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Abstract—Recent mental scanning experiments have shown that subjects are not only able to
construct mental images from verbal descriptions, but that these images have structural properties
similar to those of images derived from perception. In addition, the specific sequencing of a
description can affect the internal structure of images of described objects, in particular their metric
properties. Discontinuous descriptions require additional exposure to achieve the structural
coherence of images constructed from continuous descriptions, Thus, the capacity of images to
reflect accurately the objects they refer to is not an all-or-nothing property, but rather results from
stepwise elaboration. This study describes a quantitative model designed to account for the gradual
process of image elaboration and the progressive increase in image accuracy. The model posits that
the location of a landmark mentioned in a description is not represented as a sharp point in the
mental image, but is instead associated with a region around this point. Learning the description
essentially consists of progressively narrowing each ‘region of uncertainty’ associated with a
landmark to its exact location. Additional experimental data were collected to provide a more fine-
grained understanding of image elaboration. Computations of the regions of uncertainty associated
with each landmark were used to develop a computer program simulating the whole mental
scanning protocol, which provided support for our account of image accuracy.

Key Words: mental scanning; visual images; image eclaboration; image accuracy; verbal
descriptions.

INTRODUCTION

A major goal of mental imagery research is to describe the structural and functional
similarities between images and the perceptual events from which they were formed.
Experiments generally compare the cognitive processes involved in visually perceiving an
object or forming a mental image of this object. The many similarities between these two
situations lend weight to the hypothesis that imagery is an analog form of representation,
endowed with specific properties which differentiate it from other forms of mental
representation [6, 14, 21, 22, 26, 36]. Not only do visual imagery and perception share
several functional properties, but both systems apparently have common underlying brain
structures. Several neuropsychological studies have provided support for this assumption
[1, 3, 11]. The involvement of cortical structures common to imagery and perception in the
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visual modality is also supported by studies on evoked potentials [13] and regional cerebral
blood flow [5, 18, 24, 30].

However, several findings have raised doubts about the hypothesis that visual imagery
and visual perception use the very same neural substrate. The most significant are those
showing that brain-damaged patients with severely impaired object recognition may have
fully preserved visual imagery [2]. On the other hand, tests on neuropsychological patients
with visual imagery disorders have shown that these subjects may exhibit no perceptual
disorder [20]. This double dissociation between imagery and perception in brain-damaged
patients may simply reflect the fact that visual imagery depends on brain structures which
perception does not require. But it is also possible that selective damage to early visual
areas impairs visual perception while leaving visual imagery intact, if the areas subserving
visual imagery are considered to be a subset of those active in visual perception [34]. Data
indicating that the early visual areas are activated in visual imagery argue for the strong
hypothesis that the visual areas subserving visual imagery are identical to those subserving
visual perception [24, 27]. However, these areas are not activated during visual imagery in
all subjects, and it is possible that they are activated only by tasks that require high-
resolution images [35]. Recent evidence argues against the involvement of early visual
areas in visual imagery, suggesting that neuronal populations in temporo-occipital and
parieto-occipital areas represent objects and scenes during imagery [34], in particular when
subjects mentally scan visual images [30].

A recent extension of imagery research has been the investigation of images which are
not constructed from a perceptual experience of specific objects, but from a text or a verbal
description of these objects. Several experiments have shown that individuals are not only
able to construct mental images from verbal descriptions, but that these images have
properties which are similar to those of images derived from perception. By ‘similar’, we
not only mean that these representations have the same informational content, but more
importantly that they may serve the same cognitive functions. For example, the responses
of subjects who must compare distances mentally after memorizing a map have many
features in common with those of subjects who read a text describing this map [9]. Similar
results have been obtained for mental scanning. The mental inspection of intervals
separating landmarks on a geographical configuration usually shows a positive correlation
between time and distance. This correlation is interpreted as reflecting the structural
isomorphism of the image with the described object, even when this image has been
elaborated from text [7, 25, 33].

Little information is available on the brain structures that are involved in imagery based
on verbal inputs. It may be assumed that the same neural substrate is activated whatever
the origin of an image (either derived from visual perception or constructed from a
description of a never-seen object). In the only neuroimaging (SPECT) study available on
visual imagery for described objects [5], subjects were invited to construct the visual image
of a spatial configuration from a purely verbal description. Subjects were then required to
mentally explore their visual image of the configuration. The results showed that relative
to resting, there was a significant increase in blood flow in the left temporo-occipital cortex
when subjects imagined and mentally scanned the configuration. This result is compatible
with the idea that visual representations constructed from visual experience and those
constructed from descriptions involve the same cortical areas.

A recent extension of the mental scanning paradigm was designed to study image
construction at different points in the learning of a text [8]. The text described the map ofa
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fictitious island which was circular in shape, with six landmarks situated at the periphery
(Fig. 1). The locations of the landmarks were unambiguously defined in the conventional
clock-dial terms of aerial navigation. Two versions of the description were compared. One
group of subjects listened to a text that described the landmarks on the map in clockwise
order. The other group of subjects heard a text that introduced landmarks in a random
order. Subjects in both groups listened to the description three times before undergoing a
mental scanning test. Text learning was then resumed, with subjects listening three more
times to the same description, then doing a second mental scanning test. Mental scanning
was executed according to the following instructions: Subjects were asked to reconstruct
the visual image of the map and mentally focus on a feature that was given to them orally.
They then had to mentally scan across the map to another specific feature. Subjects were
required to indicate the moment when scanning had been completed by depressing a
button which stopped a timer triggered by the onset of the second feature name. (In some

Clockwise Version

The island is circular in shape. Six features are situated
at its periphery. At 11 o'clock, there is a harbor. At 1,
there is a lighthouse. At 2, there is a creek. Equidistant
from 2 and 3, there is a hut. At 4, there is a beach. At 7,
there is a cave.

Random Version

The island is circular in shape. Six features are situated
at its periphery. At 11 o'clock, there is a harbor. At 4,
there is a beach. At 1, there is a lighthouse. At 7, there is
a cave. Equidistant from 2 and 3, there is a hut. At 2,
there is a creek.

Fig. 1. Map of an island and two versions of a text describing it.
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cases, the feature named did not belong to the map, and subjects then had to depress
another button.)

Analysis of response times revealed that, in the first scanning test, the subjects who
processed the clockwise text produced responses reflecting high structural coherence and
resolution of their images, as indicated by significant positive correlation between times
and distances. After additional exposure to the same text, subjects’ responses in the second
scanning test resulted in slight increase in time—distance correlation and a decrease in
absolute scanning times (Fig. 2). The pattern of results was strikingly different for the
subjects who processed the random text. The results of the first scanning test revealed no
sign of internal structure in the subjects’ mental images. Response times were very long,
and there was no significant correlation between scanning times and distances. The
situation changed markedly after three more exposures to the text. Scanning times were
much shorter and, more importantly, there was a significant positive correlation between
times and distances (Fig. 3).

These data support the claim that images generated from verbal descriptions can have
metric properties which are revealed through the typical chronometric pattern of mental
scanning, just as was the case in scanning tasks involving images constructed from
perceptual inputs [25]. This study also demonstrates that the structure of a description can
affect the intrinsic structure of images of described objects, and hence the mental
operations performed subsequently on these images. When the description was poorly
structured, the subjects eventually showed a standard time-distance correlation, but this
effect was delayed. In contrast, a well-structured description (or at least, a description
whose structure both conformed to most subjects’ expectations and placed minimal
requirements on their processing capacities) rapidly yielded accurate portrayals of the
described objects, as well as more pronounced time—distance scanning relations.
Therefore, poorly structured descriptions require additional exposure to achieve image
coherence similar to that produced by well-structured descriptions. We interpret these
results as indicating that the referential validity of images (i.e. their capacity to reflect
accurately the objects they refer to), is not an all-or-nothing property, but rather results
from stepwise elaboration. An additional experiment also showed that when subjects were
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Fig. 2. Response time (msec) as a function of scanning distance (Clockwise condition). In this figure
and those which follow, distances are expressed as their ratios to the diameter of the circular island.
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Fig. 3. Response time (msec) as a function of scanning distance (Random condition).

simply asked to indicate the locations of landmarks by placing a point on the outline map
of the island, the errors had the same properties as those inferred from the image scanning
data, indicating that learning did improve image coherence and resolution [8].

In short, our claim is that there is a need for imagery research to concentrate on image
accuracy, a feature that has not yet received much consideration. Mental images, as
representations, refer to external entities (either experienced perceptually or learned from
descriptions). Therefore, a key property of images is their ‘referential validity’, in
particular, the fact that the intervals between any two points in the representation
realistically reflect the intervals between the corresponding points in the source entity.
Referential validity, as far as metric information is embodied in the representation,
requires that intervals among a set of tokens be represented consistently and accurately.
This situation justifies the increased concern of imagery researchers for accuracy as an
intrinsic property of visual images, and for the factors (including non-perceptual factors,
and individual differences) which hinder or enhance it.

A QUANTITATIVE MODEL OF THE DENIS AND COCUDE (1992) DATA

We have developed a quantitative model and a simulation based on the results reported
in Denis and Cocude [8]. The model was designed to account for the gradual process of
image elaboration and the progressive increase in image accuracy. There have been
repeated claims of the heuristic value of complementing empirical studies of mental
imagery with well-grounded computational approaches, but few attempts have been made
to substantiate these claims. Kosslyn and Shwartz [28] argued for simulation as a heuristic
research tool which constrains theories by forcing scientists to be explicit at every step of
the formulation of these theories. They created a computer program to simulate the
mental events that occur when a person generates, inspects and transforms mental images
of simple objects. Glasgow and Papadias [17] proposed a knowledge representation
scheme for computational imagery. The scheme incorporates a long-term memory
representation and two working memory representations, corresponding to the distinet
visual and spatial components of mental imagery. The three representations, and a set of
primitive functions for visual and spatial reasoning, are specified using a formal theory of
arrays.
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The aim of the present paper is to contribute to this modeling effort. In the first part, the
data obtained in the experiments of Denis and Cocude [8] are used as the basis for
modeling the processes involved in stepwise image elaboration. In the present context, it
was not our purpose to elaborate a formal model with strong explanatory power, but
rather to propose a quantitative way to account for and explain a set of data. The second
part of the paper describes an experiment which was designed to collect a new set of data
expected to provide a more fine-grained understanding of image elaboration. A computer
program was developed to simulate the experimental protocol and estimate resulting
scanning times. The findings are discussed with respect to the concept of image accuracy.

Image accuracy

This section summarizes our understanding of the processes used to translate verbal
information into a visual representation incorporating accurate spatial information. In the
experimental situation investigated by Denis and Cocude [8], learning starts with subjects
creating an outline shape (a circle). Points (locations) in the image are specified and
associated with semantic items (landmarks) in the shape. Each location is probably not
initially represented as a sharp point, but rather is associated with a region around this
point. Consequently, scanning tends to be performed from some (non-focal) point of a
region to some (non-focal) point of another region. Hence, it is unlikely that any distance
has a consistent, unique value; more likely, it corresponds to a range of distances. This
source of variability is thought to create fuzziness in the representation, manifested in the
scanning process by a noisy and reduced time—distance correlation. According to this view,
learning essentially consists of performing more extensive processing of the image,
narrowing each region associated with landmarks to its exact location. Iterative focusing
proceeds up to a terminal state in which landmarks are associated with the precise (focal)
points of the outline shape.

During learning, when subjects have just processed a given sentence and then engage in
the processing of the next incoming sentence, movement to a proximal part of the
configuration (as in the Clockwise condition) places them in a more optimal condition
than does movement to a distal part (as in the Random condition). The risks of erroneous
or imprecise location are lower, and the landmark being processed may be more rapidly
associated with a more restricted region. On the contrary, when subjects have to process
landmarks that are distant from each other due to their random order of appearance in the
description, separate processing of each region delays the process of focusing individual
locations. Therefore, the locations tend to remain imprecise for longer, and more practice
is needed to attain precise locations (and hence, maximal referential validity). This account
is consistent with repeated demonstrations of less efficient processing of spatial
descriptions which do not preserve referential continuity [6, 10].

Our model building started with the assumption that each landmark is not represented
in a subject’s working memory as a precise point, but rather as a region centered on this
point. The region represents the possible range of the landmark’s location at a given time
of learning. The size of these unfocused (or ‘fuzzy’) regions is expected to vary inversely
with the degree of image elaboration. The closer the image is to its ultimate step of
elaboration (with maximal stability and structural coherence), the more restricted these
regions are. Considering each distance, we computed the theoretical length of each
individual ‘mental travel’. This allowed us to draw the region of uncertainty corresponding
to each landmark for each subject. The data were averaged across the whole sample of
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subjects to see il we obtained values which would support the notion of regions of
uncertainty whose sizes vary as a function of individual sites, of the amount of learning of
the description (that is, first or second scanning test), and of the type of text (clockwise vs
random).

Developing a quantitative model

Our first step in developing a quantitative model of the data was to decide on the shape
of regions of uncertainty. In accordance with the above-mentioned option of considering
these regions centered on a point, we decided to model uncertainty as a circle, which fits
with the assumption of uncertainty being evenly distributed in all directions around a focal
point. We also assumed that the same circular shape should be used for all six landmarks.
The objective was then to generate a graphic representation which would express the size
of the region of uncertainty associated with each landmark for each subject in each
scanning test. Thus, we looked for a way of measuring the diameter of each circle.

Individual scanning times for every distance separating a pair of landmarks were used to
compute these values. The underlying logic was that these times could be used in
conjunction with a measure of the subject’s individual scanning speed in order to compute
the distances theoretically scanned during these times. Each such distance was then
compared with the actual distance separating the corresponding pair of landmarks, which
made it possible to calculate the amount of error affecting landmark location. It should be
noted that the word ‘distance’, in this context, does not refer to absolute measures of
spatially extended entities, but rather to relative measures among a set of intervals. As a
reference value, the actual longest distance, ‘lighthouse—cave’ (in fact, the diameter of the
island) was given the value of 1.00. All other distances were expressed as ratios to this
reference value (thus, the value is 0.13 for ‘creek—hut’, 0.26 for ‘creck-lighthouse’, gte):

Each individual subject’s scanning speed was determined using the subject’s performances
at the second scanning test as a plausible set of reference measures. These were assumed to be
the closest to the terminal state of image construction. Rather than calculating an average
value of all 15 times—distance ratios (which would have been far from satisfactory since these
ratios themselves vary as a function of distance, i.c. the longer the distance, the faster the
scanning speed), we calculated the regression lines between these ratios and actual distances.
The speed of an individual subject was then given by the formula:

speed = a x distance + b.

The average slope of the regression line (¢) was 6.35x 107 for the subjects in the
Clockwise condition, and 6.75x 107 for the subjects in the Random condition. These
values reflect a similar speed increase in both conditions.

Each individual scanning time for a given subject was used to compute a corresponding
estimated distance based on these individual speed values. This distance was compared to
the actual distance and the corresponding error was calculated. In this procedure, the
scanning time for a given distance was an average value for both scanning directions (e.g.
‘lighthouse-harbor’ and ‘harbor—lighthouse”). The amount of error was thus distributed
evenly between the two landmarks. Therefore for a given landmarks, five error values were
calculated (since there were six landmarks, any given landmark was involved in five
distances). The error was expressed in terms of the ratio to the diameter of the island
(1.00). Corresponding values were then entered as radii of circles reflecting the region of
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uncertainty associated with each landmark. The regions of uncertainty for each individual
subject were expressed graphically as circles centered on the exact point of each landmark.
Averaging values over subjects for each scanning test in each condition resulted in graphic
representations for the Clockwise (Fig. 4) and Random conditions (Fig. 5).

Inspection of the data first revealed that the sizes of regions of uncertainty (i.e. the
reverse of accuracy) varied widely among landmarks. Overall, landmarks tended to be
located most accurately (i.c. by smallest regions of uncertainty) in the part of the map
which was richest in landmarks. This result is consistent with the assumption that
landmark location is favored when a landmark has close neighbors, with the consequence
that several landmarks act as reference points for each other. Isolated landmarks did not
benefit from this factor, and they were less accurately located at the outset. A second
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Fig. 4. Graph of regions of uncertainty (Clockwise condition).

® Test1 TE Test 2 L‘]
harbo, ighthouse
reek
ut
each
cav
L - )

Fig. 5. Graph of regions of uncertainty (Random condition).
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feature of interest is that exposure to the description produced a substantial reduction in
the size of regions of uncertainty. During the second scanning test, that is, after additional
learning, regions of uncertainty were much more restricted than at the first test. Lastly,
text structure was also an important factor. At the first scanning test, in the Clockwise
condition, the sizes of regions of uncertainty were overall smaller than in the Random
condition. This is consistent with our theory that poorly structured text generated a
representation wherein regions of uncertainty were larger than in the case of well-
structured text. Learning had much more visible effects for the pootly structured text, in
that the second test resulted in a dramatic reduction in the regions of uncertainty.

An analysis of variance (ANOVA) was performed on error values (radii of regions of
uncertainty). Error values were larger overall on the first test than on the second
[F (1, 14)=8.12, P<0.025]. They significantly differed among landmarks [F (5, 70) =7.66,
P<0.001], and there was a significant interaction between conditions and landmarks
[F (5, 70)=2.75, P<0.05]. Separate analyses were also performed for each condition. In
the Clockwise condition, the mean radius of regions of uncertainty was 0.040 at the first
test, and 0.032 at the second test. This difference was not significant. In the Random
condition, the mean radius decreased from 0.069 to 0.034 between the first and second test.
This decrease was significant [F (1, 7)=5.87, P<0.05], and the difference among
landmarks was significant [F (5, 35)=6.19, P<0.001].

The pattern reflected by these analyses extends the meaning of our previous data. The
main feature is the contrast between the moderate (non-significant) improvement in image
accuracy for subjects who were exposed to a well-structured text, and the large
improvement shown by subjects who processed the random description. All subjects
benefited from additional learning following the first scanning test, but those in the
Random condition demonstrated the most marked increase in image accuracy after
additional text processing.

Testing the model

The implementation reported above essentially consisted in computing subjects’
scanning speeds, distances assumed to be scanned, the error affecting landmark location,
and radii of regions of uncertainty for each landmark. Note that the map, landmarks, and
regions of uncertainty all remained implicit in the implementation. They were represented
by numerical values in a sequence of computations, and not by actual data structures in
computer memory.

These computations were used to develop a computer program that could simulate the
whole experimental protocol and estimate the resulting scanning times. This simulation
was executed on every reconstruction of individual mental images, and for each subject in
turn. The input data used were the radii of regions of uncertainty for each subject and for
the test under consideration. For each scanning interval, we randomly selected a point in
the regions of uncertainty of both relevant landmarks. The actual straight line distance
between these two points was calculated using the formula:

distance(point;, point;) = \/(x1 — )+ (1 — ;)?

where (x;, y;) were the Cartesian coordinates of point i. The subject’s scanning speed was
then used to compute a corresponding scanning time. A specific time (for a given interval
and a given subject) was based on the ratio of the corresponding distance (point;, pointy)
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to the subject’s scanning speed. All the distances scanned were calculated for each subject
and the scanning times for each distance were averaged. Lastly, the correlation between
average scanning times and actual distances (on the map) was calculated (as in the Denis
and Cocude [8] experiment).

The whole procedure was executed six times. The main variables from run to run were
the points selected in the regions of uncertainty. As a result, the scanning times calculated
were different from each other, as were the correlation coefficients. Table 1 shows the
values of correlation coefficients () resulting from the six runs of the program, for each
condition and each scanning test. The average values in the Clockwise condition were 0.87
for the first scanning test and 0.91 for the second. Corresponding data in the Denis and
Cocude [8] experiment were 0.73 and 0.87, respectively. In the Random condition, the
average values resulting from the six runs were 0.29 for the first scanning test and 0.81 for
the second. Corresponding experimental values were 0.33 and 0.76, respectively. While the
absolute values resulting from the simulations differed slightly from the experimental data,
the overall pattern was in fact quite similar: (a) There was a consistent relationship
between times and distances; (b) in the first scanning test, the correlation was lower in the
Random than in the Clockwise condition; and (c) the correlation values increased from the
first to the second scanning test, but more markedly in the Random condition. Overall,
these results indicate that our quantitative model correctly reflects the psychological
assumptions that motivated its implementation.

A NEW EXPERIMENT AND COMPUTER SIMULATION

While we were primarily interested in how image accuracy increases at different steps of
learning, the data we used for implementing the simulation had an obvious limitation.
Indeed, only two steps were investigated, one at the mid-point of learning, and the other at
a step which corresponded to the terminal learning state. Although these data have the
merit of accounting for scanning at some given time before the terminal state, the single
view of the scanning process (i.¢. first scanning test) can hardly be considered to reflect the

Table 1. Correlation coefficients resulting from six simulations based
on the Denis and Cocude (1992) data, for each condition and each
scanning test

Simulation No. First test Second test

Clockwise condition

1 0.80 0.92
2 0.90 0.91
3 0.88 0.88
4 0.87 0.88
5 0.86 0.96
6 0.91 0.92
Random condition
1 0.45 0.81
2 0.47 0.78
3 —0.23 0.83
4 0.18 0.80
5 0.30 0.71
6 0.57 0.94
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dynamics of the process in its very early stages. We therefore replicated the whole
procedure, paying more attention to the early steps of image elaboration.

A new experiment was designed with a new set of subjects. In the Denis and Cocude [§]
experiment, the subjects heard the description six times, and the first scanning test was
given after three exposures and the second test after three more exposures. The new
experiment used the same number of exposures, but there was a total of three mental
scanning tests. The protocol was as follows: The subjects listened to the verbal description
twice, then did the first scanning test; they listened to the description twice more, then did
the second scanning test; they listened to the description twice more, then did the third
(last) scanning test. This procedure provided the possibility of three successive ‘views’ of
the mental representation under construction.

Given the length of the experimental session, we focused on the Random condition, in
which the most dramatic effects should in principle occur, especially between the first and
second tests. The first test was expected to reveal less image structure than the first test in
the original Denis and Cocude [8] study, and we hypothesized that the performance in the
second test should reach a value somewhere between the first and second tests of the
original study. The most significant increase in image accuracy was expected to occur
between the first and second tests, and subsequent change (between the second and third
tests) was likely to be smaller. This expectation was based on the fact that (a) the first test
would occur earlier than the first test of the previous study (that is, at an early step of
image construction where the visual image is still far from attaining structural coherence)
and (b) the second test would occur later than the first test of the previous study (that is,
closer to the terminal step, when the image should be close to its final, most stable state).
In line with our previous findings [7, 8], it was reasonable to predict that greater effects
should be obtained between the first and second tests than between the second and third
tests, since the period between the first and second tests still consisted of building the
spatial structure of the visual image, whereas in the period between the second and third
tests, additional processing of the description mainly helped subjects to refine a visual
image which was close to its stable state.

Method

Subjects. Fourteen undergraduate volunteers (4 male, 10 female) were recruited.

Materials. The text used was the random version from the Denis and Cocude [8] experiment (see Fig, 1 above).
The text described the map of a fictitious, circular island, with six landmarks situated around the periphery
(‘harbor’, ‘lighthouse’, ‘creek’, ‘hut’, ‘beach’, ‘cave’). The French words for these landmarks were all pronounced
as one-syllable words.

A tape recording was used to present the scanning test. It contained 60 pairs of words. Each landmark was
named 10 times and was followed 4 sec later by a second word. On five of these trials, the second word did not
name a landmark on the island. The ‘false’ items were landmarks that could plausibly have been found on the
island (‘meadow’, ‘bridge’, ‘well’, ‘mine’, ‘moor’). In the other five trials, the first word was followed by the name
of one of the other five landmarks. Thus, every pair of landmarks occurred twice, alternating the landmark that
appeared first. The order of pairs was randomized, with the following three constraints: (a) the same landmark
could not ocecur twice in two successive pairs; (b) a ‘true’ landmark occurring as the second member of a pair
could not occur in the next two pairs; (¢) no more than three ‘true’ or three ‘false’ trials could occur in a row. The
presentation of the second word started a timer. A new trial began 8 sec after the probe word was presented. The
test trials were preceded by eight practice trials (four ‘true’ and four ‘false’). The practice trials used names of
French cities as ‘true’ items.

Procedure. At the beginning of the first learning phase, the subjects were told that they would hear a
description of the map of an island. They were also told that they would have to create as vivid and accurate a
visual image of the map as possible. The text was presented auditorily twice. Following the second presentation,
the subjects were required to form a visual image of the map and revise the exact location of each landmark.
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At the beginning of the first test phase, the subjects were told that each trial would first consist of hearing the
name of a landmark on the island. They were to picture the entire map of the island mentally and then focus on
the landmark named. The subjects were told that a few seconds after focusing on the named landmark, they
would hear another word. If this word named a landmark present on the map, the subjects were to scan to it and
press a button with their dominant hand when they reached it. The scanning was to be accomplished by imagining
a black speck zipping along the shortest straight line from the first landmark to the second. The speck was to
move as quickly as possible, while still remaining visible. If the second word of a pair did not name a landmark on
the map, the subjects were to press the second button with their non-dominant hand. Response times were
recorded. The experimenter interviewed the subjects during the practice trials, making sure that they had followed
the instructions about imagery use.

Following the first test, the subjects were asked to resume the learning task to enhance their image of the map
of the island. The text was presented two more times, with instructions identical to those used in the first learning
phase. The second scanning test was then given. It proceeded in the same way as the first test. A final learning
phase began, with the text being presented two more times with the same instructions. The experiment finished
with the third scanning test, using the same procedure and instructions as for the previous two.

Subjects were tested individually and were interviewed at the end of the experiment. Two subjects who reported
having followed the imagery instructions less than 75% of the time during the test phases were excluded and
replaced. The subjects were also asked whether they had either relied on the location of the landmark depicted in
their visual image or first revised the hour-coded location of the landmark before mentally scanning to the second
named landmark. One subject who reported having used this latter procedure was excluded and replaced.

During the test phases, half of the subjects processed the items according to the randomized order defined
above, whereas the other half processed the second half of the items and then the first half.

Results and discussion

Only the times for the correct ‘true’ decisions were analyzed. Times exceeding twice the
other time for the same distance in a given scanning test were discarded. The error rate was
very low (first test: 3.8%; second test: 0.2%; third test: 0.5%). Errors did not vary
systematically with distance scanned.

The subjects’ times for the different distances were analyzed first. The ANOVA revealed
an overall significant effect of distance on scanning times [F (14, 182) = 2.81, P<0.001].
Scanning times were overall longer on the first than on the second test [F (1, 13) = 12.07,
P<0.005]. There was a further decrease of times between the last two tests
[F(1,13)=9.26, P<0.01]. In addition, times were averaged over subjects for each
scanning test, and the correlation between times and distances was calculated. The
resulting coefficient was not significant for the first scanning test [r (13) = 0.13], but it
reached significance for the second and third tests [r (13)=0.58, P<0.025, and
r (13)=0.76, P<0.005, respectively] (Fig. 6).

The results are in agreement with those of the Denis and Cocude [8] study. They also
provide a more detailed view of the dynamics of the process. The results at the first
scanning test revealed no structure at all in the image under construction. Response times
were extremely long. Two exposures were not enough to construct a coherent, accurate
image, since mental exploration did not reveal any sign of the metric properties of the
imagined map. Two more exposures changed the situation dramatically. Subjects
performing mental scanning produced chronometric patterns which at this point of
learning revealed that their images had an internal structure where metric information was
fairly correctly represented. The times were also significantly shorter, a finding compatible
with the assumption that the images had an internal structure which was more readily
available. The process was even more marked after two additional exposures. The
numerical values at the third test (scanning times as well as correlation coefficients) all
indicated further improvement in the internal structure of the image.

Although it is difficult to compare the data with those of the Denis and Cocude [8] study
because the numbers of subjects were not the same in both studies, the correlation
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obtained for the first scanning test in the former study (0.33) was intermediate between
those of the first two scanning tests of the present study (0.13 and 0.58). Furthermore, the
correlation coefficients reflected by the last scanning test were of the same order of
magnitude in both studies (0.76).

A potential objection may be that the improvement in successive scanning tests was not
due to additional learning which occurred between the tests, but to the subjects’ experience
of the scanning task itself. While the practice of scanning may have had some effect on
subsequent performance, this factor is unlikely to account for the observed changes in the
pattern of responses. The Denis and Cocude [8] study included a control experiment
(Experiment 2) which examined this specific point and did not provide any support for this
explanation. The control condition consisted of measuring scanning performance
following six presentations of the description without any intervening scanning test
during learning. The absence of any difference between this condition and the original one
(in terms of scanning times and correlation coefficients) ran counter to the interpretation
that the final performance after six trials was due to the imposition of a scanning test after
the third study trial.

A further test of the model

The new set of experimental data shows that there was a significant change in the mental
representation constructed by subjects between the first and second scanning tests, and
that there was a (less marked) additional improvement between the second and third tests.
Our quantitative model of image accuracy was applied to this new set of data, to see
whether the analysis would reflect a stepwise restriction of regions of uncertainty in the
mental image, and whether such restriction would be more evident between the first and
second tests than between the second and third.

The procedure described above was run with the new set of data. First, we calculated
each subject’s scanning speed, taking as reference measures those provided by the last (in
this case, third) scanning test. Each individual ‘distance’ and the corresponding ‘error’
were computed for cach subject, and the resulting values were averaged over subjects to
produce a graph of the regions of uncertainty for the three scanning tests (Fig. 7).
Inspection of these figures reveals that the sizes of uncertainty regions varied among
landmarks. As was pointed out in the previous analysis, locating the landmark which was
farther from the others (‘cave’) produced the greatest error. The other feature of interest is
that the size of regions of uncertainty decreased after each new exposure of the subjects to
the description. This decrease occurred for all regions, although it was more marked for
some of them, and the hierarchy among the six landmarks remained the same throughout
the experiment. As expected, there was a greater decrease between the first and second
tests than between the second and third. The fact that there was a slight additional
restriction of regions of uncertainty between the second and third tests confirms that even
at this point of the learning sequence where the verbal description is perfectly memorized
[8], there can still be further improvement in image coherence and resolution.

An ANOVA on error values confirmed that the mean radius decreased considerably
from test to test (first test: 0.116; second test: 0.065; third test: 0.049). This effect was
significant [F (2, 26)=17.17, P<0.001]. Radii were overall larger on the first than on the
second test [F (1, 13)=16.32, P<0.005]. There was a further decrease in radii between the
last two tests [F (1, 13)=5.09, P<0.05]. The analysis also revealed that the radii differed
significantly among landmarks [F (5, 65)= 11.28, P<0.001]. Pairwise comparisons at the



1525

ACCURACY OF VISUAL IMAGES

"(s1s97 Surmuueos 2211)) Ajurejreoun jo suoidar jo ydern 7 'S

ur i3t

£3seL ® 1 zisaL @4 L3say

@,




1526 M. DENIS, M.-R. GONCALVES and D. MEMMI

first and second tests showed that this effect was entirely due to the fact that the radius for
the item ‘cave’ was significantly larger than those of all five other landmarks (P <0.005, for
the first test; P<0.05, for the second test), which did not differ from each other. At the
third test, there was no longer any difference between ‘cave’ and ‘harbor’ (all remaining
differences, P<0.01 or less), and ‘harbor’ and ‘lighthouse’ differed from ‘beach’ (P <0.025
and P<0.05, respectively).

Another feature of interest stems from an examination of individual differences. Figure
8 shows the individual patterns of Subjects 4 and 7. Subject 4 showed a general trend
which conformed to the average results, but the resolution of the image was achieved quite
early. There was only a moderate improvement between the first and second tests, as was
also the case between the second and third tests. In contrast, Subject 7 apparently
experienced great difficulty at the outset. There was a considerable error, with large
overlapping of regions of uncertainty. The image structure improved significantly between
the first and second tests, then performance remained stable at the third test.

The last step of our approach consisted of simulating the whole experiment on the
reconstructions of successive mental images of each subject. The procedure was the same
as before: random selection of points in the regions of uncertainty for every distance to
scan, followed by computation of scanning times based on individual subjects’ scanning
speed. Ten runs of the computer program were conducted. Table 2 shows the resulting
values of r for all three scanning tests. Average values were —0.07, 0.81 and 0.93, for the
three successive tests. These figures reflect a more contrasted pattern than those based on
behavioral data, but they clearly exhibit the same predicted trend. After an initial stage
essentially characterized by the lack of internal structure in the image, substantial
improvement resulted from additional learning, with a slight further improvement due to
overlearning.

GENERAL DISCUSSION

Image accuracy is one of a set of concepts usually invoked to refer to the visual
properties of images. Other such related concepts are those of ‘vividness’, ‘clarity’ and
‘resolution’ [29, 31]. The properties referred to by these labels have been considered mainly
in experimental contexts involving self-reports. However, these notions probably have
genuine cognitive counterparts that can be tested experimentally.

Table 2. Correlation coefficients resulting from 10 simulations based on the
new set of data, for each scanning test

Simulation No. First test Second test Third test
1 —0.09 0.70 0.91
2 —0.03 0.68 0.95
3 0.01 0.75 0.97
4 —0.28 0.81 0.93
5 0.10 0.88 0.96
6 —0.21 0.82 0.89
7 0.11 0.93 0.93
8 0.39 0.92 0.94
9 —0.41 0.79 0.89

10 —0.31 0.87 0.93
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This family of concepts is in fact present in the best developed contemporary theories of
mental imagery [14, 23, 26]. Kosslyn [23] posits that images correspond to patterns of
activation in a visual buffer, and that visual resolution for the features of images depends
on the field of the visual buffer where activation occurs. In particular, image resolution is
lower in the peripheral visual field. Results reported by Finke and Kosslyn [15] and Finke
and Kurtzman [16] show that peripheral acuity in visual imagery is limited by the same
types of neural constraints that limit peripheral acuity in visual perception. Our
interpretation of mental scanning data suggests that accuracy may not have to do only
with the periphery of the visual buffer. More generally, it has to do with the lack of
constraining information in any region of the visual buffer.

A distinction is usually made between the visual characteristics of mental images (such
as limits on their resolution) and their spatial properties. This distinction is supported by a
number of empirical as well as neurological arguments [12, 26]. However, such a
distinction should not prevent researchers from considering domains where the two sets of
properties might interact. The construction of mental representations of spatial
configurations containing distinguished points, either based on perception or on the
processing of a verbal description, is an example of these domains. In the experiments
discussed above, landmarks contribute to the spatial structure of the constructed mental
configuration, but this structure obviously also depends on such visual properties as the
resolution and accuracy of landmark locations (the size of corresponding regions).
Variations in the ‘fuzziness” of landmarks, a visual property, are correlated with spatial
structuring of visual images. Distance, and thus location, one of the most important
spatial properties [4], could thus be affected by visual characteristics.

Another aspect on which existing theories of imagery obviously need more elaboration
is the dynamics of the visual qualities of images. For instance, it would be relevant to
consider practice as a factor likely to affect imagery acuity. The research reported above
clearly suggests that the internal structure of visual images depends on the amount of
practice subjects had during the construction of these images. This approach differs from
the early studies on mental scanning, which all focused on the process once the image had
been perfectly memorized and was fully available. Although this step was necessary to
validate the specific methodology of mental scanning, it is now important to proceed
further and investigate how imagery processes develop. Connectionist approaches provide
promising avenues of research in the domain of image construction and processing [21].
An important feature of such modeling is that the data structures which were implicit in
the implementation described in the present research (i.e. the map, landmarks, and regions
of uncertainty) can be explicitly represented in the model. Following the work reported
here, we have developed a connectionist model, in which the image is directly represented
by a neural net and mental scanning is implemented by propagation of activation within
the net [19].

It is probably too extreme to claim that image accuracy is in all cases a property of
primary importance. An image needs only to be as precise or accurate as is just necessary
for adequate performance in the current task. Different degrees of image accuracy may
then correspond to different needs in the context of a given task. These degrees may also
be correlated with the degree of involvement of early visual cortical areas. These areas
would be more likely activated in tasks requiring attentive inspection of high-resolution
visual images, or those placing stringent demands on topographic processes [27, 32].
Another relevant issue for further investigation is whether accuracy of memory for
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location is correlated with accuracy of memory for shape. Neuropsychology suggests that
they may not be. If not, findings on the accuracy of spatial location could not be easily
generalized to shape.

Lastly, the concept of accuracy in imagery research allows us to take into account the
notion of variations in ‘fuzziness’ of the different parts of an image. The fact that some
portions of an image are more sharply defined than others corresponds to most subjects’
intuition and self-report. By modeling such concepts as accuracy or fuzziness in the
domain of mental imagery, it becomes easier to account for differential sharpness of the
subparts of an image than in classic studies on mental scanning.
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