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Abstract:

People are faced with having to process a diversity
of percepts, i.e., verbal, visual, etc. In learning and
problem solving, these include text, diagrams, graphs,
and mathematical representations. What types of mental
representations and processes do people use to deal with
these? We know much about verbal processes, but non-
verbal mental processes have been more difficult to trace.
Much of the research on visual representations has been
on elementary processes; little has been done either on
complex visual problem solving or on the interaction
between verbal and visual representations in problem
solving.. Non-verbal mental processes become more
accessible to study if (1) one assumes computational
reality of modality-specific representations; (2) one
assumes that environment-initiated representations and
memory-based representations use the same medium and
processes; and (3) one has evidence that a subject 
working with a particular representation. If these three
criteria are satisfied, we hypothesize, then concurrent
verbal protocols can be used to trace the use of non-verbal
as well as verbal representations in complex problem
solving.

A method is described for studying both visual and
verbal processes and their interactions in the context of
learning difficult concepts. The method entails
presenting different formats of the same data to subjects in
a between-subject design. We guarded against
contamination from previous experience and gave all
subjects the same domain information. To obtain
information on subjects’ problem solving processes and
computations, we recorded subjects’ interactions with the
environment-initiated representations in detail. We also
modeled the subjects’ behavior, but our computer models
are not described in this paper.

Using this methodology in the domain of
economics we found many differences in behavior between
subjects using different data formats. The findings
strongly confirmed the hypothesis that subjects’
verbalizations reflect, and thereby reveal, their internal
representations of the information.

1 This research was supported in part by a graduate student
fellowship from the National Science Foundation (HJMT) and
by the Personnel and Training Programs, Psychological
Sciences Division, Office of Naval Research, under Contract
No. N00014-86-K-0768 (HAS). Reproduction in whole or 
part is permitted for any purpose of the United States
Government. Approved for public release; distribution
unlimited.

Diagrams, somewhat veridical drawings of objects
that preserve spatial relations, were ftrst used by engineers
to keep track of their designs in the 15th century; later,
they began to appear in printed works. Drawings provided
a logical medium for exchanging ideas in a Europe of
many languages and low literacy. Graphical displays,
which are a form of quantitative data representation more
abstract than diagrams, did not make their appearance until
the late 18th century. Current textbooks use a mixture of
representations including text, photographs, diagrams,
graphs, and many types of mathematics and geometry.

Processing Different Representations

How do people interact with different
representations? What types of mental representations and
processes do they use? We know much about verbal
mental processes, especially through verbal protocol
analysis (cf. Ericsson & Simon, 1980), but much less
about non-verbal mental processes. Most of the research
on visual representations after the Gestalt era has
investigated the beginning and ending states of some
elementary process (e.g., Kosslyn, 1980; Shepard 
Cooper, 1982), but little has been done on complex
problem solving.

Before we discuss why, we should distinguish
between the external display (the information provided to
the subjec0, the environment-initiated internal display (the
information after it is filtered through the senses) and the
memory-based internal display (combinations of
information filtered through the senses and information
retrieved from memory). Human cognitive processes can
only operate on the latter two since the external display is
never "seen" until it has been filtered through the entire
perceptual/cognitive process. Moreover, once the external
display has become an intemal display, it consists of both
more and less than the original external display. More,
because the memory interacts nearly immediately with the
environment-initiated information, supplying it with
semantic knowledge. The percept now has a meaning, the
viewer’s meaning, to be precise. Less, because only a
subset of the percept’s information ends up in the internal
display.

Recognition of the external stimuli we perceive is
fast and to a great extent subconscious. The interaction
between memory-based representations and environment-
initiated representations is very efficient; in fact, it is hard
to think of a percept that would not immediately attain at

56

From: AAAI Technical Report SS-92-02. Compilation copyright © 1992, AAAI (www.aaai.org). All rights reserved. 



least some semantic meaning from interaction with
information stored in memory. It is parsimonious to
assume that these two sources of information use the
same medium and the same processes when we are
actively perceiving the world. There appears to be no
empirical or other reason to assume that we use different
media and processes for handling information about
stimuli we are viewing than we use for the same
information as we image it in memory.

This is not a universally held viewpoint, especially
historically. Before the early seventies, visual mental
processes were often considered to be epiphenomenal:
imagery was viewed as a result of cognitive processes and
not a cause. Evidence that images could cause processes
resulted in discarding this view (Shepard & Metzler, 1971;
Kosslyn, 1980).

Currently, the main question is whether there are
computations and processes that are specific to the type of
representation involved (i.e., imagery, verbal, etc.), 
whether the same general cognitive computations and
processes manipulate the information in all representation
types. The strongest form of the latter view is held by
Pylyshyn (1981). He argues that imagery is a simulation
of physical or perceptual events, carried out by general
thought processes. A number of researchers, including
Shepard (1981), Shepard & Cooper, (1982), Kosslyn
(1980), and Farah (1984), argue for specificity of only 
part of the process. These researchers believe, as we do,
that imagery uses representations and processes that are
also used in visual perception, with the exception of very
early processes in the retina and perhaps early in the visual
cortex. Farah reported neurological evidence showing a
physiological link between visual perception and visual
imaging. Shepard’s experiments and model and Kosslyn’s
seminal work are well known; Kosslyn’s model contains
many modules that are vision-specific (e.g., zoom, pan,
rotate, scan). Larkin and Simon (1987) demonstrated
computational advantages of having different processes
operating on different representations.

Thus, there is acceptance that visual processes are
not epiphenomenal, and a growing body of evidence that
many of them are unique to imagery. It has been
recognized that research on mental visual processes is
needed. The problem is that processes more complex than
elementary operations are difficult to trace. We do have an
excellent methodology for researching complex verbal
mental processes by the analysis of concurrent verbal
protocols. Visual processes have been traced with eye-
tracking equipment; this method was recently used to
unravel the processes subjects use when taking the Raven
Matrices Intelligence test, a task that has a very strong
visual component. (Carpenter et al, 1990). However, eye-
movement equipment usually restricts the subject to
looking at a computer screen (the head is immobilized),
limiting the type of problems that can be researched with
this tool.

Verbal protocols have not been considered to be
usable for visual mental processes, since they require the
visual representations to be translated into verbal form for
speech (Ericsson & simon, 1984). Pinker (1985)
expressed a common view of the use of verbal protocols
in imagery research:

"It is dangerous to take people’s introspective reports
about the contents or properties of their images as
evidence in characterizing imagery, because such
reports can be unreliable and subject to bias, because
the referents of people’s descriptions of imagery are
unclear, and because interesting cognitive processes
are likely to take place beneath the level of conscious
accessibility. Again, a non-issue: all parties agree
that much of image processing, whatever it is, is
inaccessible to consciousness, that experimental data
and computational and neurological feasibility are the
proper source of constraints on imagery theories, and
that introspective reports are psychological
phenomena to be accounted for, not accurate
descriptions of underlying mechanisms." (p. 38)

We agree with the general unreliability of
introspective reports. However, concurrent reports, when
properly elicited, are not introspective, but provide a
partial record of the contents of verbal working memory.
They have repeatedly been shown to be both reliable and
valid for elucidating mental processes (see Ericsson and
Simon, 1980, for an in-depth discussion on verbal
protocols and their analysis).

While there is ample evidence that the referents of
people’s descriptions of imagery are often unclear, one
must distinguish here between elementary visual
operations and more complex visual mental processes.
Just as in the case of elementary verbal operations, many
elementary imagery operations may be beneath the level
of conscious accessibility; Pinker’s constraints on
imagery theories (as well as verbal theories) for this level
are consistent with the evidence.

But complex visual mental processes such as those
used in problem solving, are difficult to trace not because
they are "beneath the level of conscious accessibility,"
but because of the problem of translating them from
visual to verbal form. A concurrent verbal protocol of a
visual mental process generally consists mainly of
references to the representation that are difficult to
interpret correctly if we cannot be sure of the nature of the
subject’s visual representation.

This is especially true if the visual representation
has been induced by verbal means, for a verbal description
can generally be interpreted visually in many different
ways. "The ball is on the box" says nothing about the
attributes of the ball, the box, the position of the box, or
where exactly the ball is on the box.

Objectives of the Research

While there are quite probably processes that are
unique to visual representations just as there are for verbal
representations (see also Paivio, 1971; Just & Carpenter,
1985), there also appear to be processes that are the same
for both. Little research has been done on either complex
problem solving using visual information or on how
visual and verbal representations interact in such problem
solving; we need a reliable and small-grain method to trace
such processes. If we can ensure the content of subjects’
visual mental representation, we can interpret the
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references to their visual representations within the
concurrent verbal protocols and obtain a sufficient trace to
identify the problem-solving processes.

We have argued that mental processes and
computations are the same for environment-initiated
representations as for memory-based representations. This
means that when subjects are set to work on an external
display, the processes inferred from their protocols will be
nearly the same as the processes they would use if they
were working on a memory-based representation.

But before we can interpret the evidence about the
representation that can be found in a verbal protocol, we
must ensure that the subjects work with visual
representations that are close enough to the external ones
to make mapping possible. In order to deal with these
problems we made the following decisions:

1. Use novices in the selected domain - in this paper, the
field of economics. Use subjects of differing abilities
since individual differences will contribute to the
variety of processes that can be detected. ("Naive"
economic theories can of course not be avoided, just
as naive physics theories cannot be avoided in testing
children.)

2. Use tracing methods that yield a lot of detail. Verbal
protocol analysis is a proven method that is useable
in imagery research if the referents to imagery
representations can be mapped.

3. Run the experiment on a computer, thereby making it
possible to constrain and record access to different
types of information (the different quantitative data
formats, the qualitative introduction, the questions).
Obtain accurate timing data for key processes through
the computer.

4. Elicit different types of reasoning to detect whether a
particular type of reasoning would be easier in one
representation than another. Give the subjects both
qualitative questions (presence or absence of change
and direction of change in the marke0 and quantitative
questions (exactly how much change), as well 
explanatory questions (why did the system change?).

5. Use several quantitative data formats, which are the
same informationally but differ computationally, in a
between subjects design. If additional information is
needed to understand the quantsets, it should be the
same for all the quantset formats, and contain as few
quantitative and imagery-inducing words as possible.
Using different formats exposes their relative
weaknesses and strengths and enables validation of the
method.

6. Use computer programs to simulate the processes and
computations obtained from the verbal protocols and
time analyses to ensure sufficiency of the
simulations; use these models to predict future
behavior. Model the differences in the processes
observed in the different quantitative data formats;
assume the lowest level of understanding needed to
account for the reasoning.

We chose a task from the domain of economics.
The task began with reading verbal explanations of
demand, supply and equilibrium in a competitive market,

and how economic forces can influence demand or supply
and thus displace the equilibrium. Twelve subjects were
then given quantitative data sets either in a graphical,
tabular, or algebraic format (4 subjects each), and.asked 
calculate the equilibrium price before and after such
economic forces had acted (see appendix 1 for the data
screens used for the third set of questions).

Several of our findings from the empirical data are
summarized below:

¯ Statistically significant differences were found in time
and accuracy data between the data formats. Subjects
using the graphical data had more answers correct in
the quantitative questions than those using the tabular
format; users of the algebraic format were worst (90%
vs. 47% vs. 34% correct; F(2,9)= 5.87, p<.05). 
differences in quality of responses to the qualitative and
explanatory questions were in the same direction, but
not statistically significant. Subjects using the tabular
format were consistently fastest in answering the
questions, followed by graphical and algebraic format
users (except in the qualitative questions, where
algebraic users were just a bit faster than the graphical
users- mainly because they did not consult the data as
often); none of these differences reached statistical
significance, however. Subjects in the graphical data
format spent more time than the others examining the
data while answering qualitative questions (27 vs. 11
vs. 14 sec. for graphical, tabular, and algebraic
formats; F(2,9) = 4.40; p <.05), but the pattern 
different for quantitative questions, where the algebraic
subjects spent more time with the data (not
statistically significant.).
Many other differences in the processes were not
reflected in differences between the groups in either
time or accuracy.

¯ None of tho~ subjects showed any sign of having
translated the given quantitative data format into
another one.,’ Only one subject showed awareness of
the existence of a data format other than the one given;
this resulted in an intrusion, but not a translation. It
actually netted the subject a wrong answer.

¯ The language used by subjects in the different groups
was very different. The following problem only
concerns one demand and one supply schedule (the
"old" demand and supply schedules on the appendix).
Typical answers to the question "what is the current
equilibrium price?" included:

Grar~hical data format: "being that demand and
supply - are dependent on each other I would think that
the equilibrium would occur where those two lines
meet...the price per knife - uh, let’s go to where they
intersect. So, at 7.5 ... whatever unit the price per
knife is - dollars."

Tabular data format: "let’s see- at 7 dollars, it’s
60,000 and over here it’s reversed, so it would be -
7.50"

Algebraic data format: "price = 2 + quantity;
price = 13 - quantity ; quantity means 10,000 knives;
(solves equations) Q -- 5.5, that is 5 dollars and 
cents."
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Errors made in the calculations and in the reasoning
were different in each data format Two example of the
many instances: (1) 3 of 4 subjects in the algebraic
format calculated Q (quantity) rather than P (price), 
illustrated by the algebraic data format example above.
No subjects in the other data formats did this. (2) 3 out
of 4 users of the tabular format did not interpolate;
interpolation to obtain the correct answer was also
required in the graphical format. In the latter format
interpolation was not a problem. Interpolation was
irrelevant in the algebraic format.
Much of the language used by subjects would be
completely uninterpretable without knowledge of
which data format a subject had been given. However,
the referents and reasoning processes were nearly
perfectly mappable within each data format; moreover,
the language and the type of reasoning used by a
subject in one data format could not be mapped onto
another data format. Hence the findings strongly
confirmed the hypothesis that subjects’ verbalizations
would reflect, and thereby reveal, their internal
representations of the information.
The differences in the processes used in the different
data formats affected more than just calculations. For
instance, while answering qualitative questions,
subjects used the data to different extents; the graphical
subjects using the data the most, followed by the
tabular and aigebraic subjects.
Interestingly, the subjects’ verbal qualitative reasoning
was not qualitatively different in the various data
formats when they were reasoning without direct
reference to using data, although how often they
engaged in such reasoning was affected by the data
format: algebraic and tabular subjects, instead of
underpinning their qualitative answers with evidence
from the data, often reasoned qualitatively.
We were able to document individual differences as
well. Two examples: (1) The subject who did worst
on the graphical data format looked much like an
algebraic format user in her use of the data, and declared
that she hated interpreting graphs and always had a hard
time with them. (2) Another subject, in the algebraic
format, was weak in calculations involving
simultaneous equations and solved them by a method
of successive approximations, while the others did so
by substitution.
Computer models simulating the behavior of a "good"
and "not-so-good" subject in all three data formats were
written; the data from the concurrent verbal protocols
combined with the data recorded by the computer were
sufficient to specify the models almost precisely.

In conclusion, our method successfully and reliably
traced complex visual and verbal mental processes in
problem solving in a real learning situation. We traced
the subjects’ performance in both visually and verbally
based data formats. The method consisted of analyzing
concurrent verbal protocols, combined with accuracy and
timing data, in a situation where the experimenter could
ensure (to a practical degree) that the subject was indeed
working with a particular known representation. We
believe that the complex visual mental processes we found

are valid both for the environmentally-initiated
representations that we used, and for memory-based
representations. This methodology holds much promise
for elucidating complex mental imagery processes and the
interaction of imagery processes with verbal and other
processes in different types of reasoning.
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APPENDICES 1 A AND 1B
THE GRAPHICAL AND TABULAR DATA SCREEN FOR THE THIRD SET OF QUESTIONS

In fact, the government has done the companlas a blg favor by putting tax on the knives,
because the uproar that It caused has given them a lot of free publicity. -The tax was repealed
(back to the original supply llne), people are more aware of the knives, and more people want
to buy them. Market research shows that at each price 20,000 more knives could be sold.
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IF YOU REED TO REFER BACK TO THE INTRODUCTION ON DIE]’4AND,, SUPlq.Y AND EQUILIBRIUff, PUSH THE
CORRESPONDING BUTTONS ON THE BUTTON-EAR BELOV. CLICK ON THE RIOHT-ARROV TO 60 ON.

DATA CONCERN PItOBU~ a. READ CAREFULLY BEFORE DOIRe ON.
In fact, the government has clone the companies a blg favor by putting tax on the kntves,
because the uproar that It caused has given them a lot of free publicity The tax was repealed
(back to the original supply schedule), people are more aware of the knives, and more people
want to buy them. Harket research shows that at each price 20,000 more knives could be sold.

This Is the old demand schedule:
at this Dr’Ice: this menu would be bou_oht:

$ 5. 80,000
$ 6.- 70,000
$ 7.- 60,000
$ 8- 50,000
$ 9.- 40,000
$10.- 30.000

Thls I$ the old supply schedule:
at this Dri(:e: this man u would be SuD0lled:

$ 5.- 20,000
$ 6.- 50,000
$ 7.- 40,000
$ 8.- 50,000
$ g.- 60,000
$ I 0.- 70,000

Thls Is the new demand schedule:
at this Drlce: this menu would be bought:

$ 5.- 100,000
$ 6.- 90,000
$ 7.- O0,O00
$ 8.- 70,000
$ g.- 60,000
$10.- 50,000

Thts Is the new supplU schedule:
at this or’ice: thts manu- would be suoolled:

$ 5.- 30,000
$ 6.- 40,000
$ 7.- 50,0O0
$ O.- 60,000
$ g.- 70,000
$ I 0.- 80,000

IF YOU NEED TO REFER SACK TO THE INTRODUCTION ON DI[HANDo SUPPLY AND [OUILIIMIUt4, CLICK THE
CORRESPONDINO BUTTONS. CLICK ON Title RIGHT-ARROIf TO OO TO PROBLEM 3.
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APPENDIX 1C
THE ALGEBRAIC DATA SCREEN FOR THE THIRD SET OF QUESTIONS

3. RE/d> CdUEFIJU.Y BEFOeE eelNG on.

In fact, the government has done the companies a big favor by putting tax on the knives,
because the uprear that tt caused has given them a lot of free publicity. The tax was repealed
(beck to the original supply equation), people are more aware of the knives, and more people
wont to buy them. Market research shows that at each price 20,000 more knives could be sold.
rib.co oQuotlon.¢ ors yolld for" 4 < P ¢ I I

The old supply for knives conformed to
this equation:

Pffi3*Q

The new supply for knives conforms to
this equation:

P:2+Q

where P : price per knife, In dollars
Cl : units of knives supplied

(1 unit :10,000 knives)

The old demand for knives conformed to
this equation:

P:I3- Q

The new demand for knives conforms to
this equation:

P: 15-Q

where P : price per knife, in dollars
Q : units of kntves bought

(I unlt =10,000 knives)

IF YOU NEED TO REFER BACK TO THE INTRODUCTION ON DI[IqAND, SUPPLY AND [OULBRIUI’I, CUCK TIlE
CORRESPONDIN8 BUTTON8 ON THE BUTTON-BAR BEILOV. CLICK ON THE RIOHT-ARROV TO BU ON.
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