstract ways of 

thinking that are similar to those used by experts.  We will focus primarily on 

this mode of usage in this chapter. 

Beginning in the 1960’s psychologists began to wonder what differentiated 

experts in a particular domain from novices.  This curiosity led to many 

fascinating and useful discoveries.  While there are a number of interesting 

results, for our purposes in this chapter, the key result is that experts’ 

“knowledge is not simply a list of facts and formulas that are relevant to their 
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domain; instead their knowledge is organized around core concepts or ‘big 

ideas’ that guide their thinking about their domains” (37).  Glaser and Chi (38) 

elaborate on this by noting that “[e]xperts see and represent a problem in their 

domain at a deeper (more principled) level than novices.”  The fact that experts 

understand their domain in a deeper, more abstract way than novices has been 

demonstrated across different domains in a number of studies in which experts 

and novices were asked to organize problems or representations into categories 

of their own invention (39–41).  In each of these studies, in physics, computer 

science, and chemistry, respectively, experts were found to create categories on 

the basis of more abstract, overarching principles that govern the domain, while 

novices were found to choose categories mainly based on surface features. 

Since education concerns itself with turning novices into experts, it is 

important to consider how we may help this process along with our students.  In 

particular, in light of the above discussion, we may ask how we can help our 

students to develop domain knowledge that is structured like that of an expert.  

The purpose of this chapter is not to suggest what the “big ideas” in chemistry 

are.  However, in what follows, we will describe how analogies and analogy-

based simulations can help students to understand the “big ideas”, which are sure 

to be abstract, and to organize their knowledge around them. 

First, as discussed earlier, abstraction is a special case of analogy, in which 

the target is an abstract relational structure rather than a concrete object or 

system (20).  Thus, we can help students understand important abstractions by 

providing them with accessible bases that cleanly map to the features of the 

abstraction.  This is the most direct way of approaching abstractions. 

A somewhat less direct approach to abstractions involves creating analogies 

between different systems that are both instances of the abstraction.  In this case, 

the analogy between the systems captures the important features of the 

abstraction.  That is, while the analogy maps a feature of the base to a feature of 

the target, in the abstraction, those mapped features are seen as different 

manifestations of the same abstract entity or phenomenon.   

For example, a famous analogy in science is Rutherford’s analogy between 

the solar system (familiar) and the structure of the atom (at the time, novel).  In 

this analogy, the sun maps onto the atom’s nucleus and the planets map to the 

atom’s electrons.  Of course, an atom’s nucleus does not resemble the sun in any 

way, nor do electrons resemble planets.  Instead, the analogy captures the fact 

that, like planets orbit the sun, electrons orbit the atom’s nucleus.  Gentner (20) 

fleshes out the analogy by pointing out that, in both systems, a central object is 

surrounded by other objects that 1) are less massive, 2) revolve around it, 3) 

attract it, and 4) are attracted by it.  This very generic way of describing the 

systems helps us to understand that, in fact, both the solar system and the atom 

are instances of a central force system, as mentioned earlier.  By analyzing the 

analogical mappings between these two systems, we can see the key features of 
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the abstraction of which they are both instances.  It is worth noting here that what 

Gentner (20) calls an abstraction has also been called a “superordinate concept” 

by Glynn (11, 42), and the term “model” is also sometimes used in a similar 

sense (19), though not always (1). 

So far, we have seen that by directly comparing a base to an abstraction and 

by comparing a target to a base with the analogy between them capturing an 

abstraction, we can help students to access abstractions and understand how they 

encapsulate structural or behavioral relationships shared among superficially 

different systems.  This gets at the heart of an expert’s knowledge structure.  

However, simulations require quite a bit of time and effort to create.  What is to 

be gained by creating an analogy-based simulation, rather than simply presenting 

and unpacking an analogy with students? 

We are not aware of any studies that have compared the efficacy of analogy-

based simulations to analogies presented in other ways.  Therefore, this is an 

open research question.  However, we believe that analogy-based simulations 

have a number of advantages over unsimulated analogies, at least for certain use 

cases. 

First of all, since they are interactive and dynamic, analogy-based 

simulations are likely to be more engaging to students than static, non-interactive 

presentations of analogies.  Since students cannot benefit from an analogy if they 

do not engage with it, simulations may offer an advantage here. 

A further advantage of analogy-based simulations is that they may help to 

address student misconceptions involving the analogy’s base, target or both.  

Although students may be familiar with a system used as base, they may still 

hold misconceptions about it (1), which is likely to result in “mismapping” or 

“failure to map” features of the base to features of the target (43).  While a 

student’s misconceptions may be left unchallenged by an analogy involving 

images and text, the fact that a simulated system behaves according to actual 

physical principles, and not the student’s imagination, means that students may 

recognize situations in which their intuition conflicts with the simulation.  This 

offers the possibility of conceptual change (44) and improved analogical 

mapping. 

Additionally, a number of authors have described mental models of 

phenomena and processes as runnable (45) or involving mental simulation (46, 

47).  This implies that many mental models are essentially simulations performed 

in a person’s imagination.  We believe that the use of dynamic simulations in 

instruction can aid students in developing more accurate mental models, which 

will be useful in future qualitative reasoning and problem solving tasks. 

Finally, while analogy-based simulations may offer some benefits for most 

types of instructional content, we see analogy-based simulations as particularly 

powerful in situations involving dynamic phenomena, especially those involving 

emergence.  Emergent phenomena are typically very difficult for students to 
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grasp, and though they may think they understand a particular system used as a 

base, they are likely to have misconceptions around any emergent behavior the 

system may exhibit (48, 49).  By providing them with highly constrained 

dynamic visualizations of physical systems, students are likely to more fully 

confront misconceptions about emergent, dynamic phenomena than they are if 

systems are presented via text or static images. 

Analogy-Based Simulations: How? 

Now that we have explained the utility of analogy-based simulations, we can 

turn our attention to the question of how such simulations may be designed.  The 

guidelines we present are a mixture of ideas gleaned from our own experience, 

as well as relevant guidelines drawn from the literature.  Like those whose 

guidelines we cite, we must emphasize that these guidelines are preliminary and 

need experimental verification.  However, they represent a good starting point 

for efforts in this area. 

Before we can make an analogy-based simulation, we first need an analogy 

to use.  Creating an analogy can be a tricky process and is arguably more like an 

art than a science.  However, below, we present some guidelines for creating an 

analogy that can form the basis of an analogy-based simulation. 

Appropriateness of Chosen Target 

As discussed earlier, each analogy consists of two concepts being compared: 

a familiar one, called the base, and an unfamiliar one, called the target.  If an 

instructor already has a target in mind, it may seem as though we can 

immediately move on to choosing a base.  However, before attempting to 

construct an analogy for the chosen target, it is worth considering whether using 

an analogy to teach the target is a suitable approach. 

Else et al.(14) suggest that analogies be “reserved for important or abstract 

concepts and concepts that are prerequisites to further learning.”  This is because 

processing an analogy can be time-consuming (50) and cognitively demanding 

for students.  Furthermore, it is well-documented (1, 7) that analogies can give 

rise to misconceptions among students, who attempt to carry the analogy too far.  

Therefore, before choosing analogy as the means to teach a particular target, 

consider whether the potential upsides of analogies, described earlier, outweigh 

the possible drawbacks. 

If the chosen target is well-suited to treatment by analogy, the next step 

involves deciding precisely which features of the target should be addressed.  

Many concepts in chemistry are complex and nuanced.  However, for students in 
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high school and most undergraduate courses, addressing all of the complexity 

and nuance related to a particular concept is unnecessary and unwise.  Therefore, 

the main features that should be addressed need to be identified and the other, 

more subtle features may be ignored.  By simplifying the target, the job of 

choosing an appropriate base becomes much easier.  Furthermore, simplifying 

the target permits the analogy to be simpler, which appears to aid comprehension 

(43). 

In our work (51–53), we identified entropy and the energy landscape
1
 (54, 

55) (or potential energy surface) as good candidates for treatment via analogy 

because of their importance across a number of science and engineering 

domains, as well as their abstract nature, which makes them difficult to 

understand directly.  While the energy landscape of most systems of chemical 

interest is of extremely high dimensionality, when only one particular transition 

on the landscape is considered, it can generally be simplified to two dimensions.  

We focused on this simplified two-dimensional representation because it is 

widely used by experts as a tool for problem solving and explanations.   

While powerful, this abstract representation of the energy landscape 

presents a number of difficulties for students.  First, in some cases the y-axis 

represents potential energy, while, in others, it represents Gibbs free energy.  

The x-axis represents an abstract quantity called the reaction coordinate, which 

is created by abstracting the large number of system parameters involved in an 

actual, high dimensionality energy landscape down to a single variable.  

Understanding this axis alone represents a significant challenge for novices.  

Finally, the temperature is not represented in this representation at all.  These 

three issues taken together make the representation of the energy landscape 

commonly used by experts very difficult for novices to interpret or use for 

reasoning qualitatively. 

                                                           
1In this chapter, we sometimes refer to the energy landscape as an abstraction.  We should 

note, however, that every chemical system has an energy landscape – a function that specifies its 

potential energy in terms of all relevant system parameters.  In this sense, a system’s actual energy 

landscape is not an abstraction; it is simply a complex attribute of the system.  However, among 

experts, two dimensional energy landscape diagrams are used to represent as qualitatively similar 

many systems that do not possess even remotely similar sets of relevant system parameters.  By 

examining these qualitatively similar diagrams, we see that, in fact, the two dimensional energy 

landscape drawn by experts is an abstract relational structure, possessing three states in specific 

relationship to one another: a low energy stable state, a medium energy metastable state, and a high 

energy activated state situated between the stable and metastable states.  Therefore, though a 

system’s energy landscape itself is not an abstraction, the representation of it used by experts is. 
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Choosing a Base 

Once the target has been established, the next step in creating the analogy is 

choosing the base.  The overriding concern at this stage is that the base and the 

target possesses structural parallelism, which Gentner and Holyoak (56) 

describe as “consistent, one-to-one correspondences between mapped elements”.  

That is, in order for students to understand the key features of the target, there 

must be a clear correspondence between them and features of the base.  This can 

be seen in Table I, where each important feature of the chemical system (the 

target) is “mapped” to a feature in the simulation (the base). 

Beyond the requirement of structural parallelism, the literature contains a 

number of additional guidelines that should be taken into consideration when 

choosing a base.  The most fundamental of these is that the base should already 

be familiar to students (1, 57).  Indeed, throughout this chapter, we have 

described the target as the unfamiliar part of the analogy, while the base is the 

familiar part.  Without structural parallelism there is no analogy and without the 

base being familiar, the analogy is of little didactic value.  So, these two 

requirements can be seen as the most fundamental when creating an analogy. 

 In the case that a number of potential bases are found that satisfy both 

structural parallelism and student familiarity, a number of additional selection 

criteria may be applied.   

 Harrison (58) found that using an interesting base can have a motivating 

effect on students, causing them to engage with the analogy.  Conversely, a base 

that students found uninteresting caused students to lose focus and not engage 

with the analogy.  A reasonable extension to this suggestion is that the modes of 

interaction provided to the student in order to manipulate the simulation should 

be interesting, as well as the base.   

 Work by Else et al. (43) suggests that simpler analogies, involving fewer 

mapped relationships, can be easier to understand.  Unfortunately, the number of 

features that need to be mapped is largely a feature of the target and is not 

something that can be controlled solely through choice of base.  However, in 

situations involving complex, multi-faceted targets, Spiro et al. (59) present the 

use of multiple bases (multiple analogies) as an alternative to oversimplifying the 

target to fit a single base.  In this approach, each base maps to a subset of 

features possessed by the target.  The analogy made with any one base is 

incomplete; however, when all bases are considered together, they provide a 

complete analogy, mapping to all of the target’s features. 

 Finally, for the purposes of creating an analogy-based simulation, it is 

necessary that the chosen base can be visualized in some way.  Educational 

simulations are inherently visual, so, while a base that cannot be visualized could 

be of use in a textbook or in a lecture, such a base is inappropriate for a 

simulation. 
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 In our work with the energy landscape we used a couple of different bases to 

illustrate the key relationships embodied by the abstraction of it that experts use.  

This abstract representational form involves a stable state, a metastable state, and 

an activated state, with the activated state (or energy barrier) lying in between 

the stable and metastable states.  Thus, we needed to find a base that had features 

that could map to these states.  The simplest and most familiar base we used for 

this was a cardboard box resting on a platform, depicted at bottom in Figure 2.  

In the curriculum that accompanied the simulations, we also provided 1,2 

dichloroethylene as a simple example of a chemical system with states that 

qualitatively map to this energy landscape.   

 

 

 
 

Figure 2: Correspondence of cardboard box and 1,2 dichloroethylene to the 

states in a schematic energy landscape. 

 

 

Figure 2 illustrates the fact that the box and 1,2 dichloroethylene could be 

used in an analogy as base and target, respectively, with the key relationships of 

the energy landscape captured by the analogy.  Table II provides the mappings 

between the box and a general chemical system. 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  14 

 Finally, it is important to note that the connection between the energy 

landscape and the cardboard box is only valid as long as the box remains in 

contact with the platform (53).  If the box-as-base is to work, it cannot function 

exactly like a normal cardboard box, which could be kicked off the platform, 

into the air.  Once the box leaves the platform, the analogy breaks and loses its 

didactic power.  Fortunately, it is possible to add these types of constraints to the 

simulation in order to preserve the analogy.  In the design of analogies or 

analogy-based simulations, it is important to watch for issues of this type. 

 

 

Table II: Analogical correspondences between chemical system and box on 

platform system 

 

Feature of Chemical System Representation in Box System 

State Box orientation 

Stable state Box resting on longest face 

Metastable state Box standing on shortest face 

Activated State Box standing on corner 

State energy Box center of mass height 

Reaction coordinate Rotation angle 

Using The Analogy 

Once the target and the base have been chosen and the list of desired 

mappings is complete, we can move on to designing the simulation that will 

make use of the analogy.  A number of authors have made suggestions for how 

to use analogies in educational texts or classroom settings (10, 12, 42, 60, 61).  

For our purposes, the key recommendations found in these suggested modes of 

analogy use are 1) clearly identify the features that are mapped from the base to 

the target and 2) clearly identify the features of the base that should not be 

mapped to the target.  In order for the analogy to be valuable, students need to 

clearly understand the correspondences between features of the base and features 

of the target.  In addition, they need to understand where the analogy breaks 

down, so as to avoid forming misconceptions through “overmapping” (43). 

Simulation Design and Multiple External Representations 

Creating a simulation is a complex and multi-faceted task.  However, while 

research from fields such as human-computer interaction or user interface design 

could be helpful, we will limit our attention to the representations of the 
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simulated systems.  Furthermore, since analogies necessarily involve the 

comparison of two items or systems (the target and base), we will focus on the 

use of multiple external representations (62).  In this usage, “external” simply 

refers to the fact that the representations are outside of a person’s mind, 

represented in a concrete form on a real, physical object like paper or a computer 

screen. 

Before addressing the roles of multiple external representations, let us first 

consider the roles that a single external representation might play.  Scaife and 

Rogers (63) indicate that external representations may play three distinct roles: 

1) computational offloading, 2) re-representation, and 3) graphical 

constraining.  In the first role, representing information outside of one’s head, 

for example, by drawing a diagram, frees up memory that would otherwise be 

needed to retain the information.  This makes solving problems easier. 

The term re-representation acknowledges that not all representations are 

equally helpful for certain tasks.  An unhelpful representation can be transformed 

into a more helpful representation, that, for example, enables a user to more 

easily solve a problem or identify a pattern.  As an example, most subway maps 

are highly simplified in order to clearly communicate the interconnectivity of 

stations and make route planning easier.  This simplification, however, may 

make them less useful for other tasks, like determining the precise location at 

which a subway tunnel passes underneath a particular street. 

Finally, graphical constraining indicates that graphics are often more 

precise than text, meaning that potential interpretations about the represented 

object or system that might be made from reading a passage of text can be ruled 

out through the greater specificity of a graphic.  Dynamic representations are 

even more fully constrained, in that they provide concrete information, not only 

about the configuration of a system at a given point in time, but also about how 

the system changes as time advances. 

Given the principle roles of single representations, we can move on to 

multiple representations.  According to Ainsworth (64), there are three 

overarching categories of functions that multiple external representions can 

serve: they can 1) play complementary roles, 2) constrain interpretation, and 3) 

construct deeper meaning.  Multiple representations can play complementary 

roles by either representing the same information in different ways or 

representing different, but complementary information.  For the purposes of 

analogy-based simulations, we are primarily concerned with multiple 

representations’ abilities to constrain interpretation and construct deeper 

meaning. 

Ainsworth’s concept of constraining interpretation is very much like visual 

analogy.  The idea is that by using one familiar representation and one unfamiliar 

representation, it is possible to help students to build an understanding of the 

unfamiliar via the constraints imposed by the familiar.  In our work using the 
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cardboard box as the base and energy landscape as target, we used linked 

representations of the box and its energy landscape as seen in Figure 3. 

 

 
 

Figure 3: Visualization of a cardboard box on a platform along with a plot of its 

energy landscape, which is its potential energy as a function of rotation angle. 

 

In this simulation, students can “kick” the box and see how it responds.  In 

the curriculum, they are asked to find the minimum kick magnitude that is 

sufficient to cause the box to transition from lying down (stable) to standing up 

(metastable) and vice versa.  When the box is kicked, a dot moves on the energy 

landscape, showing how the box’s current position maps to the energy landscape 

representation.  Thus, using a familiar and accessible system, they gain an 

understanding of the key attributes of the energy landscape: the activated state or 

energy barrier, which must be overcome when transitioning from one state to the 

other; the stable state, from which a larger kick is necessary to overcome the 

barrier; and the metastable state, which, by virtue of its higher energy, requires a 

smaller kick to cross the energy barrier. 

Finally, both analogies and multiple external representations share the 

ability to help students construct deeper meaning.  As discussed earlier, the 

comparison of multiple examples and use of analogies can lead students to create 

abstract categories of systems that function in similar or analogous manners.  As 

we noted, the possession of these abstract categories and the organization of 

specific knowledge around them is a characteristic of an expert knowledge 

structure.  Multiple external representations (MERs) can facilitate the 

construction of abstractions as “[l]earners can construct references across MERs 

that then expose the underlying structure of the domain represented” (64). 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  17 

In our work, in order to strengthen and deepen students’ understanding of 

the energy landscape, we introduced another base involving balls bouncing on 

vibrating platforms, similar to the system in Figure 1.  In this case however, the 

platforms map directly to states on the energy landscape, as seen in Figure 4. 

 

 

 
 

Figure 4: Analogical model of balls bouncing on a set of vibrating platforms 

and its correspondence to the energy landscape abstraction 

 

 

Like Figure 1, this base was used to help students easily visualize and 

understand equilibrium state populations as a function of temperature.  However, 

later in the curriculum, it was placed alongside a large group of cardboard boxes 

like the one in Figure 3, this time also on vibrating platforms, to demonstrate 

that, in spite of very different surface features, the two systems exhibit the same 

behavior, with equivalent populations of states at equivalent temperatures.  The 

simulation, shown in Figure 5, creates an analogy between the two simulated 
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systems and enables students to construct a deeper, more abstract understanding 

of the energy landscape that underlies both systems.   

In this section, we have seen two variants of analogy-based simulations.  In 

Figure 3, we presented a system that, from an analogy perspective, maps a 

simple, accessible base to a target abstraction and, from a multiple 

representations perspective, uses the familiar representation of a cardboard box 

to constrain the interpretation of the energy landscape.  In Figure 5, we 

presented a simulation that, from an analogy perspective, creates an analogy 

between two systems with different surface features but common deep features, 

and, from a multiple representations perspective, seeks to deepen understanding 

of an abstraction by comparing two systems, the analogy between which captures 

the important features of the abstraction. 

 

 

 
 

Figure 5: Two different bases set in analogy to one another in order to deepen 

understanding of the energy landscape 

 

Finally, we should note that if the representations developed for use in a 

given analogy-based simulation faithfully capture the desired deep features, then 

those representations may be useful for related abstractions.  The above 

representations were designed around the mappings in Tables I and II, where the 

focus is on state energies and populations.  During the design process, we 

discovered that only small extensions were needed to use these representations to 

address the related abstraction of entropy-driven reactions, as seen in Figure 

Figure 6.  In the platform representation at left, a number of microstates 

(individual platforms) can be grouped into single macroscopic thermodynamic 

state (the set of platforms with a given height).  The number of platforms is the 

degeneracy of the thermodynamic state.  In the three-dimensional box 

representation, the degeneracy of the states corresponds to the number of faces 

on which the box can rest with a given gravitational potential energy.  Each box 

in Figure 6 has four ways to stand up and two ways to lie down.  Thus, although 
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the stable state is energetically favored, the metastable state’s greater degeneracy 

makes it entropically favored.  In the platform representation, it is especially 

clear why the four higher-energy states have a higher population than the two 

lower-energy states at high temperature.  This can then be mapped over to the 

box representation.  These representations expose the key qualitative aspects of 

an entropy-driven process, clearly demonstrating that, at low temperature, low 

energy states are favored while, at high temperature, high entropy states are 

favored.  These representations also motivate the use of free energy in chemistry, 

by showing how the population between two states is influenced by both the 

energy difference and the degeneracy (entropy) difference. 

 

 

 
 

Figure 6: Three-dimensional boxes and balls bouncing on platforms 

corresponding to the boxes' faces. 

 

Practical Considerations in Simulation Design 

While the overall design of the simulation can be guided by the role its 

multiple representations are intended to play (constrain interpretation, deepen 

understanding), there are a number of important issues to consider in the design 

of the individual representations and the connection between them. 

In designing simulations, it is wise to limit the number of distinct 

representations as much as possible (64) and keep each representation as simple 

and as clear as possible.  Thus, it is important to adequately identify key features 

necessary for students to understand the correspondences between 

representations.  However, it is also necessary to avoid including too much 

information in any one representation.  Certainly, extraneous elements like 

“chartjunk” (65) should be omitted.  In an effort to balance proper identification 

with visual clarity, the simulations in Figure 3, Figure 5, and Figure 6 do not 
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include many labels.  Instead, prior to the use of each simulation, the curriculum 

provided students with an image of the simulation in which all salient features 

were labeled. 

In both types of simulations described in the preceding section, it is 

important that students understand the connection between the two 

representations.  In order to accomplish this, the simulation in Figure 3 uses a 

technique known as “dyna-linking” (64), in which action in one representation 

produces results in another.  Correspondences can also be made clear via static 

visual cues, such as consistent colors across representations (64).  Dyna-linking 

and color coding can be useful but they should be used judiciously.  In 

attempting to deepen understanding, it is critical students be able to understand 

the mapping between the representations.  However, making the mapping too 

obvious “may not encourage users to reflect upon the nature of the connection 

and could in turn lead learners to fail to construct the required deep 

understanding” (64).  For example, while we could have dyna-linked the two 

main representations in Figure 5, we chose not to, in order to prompt students to 

link the representations themselves. 

Conclusion 

We have presented a brief overview of analogy and how analogy can be 

used as the basis for simulations.  Like analogy alone, analogy-based simulations 

have the power to help students understand difficult and abstract concepts 

starting from familiar concepts and to enable students to understand and 

construct abstract categories like experts.   

Here we would like to take the opportunity to stress that we are not arguing 

for the replacement of simulations involving direct depictions of atoms with 

analogy-based simulations.  Rather, we are arguing for the use of analogy-based 

simulations in areas that cannot be addressed using direct simulations of atoms 

or as a way to directly address the abstractions used by experts.  That is, we are 

advocating for analogy-based simulations as a complement to particulate 

simulations. 

In order to accommodate others who may now be interested in developing 

their own analogy-based simulations, we have presented a rough outline of a 

design process on the basis of our own work and suggestions in the literature.  It 

is our hope that such simulations will become a common feature in chemistry 

curricula, enabling students to better grasp difficult concepts and useful 

abstractions.  Futhermore, we hope other researchers will join us in developing 

and testing analogy-based simulations in order to better understand how to they 

may be effectively used to help students understand difficult concepts and 

organize their knowledge like experts. 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  21 

Acknowledgments 

This work was funded by the National Science Foundation through awards 

DUE-0632751 and DUE-0817493.  We would like to thank the program officer, 

Hal Richtol, for his assistance.  We would also like to thank our collaborators, 

Donald S. Sadoway and W. Craig Carter of the Massachusetts Institute of 

Technology, Jodi Davenport of WestEd, Laura M. Bartolo and John J. Portman 

of Kent State University, and Gaea Leinhardt and James Greeno of the 

University of Pittsburgh.  Finally, we would like to thank Arthur W. Barnard of 

Cornell University and Aaron B. Slodov of Kent State University for their 

contributions to the programming of the simulations. 

References 

1.  Duit, R. Sci. Educ. 1991, 75, 649–672. 

2.  Dagher, Z. R. Sci. Educ. 1995, 79, 295–312. 

3.  Dagher, Z. R. J. Res. Sci. Teach. 1995, 32, 259–270. 

4.  Glynn, S. M.; Britton, B. K.; Semrud-Clikeman, M.; Muth, K. 

D. In Handbook of Creativity; Glover, J. A.; Ronning, R. R.; 

Reynolds, C. R., Eds.; Plenum Press: New York, 1989; pp. 

383–398. 

5.  Curtis, R. V.; Reigeluth, C. M. Instr Sci 1984, 13, 99–117. 

6.  Treagust, D.; Duit, R.; Joslin, P.; Lindauer, I. Int. J. Sci. Educ. 

1992, 14, 413–422. 

7.  Harrison, A.; Treagust, D. In Metaphor and Analogy in 

Science Education; Aubusson, P. J.; Harrison, A. G.; Ritchie, 

S. M., Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 

11–24. 

8.  Metaphor and Analogy in Science Education; Aubusson, P. 

J.; Harrison, A. G.; Ritchie, S. M., Eds.; Springer: Dordrecht, 

The Netherlands, 2006. 

9.  Hesse, M. B. Models and analogies in science; University of 

Notre Dame Press: Notre Dame, IN, 1966. 

10.  Zeitoun, H. H. Res. Sci. Technol. Educ. 1984, 2, 107–125. 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  22 

11.  Glynn, S. M. In The psychology of learning science; Glynn, S. 

M.; Yeany, R. H.; Britton, B. K., Eds.; Erlbaum: Hillsdale, 

NJ, 1991; pp. 219–240. 

12.  Treagust, D. F. Res. Sci. Educ. 1993, 23, 293–301. 

13.  Dagher, Z. R. In Teaching science for understanding : a 

human constructivist view; Mintzes, J. J.; Wandersee, J. H.; 

Novak, J. D., Eds.; Academic Press: San Diego, CA, 1998; 

pp. 195–211. 

14.  Else, M. J.; Clement, J.; Rea-Ramirez, M. A. In Model Based 

Learning and Instruction in Science; Clement, J. J.; Rea-

Ramirez, M. A., Eds.; Springer: Dordrecht, The Netherlands, 

2008; pp. 215–231. 

15.  Gabel, D. L.; Samuel, K. V. J. Res. Sci. Teach. 1986, 23, 

165–176. 

16.  Gabel, D. In International Handbook of Science Education; 

Fraser, B. J.; Tobin, K. G., Eds.; Kluwer Academic 

Publishers: Dordrecht, The Netherlands, 1998; pp. 233–248. 

17.  Orgill, M. K.; Bodner, G. In Chemists’ Guide to Effective 

Teaching; Pienta, N.; Cooper, M.; Greenbowe, T., Eds.; 

Prentice-Hall: Upper Saddle River, NJ, 2005; pp. 90–105. 

18.  Coll, R. K. In Metaphor and Analogy in Science Education; 

Aubusson, P. J.; Harrison, A. G.; Ritchie, S. M., Eds.; 

Springer: Dordrecht, The Netherlands, 2006; pp. 65–77. 

19.  Justi, R.; Gilbert, J. In Metaphor and Analogy in Science 

Education; Aubusson, P. J.; Harrison, A. G.; Ritchie, S. M., 

Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 119–

130. 

20.  Gentner, D. Cogn. Sci. 1983, 7, 155–170. 

21.  Gick, M. L.; Holyoak, K. J. Cogn. Psychol. 1980, 12, 306–

355. 

22.  Gick, M. L.; Holyoak, K. J. Cogn. Psychol. 1983, 15, 1–38. 

23.  Gentner, D.; Toupin, C. Cogn. Sci. 1986, 10, 277–300. 

24.  Gentner, D. In Similarity and analogical reasoning; 

Vosniadou, S.; Ortony, A., Eds.; Cambridge University Press: 

London, 1989; pp. 199–241. 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  23 

25.  Clement, C.; Gentner, D. Cogn. Sci. 1991, 15, 89–132. 

26.  Gentner, D.; Loewenstein, J.; Thompson, L. J. Educ. Psychol. 

2003, 95, 393–408. 

27.  Wilbers, J.; Duit, R. In Metaphor and Analogy in Science 

Education; Aubusson, P. J.; Harrison, A. G.; Ritchie, S. M., 

Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 37–49. 

28.  Ortony, A. Psychol. Rev. 1979, 86, 161. 

29.  Rumelhart, D. E.; Norman, D. A. In Cognitive skills and their 

acquisition; Anderson, J. R., Ed.; Erlbaum: Hillsdale, NJ, 

1981; pp. 335–360. 

30.  Gentner, D.; Markman, A. B. Am. Psychol. 1997, 52, 45–56. 

31.  Forbus, K. D.; Gentner, D. In Machine Learning: An 

Artificial Intelligence Approach; Michalski, R. S.; Carbonell, 

J. G.; Mitchell, T. M., Eds.; Morgan Kaufmann: Los Altos, 

CA, 1986; Vol. 2, pp. 311–348. 

32.  Gentner, D.; Gentner, D. R. In Mental Models; Gentner, D.; 

Stevens, A., Eds.; Erlbaum: Hillsdale, NJ, 1983. 

33.  Harre, R.; Aronson, J. L.; Way, E. In Metaphor and Analogy 

in the Sciences; Hallyn, F., Ed.; Kluwer Academic Publishers: 

Dordrecht, The Netherlands, 2000; pp. 1–16. 

34.  Kozma, R. B.; Russell, J.; Jones, T.; Marx, N.; Davis, J. In 

International Perspectives on the Design of Technology-

supported Learning Environments; Vosniadou, S.; De Corte, 

E.; Glaser, R.; Mandl, H., Eds.; Routledge: New York, 1996. 

35.  Ben-Naim, A. Entropy demystified: the second law reduced to 

plain common sense; World Scientific: Singapore, 2008. 

36.  Ben-Naim, A. Discover Entropy and the Second Law of 

Thermodynamics: A Playful Way of Discovering a Law of 

Nature; World Scientific: Singapore, 2010. 

37.  Committee on Developments in the Science of Learning; 

Committee on Learning Research and Educational Practice; 

National Research Council How People Learn: Brain, Mind, 

Experience, and School: Expanded Edition; 2nd ed.; National 

Academy Press: Washington, DC, 2000. 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  24 

38.  Glaser, R.; Chi, M. T. H. In The Nature of Expertise; Chi, M.; 

Glaser, R.; Farr, M. J., Eds.; Erlbaum: Hillsdale, NJ, 1988; 

pp. xv–xxviii. 

39.  Chi, M. T. H.; Feltovich, P. J.; Glaser, R. Cogn. Sci. 1981, 5, 

121–152. 

40.  Weiser, M.; Shertz, J. Int. J. Man Mach. Stud. 1983, 19, 391–

398. 

41.  Kozma, R. B.; Russell, J. J. Res. Sci. Teach. 1997, 34, 949–

968. 

42.  Glynn, S. M. In Children’s Comprehension of Text; Muth, K. 

D., Ed.; International Reading Association: Newark, DE, 

1989; pp. 185–204. 

43.  Else, M.; Clement, J.; Ramirez, M. In Proceedings of the 

National Association for Research in Science teaching; 2003; 

pp. 1–18. 

44.  Hewson, P. W.; Hewson, M. G. A. Instr. Sci. 1984, 13, 1–13. 

45.  Forbus, K.; Gentner, D. In Proceedings of the Eleventh 

International Workshop on Qualitative Reasoning; 1997; pp. 

1–8. 

46.  Clement, J. J. Top. Cogn. Sci. 2009, 1, 686–710. 

47.  Clement, J. In Proceedings of the twenty-sixth annual 

conference of the cognitive science society; Erlbaum: 

Mahwah, NJ, 2004; Vol. 26. 

48.  Chi, M. T. H. J. Learn. Sci. 2005, 14, 161–199. 

49.  Chi, M. T. H.; Roscoe, R. D.; Slotta, J. D.; Roy, M.; Chase, 

C. C. Cogn. Sci. 2012, 36, 1–61. 

50.  Simons, P. R. J. Educ. Psychol. 1984, 76, 513. 

51.  Ashe, C.; Barnard, A.; Bartolo, L.; Carter, W. C.; Davenport, 

J.; Karabinos, M.; Portman, J.; Sadoway, D.; Yaron, D. 

States, Energy, Degeneracy, Entropy, and Free Energy 

Lessons and Applets 

http://matdl.org/repository/view/matdl:734 (accessed Feb 15, 

2013). 

52.  Yaron, D. J.; Davenport, J. L.; Karabinos, M.; Leinhardt, G. 

L.; Bartolo, L. M.; Portman, J. J.; Lowe, C. S.; Sadoway, D. 



 

ashe-use-and-design-of-analogy-based-simulations Printed 2/20/2013  25 

R.; Carter, W. C.; Ashe, C. In Proceedings of the 8th 

ACM/IEEE-CS joint conference on Digital libraries; ACM: 

Pittsburgh, PA, 2008; pp. 70–73. 

55.  Ashe, C. Ph.D. thesis, Massachusetts Institute of Technology: 

Cambridge, MA, 2010. 

54.  Wales, D. J. Philos. Trans. R. Soc., A 2005, 363, 357–377. 

55.  Wales, D. Energy Landscapes; Cambridge University Press: 

New York, 2003. 

56.  Gentner, D.; Holyoak, K. J. Am. Psychol. 1997, 52, 32–34. 

57.  Goswami, U. Analogical reasoning in children; Essays in 

developmental psychology; Erlbaum: Hillsdale, NJ, 1992; 

Vol. viii. 

58.  Harrison, A. In Metaphor and Analogy in Science Education; 

Aubusson, P. J.; Harrison, A. G.; Ritchie, S. M., Eds.; 

Springer: Dordrecht, The Netherlands, 2006; pp. 51–63. 

59.  Spiro, R. J.; Feltovich, P. J.; Coulson, R. L.; Anderson, D. K. 

In Similarity and analogical reasoning; Vosniadou, S.; 

Ortony, A., Eds.; Cambridge University Press: New York, 

1989; pp. 498–531. 

60.  Newby, T. J.; Stepich, D. A. J. Instr. Dev. 1987, 10, 20–26. 

61.  Bulgren, J. A.; Deshler, D. D.; Schumaker, J. B.; Keith, B. J. 

Educ. Psychol. 2000, 92, 426–441. 

62.  Ainsworth, S. Comput. Educ. 1999, 33, 131–152. 

63.  Scaife, M.; Rogers, Y. Int. J. Hum. Comput. Stud. 1996, 45, 

185–213. 

64.  Ainsworth, S. Learn. Instr. 2006, 16, 183–198. 

65.  Tufte, E. R. The visual display of quantitative information; 

Graphics Press: Cheshire, CT, 1983. 
 


