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Improvement in line orientation discrimination is
retinally local but dependent on cognitive set

LING-PO SHill and HAROLD PASHLER
University of California, San Diego, La Jolla, California

The ability of human observers to discriminate the orientation of a pair of straight lines differ
ing by 3° improved with practice. The improvement did not transfer across hemifield or across
quadrants within the same hemifield. The practice effect occurred whether or not observers were
given feedback. However, orientation discrimination did not improve when observers attended
to brightness rather than orientation of the lines. This suggests that cognitive set affects tuning
in retinally local orientation channels (perhaps by guiding some form of unsupervised learning
mechanism) and that retinotopic feature extraction may not be wholly preattentive.

The analysis of simple features in a scene is commonly
believed to occur at an early stage of visual perception.
Several different experimental techniques, such as Treis
man's visual search paradigm (e.g., Treisman & Gelade,
1980), have shown that detection of a distinctive visual
feature (e.g., a vertical line among a background ofhor
izontallines) is fast and easy and that it does not appear
to depend on serial attentional processes. Experiments on
transfer of adaptation effects (Blakemore & Campbell,
1969) and on redundancy effects in classification (Gamer,
1974) suggest that the underlying mechanisms respond
selectively to different target features (such as color and
orientation) (see review by Treisman, 1986). It is tempt
ing to assume that all these experimental results reflect
neural mechanisms that respond to specific visual features.
Neurons selectively tuned for features such as contour
orientation, direction of motion, and color have been iden
tified in cortical visual areas including VI, V2, and V4
in monkeys (Van Essen & Maunsell, 1983). The general
picture that has emerged from these studies is that of an
early, featural analysis stage that operates in parallel
across the visual field, independently of attention.

A few investigators have examined the changes in the
efficiency of visual feature analysis that occur with
practice. With training, human observers have shown sub
stantial and persistent improvement in making fine dis
criminations of various simple visual features, including
direction of motion, spatial frequency, and orientation of
texture boundaries (see, e.g., Ball & Sekuler, 1987;
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Fiorentini & Berardi, 1981; Karni & Sagi, 1991). The
improvement is often specific to various stimulus param
eters. For example, the training effect given to one eye
may not be transferred to the other eye (Karni & Sagi,
1991). This kind of parameter-specific perceptual learning
has implications not only for the theory of feature analy
sis but also for the understanding of the neural mecha
nisms mediating the processes. For example, a practice
effect specific to the retinal location being trained would
seem to imply the involvement of some neural mecha
nisms that are retinotopically organized.

In this study, we investigated whether the sensitivity
of human observers to contour orientation can be im
proved with training. Contour orientation seems to be one
of the most important components in early mammalian
vision (Hubel & Wiesel, 1962). It might be advantageous
if the ability to discriminate orientation were modifiable
with perceptual experiences. Blakemore and Cooper
(1970) have demonstrated that kittens exposed only to con
tours of one orientation during a critical period ofdevelop
ment are greatly impaired in seeing contours of other
orientations. This behavioral impairment is accompanied
by permanent changes in the responses of orientation
selective neurons in the eat's visual cortex. While these
studies reported sensitivity loss as a result of seriously
deprived and disrupted visual experience, we attempted
to increase sensitivity by enriching the perceptual input
that the adult human observer receives.

The orientation columns in primates' striate cortex are
topographically organized. If improvement with orienta
tion discrimination is localized to the trained retinal
region, it would suggest the involvement of these or other
similarly organized neural mechanisms. We also looked
at the conditions required for perceptual learning. Iforien
tation extraction takes place entirely within a preattentive
stage of vision, as suggested by Treisman and Gelade
(1980), then learning effects may also be independent of
any form of attentional or cognitive control. On the other
hand, more recent evidence (see, e.g., Treisman & Gor
mican, 1988) suggests that discrimination of small orien-
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tation differences requires serial attention. If the latter
view is correct, then learning about orientation differences
might also be dependent on some kind of cognitive
control.

GENERAL METHOD

We set out to train some human observers to discriminate a small
orientation difference between a pair of straight lines. The lines
were inclined at either 9.8° or 7° counterclockwise from the verti
cal axis. They were approximately 1.5 em long, subtending a visual
angle of 1.42 0 at a viewing distance of 60 cm. Each line was pre
sented at either the top-left or the bottom-right comer of a cathode
ray tube (NEC MultiSync 2A) controlled by an ffiM PC. The width
of the lines equaled I pixel. The distance from the midpoint of a
line to the fixation cross was 8.4 cm, or 7.94°. The midpoint of
a line and the fixation point formed a rectangle of approximately
5 x 7 ern'. The luminance of the lines was 50 cd/rn", against a back
ground luminance of I cd/m",

Observers were given either a matching task or an identification
task. In the matching task, two lines were presented successively
for 45 msec each, separated by a 3OQ-msec blank interval. Observers
reported after each trial whether the lines were the same or differ
ent in orientation. In the identification task, only one of the two
lines was presented in a trial. Observers identified which one it was
by pressing one of two buttons.

In all experiments, observers maintained fixation at the center
of the display. Eye movement was further controlled by requiring
them to report an alphanumeric character (either S or 5), which
replaced the fixation cross on some catch trials. The alphanumeric
character had a height of 0.8 ern, and it subtended a visual angle
of.760

• The exposure time was 45 msec. Accuracy in this recog
nition task was emphasized. In order to make the subjects feel com
fortable, no chinrest or bite bar was employed.

Each session of training consisted of 12 blocks of 44 trials (in
cluding 4 catch trials). The two oriented lines appeared equally often
within a block. The matching task consisted of the same number
of same and different trials. Response accuracy was emphasized.
The subjects were allowed as much time as they needed for mak
ing a response. The next trial started 1.5 sec after a response was
made. They were given a rest period of at least 40 sec at the end
of each block. They were encouraged to rest until they felt com
fortable enough to continue.

All subjects were undergraduates at the University of Califor
nia, San Diego. They participated either in return for payment, or
in partial fulfillment of a course requirement.

EXPERIMENT 1

In an experiment concerning the oblique effect in line
orientation judgments, Vogels and Orban (1985) found
that the just noticeable difference in orientation discrimi
nation improves with practice for oblique orientations. In
the present experiment, we asked whether the practice
effect would be specific to the retinal location. Previous
investigations have yielded practice effects that were reti
nally specific for tasks requiring judgment of direction
of motion (Ball & Sekuler, 1987), spatial frequency
(Fiorentini & Berardi, 1981), and orientation of texture
boundaries (Karni & Sagi, 1991).

Our subjects were trained in different feedback condi
tions. The importance of feedback in perceptualleaming
is not clear. McKee and Westheimer (1978) obtained a
practice effect in vernier acuity, whether or not they gave
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their subjects feedback. On the other hand, Ball and
Sekuler (1987) found that subjects deprived of trial-by
trial feedback during training did not improve in their ac
curacy of discriminating the directions of some moving
dots (for oblique orientations).

Method
The subjects were given either the matching task or the identifi

cation task. They were divided into three groups, according to the
level of feedback they received. One group of observers received
no feedback at all; another group got feedback only at the end of
each block (percentage of correct responses); and the final group
had trial-by-trial feedback (a warning tone after every incorrect re
sponse) plus feedback at the end of each block. Accuracy of the
response was emphasized.

To determine whether the learning can be transferred to an un
trained retinal location at equal eccentricity, all observers were
trained with the lines at one comer (for nine blocks) and tested at
another comer (for three blocks).

Results and Discussion
Fifty-nine and 36 observers participated in the match

ing and identification tasks, respectively. Those who made
more than 5 errors (out of 48) in recognizing the central
alphanumeric characters were excluded from analysis (11
in the matching and 6 in the identification task; of these,
3 were in trial feedback, 6 in block feedback, and 8 in
no feedback). The subjects included in the analyses made
1.5 errors (or 3.1 %) on the average.

The results are shown in Figures 1A and lB. The two
graphs are quite similar and statistical analyses yielded
similar results, so only the statistics for the matching task
are reported here. Observers given trial and block feed
back showed 10.2% and 7.8% increase in accuracy at the
end of practice, both of which were statistically signifi
cant [F(1,15) = 13.39, p < .01; F(1,15) = 6.04,
p < .05].1

When the lines appeared at a new location, accuracy
dropped significantly [F(1, 15) = 4.58, and F(1, 15) =
6.25, p < .05] and was not much different from that
when training started (<2%).2 It is quite clear that these
practice effects did not transfer to a new location (at equal
eccentricity) in the opposite hemifield. A further experi
ment indicated no transfer across quadrants within the
same hemifield either. Sixteen new subjects trained with
trial feedback showed a significant drop of 8.8% in ac
curacy [F( 1,15) = 7.34, p < .05] when the lines shifted
to a new quadrant in the same hemifield. Accuracies at
the beginning of training and testing were 62% and 60%,
respectively.

Figure IA also shows that observers who were given
no feedback during training did not improve. The differ
ence between the beginning and the end of training is only
0.7%, which is not significant [F(1,15) < 1]. However,
when the lines appeared in a new location, discrimina
tion accuracy dropped by 4%. This decrement in the trans
fer phase is more evident in the identification task
(Figure 1B).

As described above, eye movement was controlled by
having subjects report a central alphanumeric character
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shown a large transfer effect when the lines appeared in
another comer, if they moved their eyes toward the new
location too. Nevertheless, we did a control experiment
to show that the central alphanumeric character task pro
vided a good control of eye movement.

A new group of 6 subjects was given the same match
ing task. But this time, the subjects were told to fixate
at the location of the lines. They were also asked to re
port the S or 5 in some random catch trials. This group
of subjects failed on the average to recognize 41.3 % of
the characters. Although this is significantly better than
the 50% chance level [one-sample t(5) = 2.34, p < .05],
it is far worse than our criterion (10.4%). For this group
of subjects, the accuracy in orientation discrimination
improved by 21 % after training (56.2 % and 77 % at the
beginning and the end of training). As expected, their per
formance did not decrease when the lines moved to a new
location [F(1,5) < 1]. In fact, it was slightly higher at
the beginning of transfer (78.5%). In short, this group
of subjects, who were allowed to look at the lines directly,
showed a pattern of results that was very different from
that in our original experiment. Therefore, we conclude
that eye movement is not likely to influence the interpre
tation of our results.
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Performance in the no-feedback condition appears puz
zling at first glance. On the one hand, there was no obvi
ous sign of learning: accuracy in the trained location did
not improve. On the other hand, the position change did
impair accuracy, as in the other conditions. The most
plausible explanation is simply that fatigue or some other
nonspecificdecrement was superimposed on the (position
specific) learning effect (Kimble & Shatel, 1952; Wood
worth & Schlosberg, 1955). This would also account for
the improvement when block feedback was given, which
sufficed to maintain motivation without the observers' be
ing informed of the correctness of their judgments about
any individual stimulus.

If this is correct, performance without feedback should
improve over multiple sessions, since fatigue effects
would dissipate between sessions. Karni and Sagi (1991),
investigating discrimination of the orientation of texture
boundaries, also trained their subjects without feedback.
They noted that there was no increment in performance
within sessions, but they found improvement from one
session to the next.

EXPERIMENT 2

Method
Three observers (M.L., A.S., and P.P.) were given multiple ses

sions of training without feedback. Subjects performed the match
ing task. A.S. and M.L. were trained with the lines at the top-left
and bottom-right comers, respectively. The lines were the same
as those used in the last experiment. P.P. was given lines that
extended horizontally and inclined at either 11.5° or 7.7° counter
clockwise from the horizontal axis. The lines appeared at the top-left
comer throughout training. A.S. and P.P. were given two addi
tional testing days. On one of the 2 days oftesting, the lines were
shown in an untrained comer in the even-numbered blocks. On the
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Figure 1. Percentagesof correct response in (A) the matching task
and (B) the identificationtask in Experiment 1. Each data point rep
resents the mean percentage correct for a block of 40 trials. Data
for each feedhack condition were pooled over 16 observers in the
matching task and 10observers in the identification task. The lines
appeared at a new location after Block 10.
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(S or 5) in some catch trials. The data from subjects who
made more than 5 errors were discarded from analysis.
It is unlikely that the subjects improved in orientation dis
crimination accuracy by moving their eyes closer to the
lines, so that the lines fell on a part of the retina with
higher acuity. If they had done that, they should have
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even-numbered blocks of the other testing day, the orientation of
the lines was changed by 90° (i.e., the lines with which A.S. was
trained were given to P.P., and vice versa). On both days, the lines
appeared at the trained location andorientation in the odd-numbered
blocks. To ensure that observers were fixating on the cross, a dif
ferent pair of alphanumeric characters (S or 5, B or 8, I or 1, G
or 6, and Z or 2) was used on each day. 3

Results and Discussion
The three observers (M. L., A.S., and P. P.) were very

accurate with the alphanumeric character task. M.L., who
was the least accurate, made only two errors per day. Fig-

ure 2 shows their results from the line orientation match
ing task, for several days of training without feedback.
The data were analyzed with single-subject analyses of
variance (ANOVAs), using the interaction term for days
of training and training blocks per day as the error term.
There were significant practice effects for all observers,
as is shown by the significant linear trends [for P.P. and
A.S., F(l,44) > 7.5; for M.L., F(l,77) = 17.28, all
with p < .01) and the significant differences between the
first and the last day of training [all with F(l, 11) > 13,
p < .01). As in the results of the previous experiments,
there was no evidence of learning within a daily session
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Figure 2. Results of three no-feedback observers with several days of training, with 12 blocks x 40 trials each day (Experiment 2).
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(F < 1.5 for all observers)." A.S. and P.P. were given
2 additional testing days, where the lines were either
shown in an untrained corner or rotated 90° in half of
the blocks. For both observers, accuracy dropped sub
stantially when the lines appeared in a new location.! Fur
thermore, a change in stimulus orientation, even though
the visual field to be attended to remained the same,
seemed to create even more difficulty. This rules out the
possibility that location-specific improvement is caused
by improvement in focusing attention at the trained loca
tion (cf. Bennett & Westheimer, 1991). If the trend toward
an actual decrement in new orientations is real, this is
intriguing and worthy of further investigation.

Karni and Sagi (1991) suggested that a few hours of
•'synaptic consolidation" after practice might be required
in order to retain perceptual learning effects. But the ab
sence of immediate improvement when subjects were
trained without feedback can also be explained in terms
of the buildup of fatigue. In fact, Karni and Sagi's sub
jects were required to do 800-1,000 training trials per
daily session, which would seem likely to have been quite
fatiguing.

Although the evidence is not as decisive as one might
wish, a consolidation hypothesis is not easily reconcila
ble with the results of Experiment 1, in which immedi
ate improvement was observed for subjects given block
feedback during training. Fable, Poggio, and Edelman
(1992) have also found immediate learning effects after
subjects were trained with vernier discrimination for less
than 1 h. We therefore tentatively conclude that the fa
tigue explanation is more plausible, given our results.

EXPERIMENT 3

Perceptual learning without explicit feedback suggests
that the visual system can calibrate its responses to en
vironmental stimuli in an unsupervised manner. One well
characterized mechanism of this kind is adaptation to the
mean of a background illumination (Barlow, 1989). In
cats, the response range of ganglion cells shifts about 0.7
log unit as the intensity of a steady background light in
creases by every 1 log unit, thus centering the response
range around the mean background luminance (Walraven,
Enroth-Cugell, Hood, MacLeod, & Schnapf, 1990). Mere
exposure to a background light is enough for adaptation.
Similarly, Houck and Hoffman (1986) have shown that
McCollough aftereffects can occur whether or not the
adaptation stimuli are within a perceiver's focus of spa
tial attention.

On the other hand, recent studies (e.g., Treisman &
Gormican, 1988) suggest that discrimination of small dif
ferences in line orientation may require serial process
ing. In Experiment 3, we directed subjects to judge the
brightness level of the line stimuli, but not their orienta
tion. We then tested to see whether perceptual learning
for line orientation discrimination can be produced by
mere exposure to the oriented stimuli (over a relatively

long time scale), when orientation is irrelevant to the train
ing task.

Method
In the training phase of this experiment, 8 observers were asked

to discriminate the relative brightness of the same lines as those
used in the previous experiments. The observers were divided into
two groups. One group was given an easy brightness discrimina
tion task, in which each line was presented at a luminance of 48
or 21 cd/m", The other group was given a more difficult discrimi
nation, in which each line was at a luminance of 48 or 31 cd/rrr'.
The observers were asked to decide whether two lines presented
successively were the same in brightness or not. The lines also dif
fered in orientation, and orientation was varied orthogonally to lu
minance level. This would ensure that subjects' judgments of rela
tive brightness would not be based on the orientations of the lines .

Baseline measurements of orientation discrimination accuracy
were taken on the first day of the experiment, with the lines ap
pearing in one of the two (diagonal) corners in alternate blocks.
The observers then practiced brightness discrimination with the lines
presented in one particular comer only. Half of the subjects prac
ticed with the upper-left comer and the other half with the bottom
right comer. Within each group, half were given vertically extended
lines andthe other half were given horizontally extended lines. After
training, orientation discrimination was again assessed (in the trained
and untrained comers). When orientation discrimination was mea
sured, the luminance levels of the lines were set at 33 and 38 cd/rn"
for the easy and difficult (brightness discrimination) groups, respec
tively. These values lie between the bright and dim lines for each
group.

Changes in luminance would not be expected to affect which orien
tation channels respond to the stimuli. Sclar and Freeman (1982)
demonstrated that orientation selectivity in the eat's striate cortex
is invariant with stimulus contrast, for example. In a pilot experi
ment, we changed the luminance but retained the location and orien
tation of the lines in the testing phase. We found complete transfer
of the practice effect across luminance levels: both from bright to
dim and from dim to bright.

There was absolutely no feedback in this experiment. If attend
ing to the lines as a whole, but not to their orientations in particu
lar, was sufficient to produce the improvement reported above, the
trained corner should have a selective advantage over the untrained
corner after practice with brightness discrimination. In other words,
the effect of training should interact with stimulus locations. (Note
that the first baseline orientation session was bound to produce some
overall improvement that was not particular to one location.)

Results and Discussion
The results for the brightness discrimination task are

plotted in Figure 3. The two curves represent the easy
and the difficult discrimination conditions. Each data point
is the mean of the performance of four subjects. 6 The data
were analyzed with a 2 (easy, difficult) x 5 (Days 1-5)
mixed-design ANOVA. Judgment accuracy was higher
in the easy condition throughout the course of training.
The average percentages of correct response for the easy
and the difficult conditions were 64.3 % and 56.4%. This
difference is statistically significant [F(1,6) = 11.36,
p < .05]. The effect of days of training is also signifi
cant [F(4,24) = 4.31, P < .01; P < .05 with Box ad
justment of degrees of freedom, Hayes, 1988]. For
example, accuracy increased from 58.8% to 69.0% after
5 days of training with the easy discrimination task. But
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Figure 3. Percentages of correct brightness discrimination in
the easy and difficult conditions across 5 days of training in
Experiment 3.

improvement was found in this condition only. This is
supported by a statistically significant interaction
[F(4,24) = 4.08, p < .05; p < .05 with Box adjust
ment]. Probably the difficult discrimination condition was
too difficult for our subjects. Their performance was
slightly above chance level, and it did not change much
throughout the days of training.

Discrimination accuracies with the orientation task be
fore and after the brightness discrimination training are
shown in Figure 4. The results are plotted separately for
the two groups of subjects, at the trained (where they prac
ticed brightness judgment) and the untrained locations.
The data were analyzed with a 2 (Groups 1-2) x 2 (base
line, test phase) x 2 (trained, untrained locations)
ANOVA, with repeated measures on the last two factors.
Although Group 1 scored better than Group 2 in the
brightness task, it did not differ significantly in the orien
tation task [F(l,6) = 3.44, p > .05]. This is not unex
pected, because the two groups differed mainly with
respect to the ease of the brightness discrimination task.
Overall, orientation discrimination was slightly more ac
curate on the test phase (73.3 %), relative to the baseline
condition (68.4%). But this improvement was not signif
icant [F(l,6) = 3.36, p > .05]. Averaged over the two
groups, the improvement in the trained comer was 6.5%
(from 68.6% to 75.1 %) and the improvement in the un
trained comer was 3.2% (from 68.3% to 71.5%). But
the advantage of the trained comer was far from signifi
cant [F(I ,6) = 2.92, p > .05]. This is true irrespective
of groups-the three-way interaction of group, phase, and
comer was not significant [F(l,6) < I]. In other words,
although some subjects did not improve in the brightness
discrimination task (probably because it was too difficult)

GENERAL DISCUSSION

Our experiments demonstrated retinally local improve
ment in orientation discrimination in the absence of feed
back. The improvement might be due to changes in the
tuning of some orientation selective mechanisms, or to
an increase in the efficiency of the connections between
earlier mechanisms and the orientation channels. In any
case, the results suggest that sensitivity to contour orien
tation can be modified by what are usually termed
••unsupervised learning mechanisms" (Barlow, 1989;
Rumelhart & Zipser, 1985). Since improvement did not
occur when orientation of the stimuli was irrelevant to
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Figure 4. Percentages of correct orientation di8crimination before
and after practice with brightness judgment in Experiment 3.
Trained-Gpl = performance of the easy brightness discrimination
group at the trained corner.
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the training task, the learning depends on the observer's
having an appropriate cognitive set. Physiological evi
dence has shown that neural responses to visual features
can sometimes be modulated by their behavioral signifi
cance (Haenny, Maunsell, & Schiller, 1988). Our obser
vations further demonstrate that learningeffects in visual
areas that are still retinotopically organized can be so
modulated as well.

In a number of ways, our results parallel Kami and
Sagi 's (1991) investigation of orientation-based texture
discrimination. But our perceptual task may tap a differ
ent level of processing. The learning effect that they found
was specific to the location of the targets and to the orien
tation of the uniform background elements. It was not spe
cific to the orientationof the discrepant texture patch. This
implies that the visual system was getting more sensitive
in detecting an orientation gradient at the texture border.
Derivation of an orientation gradient presumably requires
a second-level unit that receives input from some
orientation-sensitive mechanisms at the lower level. The
learning effect Karni and Sagi found seems likely to be
occurring at the second level. On the other hand, our re
sults suggest that the selectivity of the lower level mech
anisms can be altered by perceptual experience as well.
Despite this difference, the conditions in which percep
tuallearning occurs are strikingly similar across the two
studies: learning does not require feedback, but the
dimension to be learned has to be task relevant.
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NOTES

I. The improvement has to be indicative of increased sensitivity instead
of better decision criterion, because d', a criterion-free sensitivity
measure, shows the same pattern of improvement. (See Green & Swets,
1966.)

2. The same conclusion was reached when Blocks 1, 2, and 3; Blocks
7,8, and 9; and Blocks 10, 11, and 12 were analyzed, except that the
difference between Blocks 7, 8, and 9 and Blocks 10 11 and 12 in
~e.no-.feedbackcondition was significant[F(1,15) = J().15:p < .01],
indicating that accuracies for the transfer blocks were significantly worse
than accuracy at the end of training. The rate of improvement after trans
fer was not significantly faster than that at initial learning.

3. P.P. was not given I and I.
4. We assumed that the effects of days and blocks of training were

additive. This assumption might have inflated the MSresidual in case there
was a real day x block interaction (see Winer, 1962, p. 216). Any
way, the MS for blocks of training was small for all three subjects.
. 5. For A.S., accuracy was 8.5% higher than on the first day oftrain
mg (the odd-numbered blocks) when the lines appeared at the trained
location on the test day; and accuracy was only 1.5 % higher than on
the first day of training (the even-numbered blocks) when the lines
appeared at the untrained location. The figures for Observer P.P. are
15.2% and 3.5%.

6. Owing to experimenter error, 1 subject in the difficult discrimina
tion condition was given 4 days of training (instead of 5). In order to
do .the ~NOVA, her results from Day 4 were duplicated for Day 5.
This adjustment, however, should not affect our interpretations of the
results. Two subjects in the easy condition and 2 in the difficult condi
tion made more than 5 errors with the central alphanumeric characters
on one of the training days. On the average, they made 2.2 errors per day.
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