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EFFECTS OF VARIOUS SPATIAL TRANSFORMATIONS ON
PIGEONS' RECOGNITION OF VISUAL PATTERNS:
SOME APPLICATIONS OF THE HEINEMANN-CHASE
PATTERN RECOGNITION MODEL.

Eric G. Heinemann®

How pigeons discriminate between, recognize,
categorize, or identify visual patterns has been
examined in numerous experiments. The meth-
ods used depend on which of these processes is
under investigation. To avoid cumbersome ter-
minology, 1 shall use the term “recognition”
whenever the process referred to is clear from
the context.

The purpose of this paper is to review some
experiments that deal with the way pigeons’
recognition of patterns is affected by transla-
tion and by some specified rotations, and to
interpret these findings in terms of the Heine-
mann-Chase information-processing theory. It
is not my purpose to review other theories that
deal with some of the phenomena to be dis-
cussed. One reason for this decision is that an
adequate review would be inordinately long.
Another reason is that our's is an extremely
general theory of the pigeon’s cognitive proce-
sses. Its strength is that it deals, in quantitative
detail, with a wide range of phenomena includ-
ing probability learning, discrimination learn-
ing involving unidimensional and multidimen-
sional stimuli, the phenomena of blocking and
overshadowing, as well as an account of the
“range effect” (Pollack; 1956; Durlach & Braida,
1969) and an account of the limitations on infor-
mation transmission discussed in G. Miller’s
well-known article on the “Magical number
seven” (Miller, 1956; Chase, 1983). For a discus-
sion of the significance that Chase's account of
the last-mentioned phenomenon has for results
obtained with human subjects see Sperling,
(1988).

The theory has also been applied, with consid-
erable success, to problems of visual patternrec-
ognition. For example, it has yielded success-
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ful quantitative predictions of confusion matri-
ces obtained by D. Blough (1985) for the 26
lettersof thealphabet and for patternsof random-
ly arranged dots.

Does training to recognize stationary two-
dimensional projections of three-dimensional
objects result in viewpoint-independent recog-
nition of these objects?

When the stimuli that pigeons are trained to
recognize are visual patterns, these are most
often presented in the frontal-parallel plane and
may represent particular perspective projec-
tions of three-dimensional objects. In their eve-
ryday lives pigeons are certainly required to
identify three-dimensional visual objects. An
important question is whether, and under what
conditions, pigeons can learn to recognize three-
dimensional objects by being trained to recog-
nize two-dimensional projections of these ob-
jects.

According to Cerella (1990), training with one
perspective projection does not lead to recogni-
tion of other projections. In one of his experi-
ments pigeons were trained to peck on a re-
sponse key when shown an outline figure in the
form of a chevron, called the “prototype” This
two-dimensional form may be considered as a
projection of a chevron made of wire. During a
subsequent generalization test pigeons were
shown other two-dimensional shapes that were
produced by rotating the wire form that corre-
sponded to the prototype about its x, y, or z-
axis. Cerella also tested for generalization to
prototypes that were reduced or magnified in
size, or distorted randomly. The results of the
generalization tests are shown in Fig. 1 (solid
lines), together with the results of simulations
based on our theory (dashed lines). If the pi-
geons were able to recover the three-dimen-
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Fig. 1. Relative generalization to various

transformations of a two-dimensional
shape measured by Cerella (1990).
The solid lines represent the mean
results for Cerella’s pigeons, the dash-
ed lines the results of simulations.
The horizontal axes of the various
panels have a common scale, a meas-
ure of prototype distortion in terms
of vertex displacement.

sional form of the wire figures from the two-
dimensional projections shown during the gen-
eralization tests then, ideally, all the generaliza-
tion curves for rotation would be horizontal
lines. Instead, all these curves drop steeply in
the manner expected if responding were based
simply on the similarity of the two-dimensional
forms to the prototype, as specified by our simu-
lations.

The curves for magnification and reduction
fall less steeply than those for rotation. This is
true for the empirical data and our simulations.
QOur treatment of this matter is grounded in
some details of the pigeons pecking behavior.
Using high-speed cinematography, Goodale

1997

(1983) found that, before pecking at food or at a
response key pigeons make two head-fixations,
one about 55 mm from the target (the F2 posi-
tion) the other about 80 mm from the target (the
F1 position). On the basis of the variance of the
trial-by-trial distributions of head fixations it is
possible to compute the variance of the trial-by-
trial distribution of retinal image sizes. (For a
somewhat more detailed discussion of this mat-
ter see Heinemann & Chase, 1990). When the
fact that the retinal image varies from trial to
trial is taken into account our theory yields the
fits to Cerella’s data shown in Fig. 1.

I now return to the question of whether pi-
geons can learn to recognize a solid object ro-
tated through any angle by learning to recog-
nize two-dimensional projections of that object.
Perhaps Cerella's pigeons would have general-
ized to all projections if they had been trained to
recognize several perspective transformations
of the prototype rather than just one. This pos-
sibility was examined in an experiment by Ron-
ald Stevens (1990). Stevens trained three groups
of pigeons to discriminate between isometric
projections of cubes and distortions of these
projections. The cubes were produced by rotat-
ing an imaginary wire cube simultaneously
about the x, y, and z axes in steps of 10 degrees
(measured from a starting position in which one
side faced the observer so that the cube ap-
peared as a two-dimensional square). A dis-
torted cube was produced by randomly displac-
ing the vertices of a cube that is in its starting
position “. . not more than half the length of a
side in the x,y, or z planes, under the constraint
that the mean displacement of the eight vertices
would be zero. This produced an irregular three
dimensional figure which was then rotated by
10 degree increments simultaneously about the
X, ¥, and z axes through 360 degrees” (Stevens,
1990).

Four groups of four pigeons participated in a
categorization experiment. Group 1 was trained
to discriminate between the members of a single
cube/distortion pair, Group 2 was trained with
two pairs, Group 3 was trained with four pairs
and Group 4 with eight pairs. The apparatus
had two response keys. Pecks on one of these
keys were reinforced when the stimulus pre-
sented was a cube, pecks on the other key were



EFFECTS OF VARIOUS SPATIAL TRANSFORMATIONS ON PIGEONS' RECOGNITION 3

Generalization Data

Grouo 1

BIRD1! Simulation of Data
| o | ser i
P o8 ! \ | /\ji f { 2 Al oar ’”'I/-‘[ |
f ”x 4\!\ C a orr ; - t f 2
4 o.eg E ] J\' it oar ' ‘ ;
" o8 ! b - osr I :
t v \ 0
: ;;;;}/ - oL \ Lo |
2 gar! { o ‘\/“J ‘Kf\ql L ozr \ ‘
o1t | oar y
0 o ~ f
[} 10 20 a; orm ;0 60 6o 70 0 1o 20 a:m ;o s0 80 70
Group 2
BIRD21 Simuiation of Data

eTc —~3e0neV

4
L]
ost
o8¢
A o4tk
* 0.3k
! a.2r
o.1F
! L
40 &0 &0

a.:vaV W v
osr 4
oz}

0

° 1 20 30 70 0 0 20 30 “ 80 so0 70
Form # Form #
Grow 3
BIRD34 Simutation of Data
! 1
0.0} o 0[‘ i
P ost 8 ’ 8
1 o8k
: s ‘ ot
7 os ©
c 04 os
u 03 0.4
5 o2 / 0.3
0.1 { 0.2
° ! 0.1
(-] 0 20 30 40 60 80 7C [+] e
Form # ° 10 20 :x;: ;o &0 60 70
orm
° Training

Fig. 2. Comparison of data obtained from three of Steven's (1990) birds and simulations of these
conditions. The figures on the left are generalization test data for three birds-one from the
group trained with two stimuli (top panel), one from the group trained with four stimuli
(middle panel) and one from the group trained with eight stimuli (bottom panel). The training
stimuli are shown as dots. Simulations of generalization test data for each training condition

are shown in the left panel.

reinforced when the stimulus was a distortion.

After 120 daily training sessions only six pi-
geons had learned to categorize the stimuli at
better than chance levels. Two were from Gro-
ups 1, one from Group 2, three from Group 3,

and none from Group 4. The remaining birds
were trained for an additional 40 days. When
all of these birds failed to perform at better than
chance levels after the additional training, they
were withdrawn from the experiment.
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After training, the six pigeons who catego-
rized at better than chance levels were given
generalization tests. During these tests they
were presented with unique stimuli produced
by the method described. There were 33 unique
projections of the cube and 36 unique projec-
tions of the distorted cube. This set of stimuli
included the training stimuli used for the vari-
ous groups.

Fig. 2 (left panel) shows the proportion of
trials on which the “cube-key” was pecked when
the stimulus was a projection of a cube (forms 0
to 35), and when the stimulus was a projection
of a distorted cube (forms 36 to 71). Results are
shown for one bird from groups 1, 2 and 3.
These generalization curves seem to be incom-
patible with the notion that the pigeons ex-
tracted the three-dimensional form of the cubes
and are generalizing along the continuum of
rotation for these forms. If they were generaliz-
ing in this fashion then the generalization func-
tions would be horizontal lines. If, instead, they
were generalizing only to stimuli that had a
two-dimensional form similar to that of the
training stimuli, then there would be a sharp,
peaked generalization curve centered on each of
the training stimuli. Stevens found no such
trends in his results. It seems likely that the
absence of a decremental gradient around the
training stimuli reflects the fact that even the
immediate neighbors of the training stimuli had
two-dimensional forms that differed greatly
from those of the training stimuli. Recall that
neighboring forms were projections that were
rotated simultaneously in x, y, and z dimensions
using step sizes of 10 degrees.

In any case, the actual results appear disor-
derly and perhaps random at first glance. How-
ever, closer analysis reveals considerable order.
All six of the pigeons performed at levels signifi-
cantly better than chance when categorizing
the generalization stimuli as well as the training
stimuli. Further, the generalization curves for
the six pigeons have remarkably similar shapes.
As one measure of this similarity Stevens pre-
sents between-group correlations (Pearson r)
based on average group data. These are 0.88
between Groups 1 and 2, 0.7 between Groups 1
and 3, and 0.74 between Groups 2 and 3.

1t is difficult to think of an underlying dimen-
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Fig. 3. The correlation between the empirical
and theoretical confusion matrices as
a function of the spacing parameter
used in the simulations (Stevens,
1990). Generalization test data are
shown for Group 1, the birds trained
with one view of the cube and one

view of the distorted form.

sion along which “generalization” could be oc-
curring to produce the results of Stevens' ex-
periment. More fundamental: it is not clear
what psychological process, if any, the word
“generalization” refers to. An alternative ap-
proach is to treat the experiment as dealing
simply with visual pattern recognition. I shall
briefly present some simulated results based on
the theory described in Sheila Chase’s contribu-
tion to this volume. According to that theory,
neither the cube nor its distortions are experi-
enced by the pigeons as three-dimensional
forms. All the simulations to be discussed were
done by Stevens (1990). The plan is to compare
the performance of the simulation program to
the performance of actual pigeons. Before doing
the simulation it is necessary to determine how
the correlation between simulated and empiri-
cal values varies with a parameter we call “spac-
ing.” That parameter represents the distance
between pixels of the form that is imaged on the
retina-as represented in the internal representa-
tion of that form. It is simply a number by
which all coordinates of the form are multiplied.
Fig. 3 shows how the correlation between
simulated generalization data and the actual
generalization data for the two pigeons in
Group 1, and the mean of these values, varies
with spacing. Based on the mean value, the best
correlation is obtained at a spacing of 1.5. It is
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Fig. 4. Choice curves obtained after training
to discriminate between a circular
field containing a centrally located
spot of light and an evenly illumi-
nated field. The central figure in each
row shows the position of the spot,
but the relative sizes of the spot and
background field are not drawn to
scale. From Heinemann and Kadison
(1976).

this spacing that is used in all simulations. The
function shown in Fig. 3 is virtually identical
to one published by Heinemann and Chase
(1990) when they compared simulated confu-
sion matrices for letters and random dot pat-
terns to confusion matrices for pigeons obtained
by D. Blough (1985).

Fig. 2 (right panel) shows simulated gener-
alization curves for the three groups of pigeons.
The simulation program categorized the cube
stimuli more accurately than the pigeons and
distortions less accurately. The best correla-
tions between the mean proportion of correct
responses made by the pigeons and by the simu-
lation program (Pearson r) are 0.60 for Group 1,
0.61 for Group 2, and 0.44 for the single pigeon
in Group 3. These correlations are lower than
corresponding correlations between the groups
of pigeons. Stevens suggests that this discrep-
ancy may be a consequence of the fact that his
simulation program assumed that performance
was essentially perfect at the end of acquisition.

This was not true for the real pigeons.

Effects on recognition of shifting the retinal
image to new location

The effects of shifting (translating) an object
to a physical location different from the one in
which the pigeon was trained to recognize have
been examined in several experiments done in
our laboratories. Fig. 4 shows the results of a
generalization test given to pigeons who had
been trained to peck on one response key when
presented with a small circular spot of light
projected on a larger evenly illuminated disk,
and to peck on a different response key when
presented with the large disk without the added
spot (Heinemann and Kadison, 1976). The visu-
al display was located between the two response
keys. The luminance and position of the spot
were varied during the generalization test. Fig.
4 shows that the discrimination between
presence and absence of the spot was essentially
perfect when the luminance of the spot was
high and the spot was in the center of the disk.
For most of the other test positions, however,
the birds behaved almost as though the spot did
not exist.

We have obtained essentially similar results
in several experiments on pattern recognition.
In one of these, three pigeons were trained to
identify each of four visual shapes by pecking
on one of four different response keys. During
training the single pattern shown on each trial
(an outline figure consisting of black pixels on
an otherwise white screen) was always pre-
sented near the center of the 6 cm square face of
a small monochrome TV monitor. During a
“translation test” that followed 130 days of
training (100 trials per day), probe trials were
interspersed among training trials. On each
probe trial one of the four shapes was presented
3cm above and to the right of the training
position. During this test the birds averaged
72% correct when the stimuli were in their
training position, but only 31% correct when
the stimuli were in the new position. Two of the
birds actually performed at chance (25% correct
when the stimuli were in the new position.) The
position change studied here was quite large-
about 32 degrees of visual angle.

Several other unpublished experiments done



6 HEFHRMCE F455

in our laboratories have yielded similar results.
Even small changes in the position of visual
patterns cause recognition of these patterns to
deteriorate. However, it is important to note
that these effects occur when the pattern is
always in the same position during training. If
the pattern is moved about during training then
the pigeons learn to search for it (e.g. D. Blo-
ugh, 1979; P. Blough, 1984; Jenkins & Sains-
bury, 1969).

The effect of shifting the retinal image from a
single position it occupied in training was inves-
tigated in an experiment by Yamashita
(1991). Before discussing this work it is neces-
sary to point out that my discussion is focused
entirely on learning and behavioral processes,
whereas Yamashita’s principal focus was on
sensory processes. With respect to the behav-
ioral results, the general outcome of Yama-
shita's experiments was that pigeons did not
recognize the training stimuli when these were
first shown in new positions. However, after
extended training, during which the stimuli
were shown in a variety of new positions, the
pigeons recognized them equally well in all
these positions. The discussion that follows
concerns the nature of the processes that may
underlie this acquired "translational invari-
ance.”

The training procedures used in Yamashita's
experiments cannot be presented in detail here,
but it is necessary to describe the essential fea-
tures.

After preliminary training, the pigeons were
taught to peck on a fixation point (a 3-mm squ-
are located near the center of a monochrome
monitor on which the experimentally manipu-
lated stimuli were displayed). This training was
followed by two phases of discrimination train-
ing. For convenience, Yamashita called the first
phase “detection” and the second “"discrimina-
tion." Both phases consisted of a series of posi-
tive and negative trials. Each trial began with
the presentation of the fixation point. The first
peck that landed on the fixation point (an “effe-
ctive response”) initiated a 5-sec “sampling in-
terval”. During positive trials each effective
response was followed, after a delay of 100 ms,
by a 50 ms exposure of a group of eight illumi-
nated pixels in the form of an “x". If at least two
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Fig. 5. Schematic illustration of stimulus

positions. Estimates of visual angles
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viewing distance is 6.7cm. From

Yamashita (1991) - reproduced with
permission.

effective responses were made during the sam-
pling interval, then the first effective response
that was made after the end of the sampling
interval was reinforced. Responses were not
reinforced on negative trials. It is important to
note that for all data analyses, the number of
pecks on the fixation point (effective responses)
is taken as the measure of response strength.

Whereas the stimuli present during sampling
intervals of positive trials were identical in the
detection and discrimination procedures, those
present during negative trials differed. During
the detection procedure effective responses
were not followed by a stimulus presentation on
negative trials; the area of the display where the
“x" could appear remained blank. Thus, the
subjects were trained to discriminate between
the presence and absence of the positive stimu-
lus.

During “discrimination training”, the stimu-
lus presented during the sampling intervals of
negative trials consisted of eight illuminated
pixels in the form of an “0”.

Fig. 5 is a schematic illustration of the
positions in which stimuli could be presented,
together with estimates of distances in degrees
of visual angle. The numbers 1 to 9 will be used
to refer to these stimulus-positions. As mention-
ed, the principal focus of my discussion will be
the effect that a shift in position of a trained
stimulus has on recognition. However, to inter-
pret data from shift experiments it is necessary
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to examine the effects of imaging the stimuli on
different portions of the retina when no shift is
involved. Yamashita did this in his Experiment
1 in which the subjects received an equal num-
ber of training trials at all nine positions. The
method was that previously described, with one
important addition. Because the interpretation
of the results obtained in all of Yamashita’s
experiments depends critically on the assump-
tion that the pigeon continued to fixate the
“fixation point” during exposure of the positive
and negative stimuli, this exposure was reduced
to 1 ms after the regular training sessions were
completed. That duration corresponded ap-
proximately to a single refresh cycle of the com-
puter display. Training with this short stimulus
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lus positions for each subject. Sta-
tistical significance of rho is indi-
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* p<.05, ¥ p<.01). From Yamashita
(1991) -reproduced with permission.

duration continued for five more sessions. Ya-
mashita checked on maintained fixation in a
number of other ways, but these will not be
considered here.

Three dependent variables were used in the
analysis of the results. The following defin-
itions are taken from Yamashita.

One of the dependent variables is Herrnstein’s
rho defined as

rho=1—U/(NyxNy)
where U is the Mann-Whitney U statistic, which
is computed by ranking the numbers of re-
sponses in positive and negative trials. N, and
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N, are the numbers of positive and negative
trials, respectively. A rho equal to 1 indicates a
perfect discrimination, a rho equal to 0.5 indi-
cates chance performance.

Another dependent variable is the discrimina-
tion ratio, defined as the proportion of responses
made in positive trials to the total number of
responses. It was calculated using the average
number of responses on each type of trial in
each session.

A third dependent variable was the mean
number of pecks per 5-sec sample interval,

The results of this experiment are shown in
Figure 6. There appears to be little if any sys-
tematic effect of position upon recognition, and
performances with the regular and short dura-
tion stimuli differ very little.

In the main experiments to be considered pi-
geons were trained with stimuli that were pre-
sented in only one of the 9 positions. After
performance in each of the two phases showed
little improvement with further training a
translation test was done during which the pi-
geons were shown the stimuli in each of the
nine positions.

The results are shown in Fig. 7. Visual
inspection of the figure and statistical analyses
support Yamashita's statement “It may be con-
cluded that the transfer is limited to the vicinity
of the position in which stimuli were shown
during training.” (p 57)

Some of the acquisition data reported by
Yamashita make a further analysis possible. Ac-
cording to the Heinemann-Chase theory, there
are two distinct phases during acquisition of a
discrimination. The first of these is called the
Presolution Period (PSP). It is a period, at the
beginning of training, during which there is no
evidence of a developing discrimination, i.e.,
performance remains at a chance level. The
duration of this period (or number of trials)
increases systematically with the physical simi-
larity of the stimuli presented for discrimina-
tion. It is assumed that during the PSP the
subject searches for significant statistical asso-
ciations between the information arriving over
specific sensory channels, the response made,
and the consequences of that response (e.g. rein-
forcement or nonreinforcement). The formal
model (Heinemann, 1983; Heinemann & Chase,
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1990) is an application of the Sequential Prob-
ability Ratio Test developed by Wald and his
associates (Wald, 1947). A successful outcome
of the analysis carried out during the PSP is
that the subject discovers a sensory channel or
channels that predict outcomes of behavior, at a
specified level of significance. The PSP ends,
and a second phase of learning begins, when the
specified level of significance is attained.

Fig. 8 shows acquisition curves for detec-
tion training of the pigeons in Yamashita's Ex-
periment 2b. These curves seem to show preso-
lution periods in the range of 7 to 10 sessions.
All but two of the birds on discrimination train-
ing also show PSPs. Interestingly, when the
pigeons who served in Experiment 2b were later
retrained with the x as S+ and the o as S-, now
presented equally often in each of the nine posi-
tions, they showed PSP’s at those new positions
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that were reasonably far removed from the ori-
ginal training position. This strongly suggests
that what is learned during the PSP is specific to
a retinal position-which is related to our concept
of “sensory channel”. To be a little more spe-
cific: we cannot describe the entire channel in
anatomical and physiological terms, but it is
known that the first level at which information
about visual stimuli appears for transmission to
higher regions of the brain is a retinal ganglion
cell that has a receptive field with mutually
antagonistic centers and surrounds, or possibly
a cluster of such cells.

In any case, our present theory is that recog-
nition of trained spatial patterns that are shifted
to new sensory channels is invariant only over
those channels for which the PSP has been com-
pleted.

Of the shift experiments that have been dis-
cussed, that of Yamashita was the only one in
which an attempt was made to control fixation.
The other experiments specify the shift of the
physical image on the display surface, not the
shift of the retinal image. It is not yet clear how
the two sets of experiments may be related.
Perhaps the pigeons in the experiments in
which no explicit effort was made to control
fixation were, nonetheless, fixating a certain fea-
ture of the visual displays. This could possibly
come about through the “feature positive effect”
first described by Jenkins and Sainsbury (1969;
1970) Briefly, these investigators reported that
if a distinctive feature, such as the spot in the
experiment of Heinemann and Kadison (1976),
appears on positive trials of a discrete trial op-
erant discrimination, the pigeons pecked di-
rectly at that feature. If the feature is small, this
would constitute a kind of fixation. Additional
research on this matter might well yield results
of great importance to our understanding of
visual pattern recognition.

Conclusions

The experimental findings discussed in this
paper indicate that pigeons perceive stationary
two-dimensional projections of three-dimen-
sional objects as two dimensional. With respect
to the effects of translating the retinal image of
a known object over the retina, the experiments
discussed indicate that translational invariance

is a result of a learning process. Both of the
above mentioned phenomena are predicted by
the theory of Heinemann and Chase.
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