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Spatial Cognition

Knowledge about spatial properties
Size, shape, distance
Motion (trajectory/ speed)
Orientation, frame of reference
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Some common activities where we 
need spatial thinking…
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Some professions where we need 
spatial thinking
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Spatial thinking plays crucial role 
in the sciences

organic molecules. Each representation is specialized for a differ-
ent purpose in the domain of organic chemistry. Students struggle
with mastering these different representations and relating them to
each other (Hinze et al., 2013; Keig & Rubba, 1993; Kozma &
Russell, 1997; Stull, Hegarty, Dixon, & Stieff, 2012). Here, we
report and compare instructional interventions that aim to improve
students’ representational competence and meta-representational
competence in this domain.

Spatial Representations

Scientists use two main types of spatial representations of 3-D
spatial structures: models and diagrams. Models, such as the

ball-and-stick model of a molecule shown in Figure 1a and desktop
models of the solar system in astronomy, represent the 3-D spatial
relationships between parts of the referent structure directly. Dia-
grams, in contrast, represent three dimensions in the two dimen-
sions of the printed page, so typically show a specific perspective
or projection of the 3-D entity, and often use conventions to
represent three dimensions in two dimensions. Students must re-
member and interpret these conventions to construct an internal
representation of the 3-D structure from the 2-D external diagram.
Furthermore, diagrams are static, so inferences about the results of
rotations and other spatial transformations involve mentally sim-
ulating the transformations, a process that is demanding of spatial

a: Ball-and-s!ck model b: Dash-wedge diagram 

 

c: Fischer Diagram 

 

d: Newman Diagram 
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Figure 1. Example of a ball-and-stick model of a molecule, (S)-2-butanol, and Dash-wedge, Fischer, and Newman
diagrams of the same molecule. The three different views of the model illustrate the perspective shown in the
corresponding diagram. The carbon atoms at Locations 1, 2, 3, and 4 define the carbon backbone. In the diagrams,
the carbons at Positions 2 and 3 are not shown explicitly, by convention. In the Newman diagram, the carbon at
Position 3 is occluded by the carbon at Position 2. See the online article for a color version of this figure.
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Spatial ability is the strongest predictor of choice 
and achievement in education and occupation in 
STEM (Science, Technology, Engineering and 
Mathematics) areas (Wai, et. al, 2009)

It can be improved! (Sorby, 2009)
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Spatial Abilities: Amalgam of several correlated factors

Spatial visualisation (e.g. paper folding)

Spatial orientation (e.g. perspective taking)

Spatial relations (e.g. mental rotation)
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CARD ROTATION TEST

This is a test of your ability to see differences in figures. Look at the 5 triangle-shaped cards
drawn below:

These drawings are all of the same card, which has been slid around into different positions on
the page.

Now look at the 2 cards below:

These two cards are not alike. The first cannot
be made to look like the second by sliding it
around on the page. It would have to be flipped
over or made differently.

Each problem in this test consists of one card on the left of a vertical line and eight cards on
the right. You are to decide whether each of the eights cards on the right is the same as or
different from the card at the left. Click the button beside the S if it is the same as the one
at the beginning of the row. Click the button beside the D if it is different from the one at the
beginning of the row.

 

Practice on the following rows. The first row has been correctly marked for you.

1.    

    S  S  S  S  S  S  S  S
    D  D  D  D  D  D  D  D

2.  

    S  S  S  S  S  S  S  S
    D  D  D  D  D  D  D  D

3.  

    S  S  S  S  S  S  S  S

    D  D  D  D  D  D  D  D



Understanding of Space
Develops through an interaction between 
visual and kinesthetic-tactile experiences

An infant looks, grasps, sucks
A toddler navigates
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Spatial relations develop at two levels (Piaget & 

Inhelder, 1956):
Perceptual space

Thought and imagination
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synopsis seminar
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4.2: Pedagogic sequence Part I: The round rotating earth 131

(a) Side view of the earth with vertical axis and
equator as a horizontal line (D9a) (a tilted axis
has no significance if the ecliptic or orbit is not
shown)

(b) Top view of the earth in which
the axis is shown as a point (D9b)

(c) Side view of the earth with horizontal axis
(D9c)

Figure 4.5: Earth from di↵erent perspectives

inferences. Students encountered similar but more advanced tasks in the guided
collaborative problem solving sessions in Part II of the intervention. In comparison,
the diagrams to be completed here were easier and were embedded in a story rather
than in problem situations. Finally students were asked to explain the part of his-
torical development included in their reading material to the entire class, and these
developments were plotted on the timeline on a board, and the events were related
to the Indian context at that time.



Scientific Method

10

Observing
phenomena

Generating mental models

Predictions

A leap from perceptual space to the 
space of thought & imagination



Pedagogic practice: Abduction
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Observations

Mental Model

Explanations

Level of
thought & imagination



Pedagogic practice: Abduction
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Observations

Mental Model
(mental representations)

Explanations
(mental processes)

Spatial cognition and visualisation in 
elementary astronomy education

Sun - Earth System

Mental Model
Phenomena

Explanations
Padalkar, S. & Ramadas, J. (2011). Using diagrams as an effective pedagogic tool in elementary astronomy. In Chunawala, S. and Kharatmal, 

M. (Eds.) Proceedings of epiSTEME-4 Conference, Mumbai, India, Jan 5-9, 2011, pp. 159-164.
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Spatial cognition and visualisation in 
elementary astronomy education

Sun - Earth System

Mental Model
Phenomena

Explanations
Padalkar, S. & Ramadas, J. (2011). Using diagrams as an effective pedagogic tool in elementary astronomy. In Chunawala, S. and Kharatmal, 

M. (Eds.) Proceedings of epiSTEME-4 Conference, Mumbai, India, Jan 5-9, 2011, pp. 159-164.
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Astronomical Scale
…Too large to perceive!



Apparent path of the sun
Mental model 

The earth’s axis of rotation is tilted by 23.5 degrees
The earth revolves around the sun 

Explanation: 
Allocentric frame: Consider a person at a particular latitude (e.g. on 
the tropic of cancer) at a given time (e.g. at solstice).
Determine the terminator and mentally rotate the earth.
Change our frame of reference from allocentric (outside the model) 
to egocentric (standing on the earth) to visualize path of sun.
Change latitude (orientation) on the earth to imagine path of sun 
from different latitudes.
Change the position of the earth (e.g. at equinox).
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Spatial tools/Representations

People’s ability to run a mental model is 
severely limited (Norman, 1980)

Precise predictions are difficult using mental 
visualizations
Limitations of working memory can be 
compensated using external representations 
(Tversky, 1999)
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Spatial tools

16

Concrete Models

3-D

Realistic

Movable

Rigid

Diagrams

2-D

Abstract

Static

Transformable

Gestures & 
Actions



Gestures, actions and kinesthetic 
feedback
People gesture while 

performing mental rotation task.
solving problems of mechanical reasoning (Hegarty, 

2005; Schwartz & Black, 1996; Clement et al., 2005) and in 
astronomy (Subramaniam & Padalkar, 2009).

Tasks calling for changing one’s own orientation 
(heading) by visual imaging are very difficult to 
perform, but they get greatly facilitated with use 
of kinesthetic feedback (Klatzky et al.,1998).
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An Example

• Stand up, close your eyes and imagine the following 
instructions: 

• Imagine that you walk 5 steps forward 

• Imagine that you turn to your left 

• Imagine that you walk another 5 steps 

• Now actually point to your original position (from where 
you started your imaginarily walk) by your hand

18



Changing imagined orientation is difficult!
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From gestures to diagrams
Action and gesture reflect thought, and also 
influence it. Gestures can bridge action and 
abstract thought (Goldin-Meadow and Beilock, 2010). 
Children’s first graphic signs are the fixation of 
gestures;  gestural depictions continue to 
accompany later depictions through drawing 
(Vygotsky, 1978).
In older children, gestures are precursors to 
arrows in scientific diagrams (Roth, 2000).
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The gesture link
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An intervention

Based on the conjecture and pre-test data
Distributed over a year
Divided into 3 parts of 15 days each 

Part I: The round rotating earth
Part II: The earth revolving around the sun
Part III: The sun-earth-moon system 
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Sample

About 60 students in Grade 8
From tribal, rural and urban schools
Minimal educational background, no exposure 
to scientific information

Language disadvantage (differ from formal 
Marathi)
Shy and reticent in the classroom (both talk and 
gestures)
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Designed Pedagogic Gestures

24

Type of linkage From Concrete 
Models 

(CM-G-D) To Diagrams Total 

Gestures necessarily done 
in presence of CM or D 2 4 5 11

Gestures which follow 
from CM or lead to D 1 15 11 27

Total 3 19 16 38



Designed Pedagogic Gestures
Forty groups of gestures (metaphoric & iconic)

25

Pedagogic Gestures
(40)

II. Model 
Internalization

(27)

I. Phenomenon
 Internalization

(3 Static + 2 Dynamic)

A. Change in
Orientation

(2 Static + 2 Dynamic)

Only Spatial Properties
(Not A or B)

(4 Static + 8 Dynamic)

B. Change in
Reference Frame

(0 Static + 11 Dynamic)

III. Space 
Internalization

(6 Static + 2 Dynamic)



Phenomenon internalization

26

Tracing path of the sun  
(times of day, locations on earth, times of year) 



Space Internalization

27

Measuring angle above horizon



Model Internalization

28

Right hand thumb rule to determine the direction of 
rotation of the earth

Internalising the Model

Understanding flatness of the earth

Right hand thumb rule
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Orientation Change

29

Determining directions for a person on a globe or diagram

Orientation Change

Determining directions for a person 
on a globe or diagram

27

Orientation Change

Determining directions for a person 
on a globe or diagram

27



Change in Reference Frame

30

We see only one face of the moon: only rotation, only 
revolution, rotation and revolution together

Change in Reference Frame
Position of Pole star is invariant

We see only one face of the moon:  
only rotation, only revolution, rotation and revolution together

26

Change in Reference Frame
Position of Pole star is invariant

We see only one face of the moon:  
only rotation, only revolution, rotation and revolution together

26

Change in Reference Frame
Position of Pole star is invariant

We see only one face of the moon:  
only rotation, only revolution, rotation and revolution together

26



Observation of Students’ Gesture while Problem 
Solving

• Draw a picture of a girl called Rinku such that is is exactly 12 noon 
for her ... Draw Rinku's line of horizon ... show the East and West 
for Rinku on that line. 

• Draw Rinku's sister Sonu, such that it is midnight for Sonu ... Draw 
her line of horizon and show her East and West.  

• Sonu sees the star Magha overhead. Show light rays from Magha. 
(Do you remember: Rays coming from any star to the earth are 
parallel.)  

• ... Sonu sees the star Rohini 20° above the Western horizon. Draw 
the light rays coming from Rohini towards Sonu ...  

• Now draw Mithu, brother of Rinku and Sonu, such that he can see 
sun setting on the West ... etc. 31



Students’ Spontaneous Gestures

Average: 1 gesture / minute
Deictic gestures 

Simple Deictic gestures (D point, D multiple point) 
Deictic spatial gestures (D line, D multiple line, D 
circular, D simultaneous point, D simultaneous line) 
Other deictic gestures (D portion, D instruction) 

Metaphoric gestures
Iconic gesture
Gestures for orientation change

32



Success of the Pedagogy

33

HBCSE

The sun-earth-moon model: Gr8t rural boy Orbit of the moon: Gr8t urban boy

Human beings on the earth, local 
directions & horizon: Gr8t tribal girl Direction of rain: Gr8t tribal boyHuman beings on the 

earth: Gr8t tribal girl 

HBCSE

The sun-earth-moon model: Gr8t rural boy Orbit of the moon: Gr8t urban boy

Human beings on the earth, local 
directions & horizon: Gr8t tribal girl Direction of rain: Gr8t tribal boy

HBCSE

The sun-earth-moon model: Gr8t rural boy Orbit of the moon: Gr8t urban boy

Human beings on the earth, local 
directions & horizon: Gr8t tribal girl Direction of rain: Gr8t tribal boy

Orbit of the moon: 
Gr8t urban boy 

The sun-earth-moon model: 
Gr8t rural boy

HBCSE

Explanation of seasons: Gr8t rural boy

Explanation of phases of the moon: Gr8t rural boy

Prediction for position of the 
Pole Star: Gr8t urban boy Explanation of the lunar eclipse: Gr8t tribal boy

HBCSE

Explanation of seasons: Gr8t rural boy

Explanation of phases of the moon: Gr8t rural boy

Prediction for position of the 
Pole Star: Gr8t urban boy Explanation of the lunar eclipse: Gr8t tribal boy

HBCSE

Explanation of seasons: Gr8t rural boy

Explanation of phases of the moon: Gr8t rural boy

Prediction for position of the 
Pole Star: Gr8t urban boy Explanation of the lunar eclipse: Gr8t tribal boy

Explanation of seasons: Gr8t rural boy Position of the Pole 
Star: Gr8t urban boy

Explanation of phases of 
the moon: Gr8t rural boy 



Molecular Scale
…Too small to perceive!



Reliance on representations

35

Some examples from textbook (Bruice, 2007; first published 1995)

CH4

Lewis structure Kekule structure Condensed structure

Drawings of ball-
stick models 

Space filling 
models

Electrostatic 
potential map

Molecular Orbital 
(MO) diagrams 



Representational competence

Reflective use of a variety of representations
singly and together
to think about, communicate, and act on natural 
phenomena
in terms of underlying, aperceptual physical 
entities and processes.’ (Kozma & Russell, 2005)
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Meta-representational competence

Choosing the optimal external representation 
for a task and inventing new representations if 
necessary (diSessa, 2004, p. 293).
Knowing affordances, strengths and 
limitations of each kind of representation
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The three kinds of diagrams

Represent the 3D structure
Equivalent
Perceived from three different orientation
Different conventions

38

Fischer 
Projection

Newman ProjectionDash-Wedge diagram



Diagram Translation Task
Chemists need to translate
Commonly used, taught in introductory 
organic chemistry
Typical examination problems; indicator of 
understanding of 3-D structure & conventions
Students’ strategies: algorithmic and imagistic 
(Stieff & Raje, 2010; Padalkar & Hegarty, 2013)

Poor performance of undergraduate students 
(~25% correct) (Stull, et al., 2012)
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Problem

Most students draw stereoisomers (mirror 
images) of the given molecule

40



Concrete models

Ball-stick models depict the structure most directly
Identified as one of the important tools in chemistry 
education
Students perceive models as facts or copies of the 
scientific phenomena, are unaware of their accuracy, 
limitations and strengths (Treagust & Chittleborough, 2001).

41

organic molecules. Each representation is specialized for a differ-
ent purpose in the domain of organic chemistry. Students struggle
with mastering these different representations and relating them to
each other (Hinze et al., 2013; Keig & Rubba, 1993; Kozma &
Russell, 1997; Stull, Hegarty, Dixon, & Stieff, 2012). Here, we
report and compare instructional interventions that aim to improve
students’ representational competence and meta-representational
competence in this domain.

Spatial Representations

Scientists use two main types of spatial representations of 3-D
spatial structures: models and diagrams. Models, such as the

ball-and-stick model of a molecule shown in Figure 1a and desktop
models of the solar system in astronomy, represent the 3-D spatial
relationships between parts of the referent structure directly. Dia-
grams, in contrast, represent three dimensions in the two dimen-
sions of the printed page, so typically show a specific perspective
or projection of the 3-D entity, and often use conventions to
represent three dimensions in two dimensions. Students must re-
member and interpret these conventions to construct an internal
representation of the 3-D structure from the 2-D external diagram.
Furthermore, diagrams are static, so inferences about the results of
rotations and other spatial transformations involve mentally sim-
ulating the transformations, a process that is demanding of spatial

a: Ball-and-s!ck model b: Dash-wedge diagram 

 

c: Fischer Diagram 

 

d: Newman Diagram 
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Figure 1. Example of a ball-and-stick model of a molecule, (S)-2-butanol, and Dash-wedge, Fischer, and Newman
diagrams of the same molecule. The three different views of the model illustrate the perspective shown in the
corresponding diagram. The carbon atoms at Locations 1, 2, 3, and 4 define the carbon backbone. In the diagrams,
the carbons at Positions 2 and 3 are not shown explicitly, by convention. In the Newman diagram, the carbon at
Position 3 is occluded by the carbon at Position 2. See the online article for a color version of this figure.
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(S)-2-butanol



In earlier study…

Students who used models (on at least half of 
the trials) performed better (ranging from 45% 
to 66% accuracy in different experiments)
Students who rarely used models performed 
no better than those who did not have access 
to models (Stull, et. al., 2012).
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Spatial aspect becomes easier by using model, but 
using the model requires meta-representational 
competence (diSessa, 2004)

Interpreting structure of the given diagram
Establishing the equivalence (given diagram & 
concrete model)
Realizing that one can act on the alternative 
representation
Performing the correct spatial transformations on the 
model
Drawing target diagram

Discovering strategy is difficult but it can be 
taught.

43



The study
Laboratory experiment
Individual testing
54 undergraduate students (completed at least 
one course in organic chemistry)

44

Pre-test Post-test

Experimental group 30 (15 females)

Control group 24 (12 females)



Procedure

Pre-test: 6 diagram translation problems (four-carbon)
Questionnaire (confidence/attitudes about models) 
Intervention/5 minutes break

Align the model with the given diagram.
Attempt to align the model with their drawing
If correct - Move to next problem
If incorrect - Draw correct solution

Post-test:  6 four-carbon problems, 6 five-carbon 
problems 

45



Sample problem sheet

46



Results

47

them. There were no significant differences between pretest and
posttest ratings for any of the statements among the control group.

Discussion

As predicted, the experimental group performed significantly
better than the control group on the posttest. The participants in the
experimental group used the models more frequently and mean-
ingfully and judged that models were more useful after the inter-
vention. Increases in performance from the pretest to the posttest
were mediated by use of the models and were accompanied by
improvements in attitudes toward models. In conclusion, the in-
tervention was effective in teaching students to perform the dia-
gram translation task successfully using concrete models.
It is perhaps not surprising that the intervention in Experiment 1

was successful, as it combined two learning principles. First, it
provided feedback to the participants, which addressed any over-
confidence or illusions of understanding or any failure to under-
stand that it was important to preserve the 3-D spatial relations.
Second, it made students enact the spatial transformation with a
model, revealing how the model could be used to help translate
between the diagrams, so that they experienced the benefits of
models. If participants are overconfident or do not understand the
importance of preserving the 3-D spatial relations, and those are
the only factors limiting performance, then giving them construc-
tive feedback that they drew an isomer, rather than the correct
molecule, should be sufficient to improve performance. In con-
trast, if they are unable to discover the model-based strategy on
their own and just need to have experience using the models, then

giving them experience in matching concrete models to diagrams
and manipulating models should improve their performance. To
identify which aspects of the intervention were most effective, we
conducted Experiment 2 in which we compared a feedback-only
condition and a “match-model” condition in which students did not
receive explicit feedback.

Experiment 2

Aspects of the intervention in Experiment 1 were separated into
two different interventions in Experiment 2. There were three

Table 3
Mean Percentage of Incorrect Trials on Which Participants Made a Fundamental Error,
Connectivity Error, and a Spatial Error in Experiment 1

Pretest Posttest

Variable Fundamental Connectivity Spatial Fundamental Connectivity Spatial

Experimental 13.69 (17.60) 2.38 (9.85) 63.69 (21.78) 4.17 (7.35) 2.38 (4.45) 11.61 (16.09)
Control 7.50 (13.76) 1.67 (5.13) 60.00 (19.79) 3.33 (8.29) 7.08 (12.17) 44.17 (23.12)

Note. Standard deviations appear in parentheses.
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error of the mean.
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Figure 5. Proportion of trials on which participants (a) aligned the model
with the given diagram (align-start) and (b) aligned the model with the
target diagram that they drew (align-target) before and after the interven-
tion. Error bars show standard error of the mean.
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them. There were no significant differences between pretest and
posttest ratings for any of the statements among the control group.

Discussion

As predicted, the experimental group performed significantly
better than the control group on the posttest. The participants in the
experimental group used the models more frequently and mean-
ingfully and judged that models were more useful after the inter-
vention. Increases in performance from the pretest to the posttest
were mediated by use of the models and were accompanied by
improvements in attitudes toward models. In conclusion, the in-
tervention was effective in teaching students to perform the dia-
gram translation task successfully using concrete models.
It is perhaps not surprising that the intervention in Experiment 1

was successful, as it combined two learning principles. First, it
provided feedback to the participants, which addressed any over-
confidence or illusions of understanding or any failure to under-
stand that it was important to preserve the 3-D spatial relations.
Second, it made students enact the spatial transformation with a
model, revealing how the model could be used to help translate
between the diagrams, so that they experienced the benefits of
models. If participants are overconfident or do not understand the
importance of preserving the 3-D spatial relations, and those are
the only factors limiting performance, then giving them construc-
tive feedback that they drew an isomer, rather than the correct
molecule, should be sufficient to improve performance. In con-
trast, if they are unable to discover the model-based strategy on
their own and just need to have experience using the models, then

giving them experience in matching concrete models to diagrams
and manipulating models should improve their performance. To
identify which aspects of the intervention were most effective, we
conducted Experiment 2 in which we compared a feedback-only
condition and a “match-model” condition in which students did not
receive explicit feedback.

Experiment 2

Aspects of the intervention in Experiment 1 were separated into
two different interventions in Experiment 2. There were three

Table 3
Mean Percentage of Incorrect Trials on Which Participants Made a Fundamental Error,
Connectivity Error, and a Spatial Error in Experiment 1

Pretest Posttest

Variable Fundamental Connectivity Spatial Fundamental Connectivity Spatial

Experimental 13.69 (17.60) 2.38 (9.85) 63.69 (21.78) 4.17 (7.35) 2.38 (4.45) 11.61 (16.09)
Control 7.50 (13.76) 1.67 (5.13) 60.00 (19.79) 3.33 (8.29) 7.08 (12.17) 44.17 (23.12)

Note. Standard deviations appear in parentheses.
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Figure 5. Proportion of trials on which participants (a) aligned the model
with the given diagram (align-start) and (b) aligned the model with the
target diagram that they drew (align-target) before and after the interven-
tion. Error bars show standard error of the mean.
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Proportion of trials on which participants aligned 
the model with the target diagram that they drew 
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Intervention

Only verbal 
feedback

Only manipulating 
models

Not significantly 
different from control 

Significantly better 
than control 
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unaligned model was provided with each diagram, and participants
were asked to attempt to align the model with the diagram and to
judge whether the diagram and the model represented the same
organic molecule or different organic molecules. If they did not
align the model correctly, the experimenter helped them by point-
ing to the correct conventions in the instruction sheet. Three of the
models matched and three were isomers of the depicted diagram
(containing the same molecular substituents but in a different
spatial arrangement). In four of the six cases, participants had to
rotate the model around the main carbon-carbon bond (i.e., recon-
figure from Staggered to Eclipsed, or vice versa) in order to match
the model with the diagram. Note that each match-model trial
involved comparing two representations (a model and a diagram),
neither of which was created by the participants.

Results

Accuracy. Performance of the three groups on the pretest and
posttest problems is shown in Figure 7. A 2 (time of testing: pretest,
posttest)! 3 (condition: match-model, feedback, control) analysis of
variance revealed significant main effects of time of testing, F(1,
65)" 36.45, p# .001, $p

2 " .36; condition, F(2, 65)" 3.19, p" .05,
$p
2 " .09; and the interaction of time and condition, F(2, 65) " 3.62,
p " .03, $p

2 " .10. Simple effects analyses revealed no significant
difference between the three conditions at pretest, F(2, 65) " 1.22,
p % .30. In contrast, there was a significant difference between the
groups at posttest, F(2, 65) " 4.43, p " .02, $p

2 " .12. Pairwise
comparisons (with Bonferroni correction) indicated that the match-
model group was more accurate than the control group at posttest
(p " .01), whereas the feedback group did not differ significantly
from either the control or match-model groups (p% .16 in both cases).
Although all three groups improved from pretest to posttest, the effect
size was greater for the match-model group (Cohen’s d " 1.12),
t(23) " 5.35, p # .001, than the feedback group (Cohen’s d " .70),
t(21) " 3.28, p " .004, and the control group (Cohen’s d " .56),
t(21) " 2.60, p " .017.
Error analysis. Incorrect solutions were coded as fundamental

errors, connectivity errors, and spatial errors as in Experiment 1 (see
Table 4). Again, most errors in the pretest were spatial errors, indi-
cating poor understanding of the 3-D configuration of components.
Spatial errors decreased significantly from the pretest to the posttest,
F(2, 65) " 30.35, p # .001, $p

2 " .32. The main effect of experi-
mental condition was not significant, F(2, 65)" 1.92, p" .15, but the

critical interaction of Time of Testing (pretest, posttest) ! Condition
(feedback, model, control) was observed, F(2, 65) " 4.17, p " .02,
$p
2 " .11. As Table 4 shows, spatial errors decreased most for the
match-model group and least for the control group. Connectivity and
fundamental errors were rare (see Table 4), indicating that students
had a good understanding of the diagram formalisms and how they
show connectivity. Fundamental errors decreased significantly from
the pretest to the posttest, F(2, 65)" 9.76, p" .003, $p

2 " .13, but did
not differ for the intervention groups (F % 1.0 for both main effect
and interaction). There were no significant effects of either time
(pretest, posttest) or condition (feedback, match-model, control) on
connectivity errors.
Model use. The percentage of trials on which the model was

aligned to the given diagram (align-start) is shown in Figure 8a. A
2 (time of testing: pretest, posttest) ! 3 (condition: feedback,
match-model, control) analysis of variance revealed significant
main effects of time of testing, F(1, 65) " 71.85, p # .001, $p

2 "
.53; condition, F(2, 65) " 5.01, p # .01, $p

2 " .13; and the
interaction of time and condition, F(2, 65) " 17.15, p # .001,
$p
2 " .35. Simple effects analyses revealed no significant differ-
ence between the three conditions at pretest, F(2, 65) # 1. In
contrast, there was a significant difference between the groups at
posttest, F(2, 65) " 9.09, p # .001, $p

2 " .22. Pairwise compar-
isons (with Bonferroni correction) indicated that at posttest, the
match-model group was more likely to match the model with
the given diagram than both the feedback group (p " .02) and the
control group (p # .001), whereas the latter two groups did not
significantly differ in this behavior.
The same pattern emerged when we examined whether students

aligned the model to match the perspective and conformation of
the diagram to be drawn (see Figure 8b). A 2 (time of testing:
pretest, posttest) ! 3 (condition: feedback, match-model, control)
analysis of variance revealed significant main effects of time, F(1,
65) " 58.15, p # .001, $p

2 " .47; condition, F(2, 65) " 7.59, p "
.001, $p

2 " .19; and the interaction of time and condition, F(2,
65) " 7.60, p # .001, $p

2 " .19. Simple effects analyses revealed
no significant difference between the three conditions at pretest,
F(2, 65) " 1.63, p " .20. In contrast, there was a significant
difference between the groups at posttest, F(2, 65) " 6.41, p "
.003, $p

2 " .17. Pairwise comparisons (with Bonferroni correction)
indicated that at posttest, the match-model group was more likely
to match the model with the diagram to be drawn than the control
group (p " .003), and the feedback group did not significantly
differ from either the match-model or control group.
Aligning the model to match the target diagram was highly

correlated with accuracy at both pretest (r " .70) and posttest (r "
.84). To examine whether model use mediated the significant
difference in accuracy between the match-model and control
groups on the posttest, we conducted a mediation analysis (Baron
& Kenny, 1986). The results of this analysis are shown in Figure
9. First, accuracy was regressed on experimental condition (match-
model, control) and revealed a significant effect (& " .44, p "
.002). Second, model use was regressed on experimental condition
and again revealed a significant effect, consistent with our previ-
ous results (& " .46, p " .001). The third step was to examine the
effect of the mediator (model use) on the dependent measure
(accuracy), and this effect was also significant (& " .86, p # .001).
Finally, we assessed the effect of the independent variable (inter-
vention vs. control) on the dependent measure (accuracy) while
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Figure 7. Average proportion of correct solutions before (pretest) and
after the interventions (posttest) in Experiment 2. Error bars show standard
error of the mean.
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Average proportion of correct solutions (Expt 2) 

them. There were no significant differences between pretest and
posttest ratings for any of the statements among the control group.

Discussion

As predicted, the experimental group performed significantly
better than the control group on the posttest. The participants in the
experimental group used the models more frequently and mean-
ingfully and judged that models were more useful after the inter-
vention. Increases in performance from the pretest to the posttest
were mediated by use of the models and were accompanied by
improvements in attitudes toward models. In conclusion, the in-
tervention was effective in teaching students to perform the dia-
gram translation task successfully using concrete models.
It is perhaps not surprising that the intervention in Experiment 1

was successful, as it combined two learning principles. First, it
provided feedback to the participants, which addressed any over-
confidence or illusions of understanding or any failure to under-
stand that it was important to preserve the 3-D spatial relations.
Second, it made students enact the spatial transformation with a
model, revealing how the model could be used to help translate
between the diagrams, so that they experienced the benefits of
models. If participants are overconfident or do not understand the
importance of preserving the 3-D spatial relations, and those are
the only factors limiting performance, then giving them construc-
tive feedback that they drew an isomer, rather than the correct
molecule, should be sufficient to improve performance. In con-
trast, if they are unable to discover the model-based strategy on
their own and just need to have experience using the models, then

giving them experience in matching concrete models to diagrams
and manipulating models should improve their performance. To
identify which aspects of the intervention were most effective, we
conducted Experiment 2 in which we compared a feedback-only
condition and a “match-model” condition in which students did not
receive explicit feedback.

Experiment 2

Aspects of the intervention in Experiment 1 were separated into
two different interventions in Experiment 2. There were three

Table 3
Mean Percentage of Incorrect Trials on Which Participants Made a Fundamental Error,
Connectivity Error, and a Spatial Error in Experiment 1

Pretest Posttest

Variable Fundamental Connectivity Spatial Fundamental Connectivity Spatial

Experimental 13.69 (17.60) 2.38 (9.85) 63.69 (21.78) 4.17 (7.35) 2.38 (4.45) 11.61 (16.09)
Control 7.50 (13.76) 1.67 (5.13) 60.00 (19.79) 3.33 (8.29) 7.08 (12.17) 44.17 (23.12)

Note. Standard deviations appear in parentheses.
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Figure 4. Average proportion of correct solutions before (pretest) and
after the intervention (posttest) in Experiment 1. Error bars show standard
error of the mean.
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Figure 5. Proportion of trials on which participants (a) aligned the model
with the given diagram (align-start) and (b) aligned the model with the
target diagram that they drew (align-target) before and after the interven-
tion. Error bars show standard error of the mean.
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Conclusions

Multiple representations can be used to 
construct a richer mental model
Equivalent spatial representations can be used 
to generate feedback while solving problems.
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