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Purpose. To determine the nature and limits of visual improvement through repetitive practice
in human adults with naturally occurring amblyopia.

Methods. A key measure the authors used was a psychophysical estimate of Vernier acuity;
persons with amblyopia have marked deficits in Vernier acuity that are highly correlated with
their loss of Snellen acuity. The experiment consisted of three phases: pretraining measure-
ments of Vernier acuity and a second task (either line-detection thresholds or Snellen acuity)
in each eye with the lines at two orientations; a training phase in which observers repetitively
trained on the Vernier task at a specific line orientation until each had completed 4000 to
5000 trials; and posttrainingmeasurements (identical to those in the first phase). Two groups
of amblyopic observers were tested: novice observers (n = 6), who had no experience in
making psychophysical judgments with their amblyopic eyes, and experienced observers (n
= 5), who had previous experience in making Vernier judgments with their amblyopic eyes
(with the lines at a different orientation) using the signal-detection methodology.

Results. The authors found that strong and significant improvement in Vernier acuity occurs
in the trained orientation in all observers. Learning was generally strongest at the trained
orientation but may partially have been transferred to other orientations (n = 4). Significant
learning was transferred partially to the other eye (at the trained orientation) in two observers
with anisometropic amblyopia. Improvement in Vernier acuity did not transfer to an untrained
detection task. In two observers, the improvement in Vernier acuity was accompanied by a
commensurate improvement in Snellen acuity.

Conclusions. Some adults with amblyopia retain a significant degree of neural plasticity. Al-
though several observers (primarily novices) showed evidence of generalized learning, several
amblyopic patients showed evidence for improvement that was orientation and task specific.
In this latter group of observers, the improvement appeared to reflect alterations that were,
at least in part, in early neural processes that were orientation specific and were localized
beyond the site of convergence of the two eyes. Invest Ophthalmol Vis Sci. 1997;38:1493-
1510.

Amblyopia is a developmental disorder of spatial vi-
sion that develops only when strabismus, anisometro-
pia, or form deprivation (caused by cataract or high,
uncorrected ametropia, for example) are present dur-
ing a period of neural plasticity early in life.1 Amblyo-
pia is characterized by reductions in visual acuity, con-
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trast sensitivity, and positional acuity.1 3 Although am-
blyopia can often be reversed when treated early,
treatment is generally not undertaken in older chil-
dren and adults4"6 (but see Discussion).

In adults with normal vision, practice can improve
performance in a variety of visual tasks. The percep-
tual learning that follows practice is considered to be
a form of neural plasticity. Many recently reported
findings suggest that this neural plasticity may be ob-
served in adults, and that the improvement in perfor-
mance that follows practice may be quite specific. For
example, in adults with normal foveal vision, learning
is specific to the learned orientation,7"10 spatial fre-
quency,7'8 and direction of motion." This stimulus
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specificity has often been taken as evidence that per-
ceptual learning occurs at a relatively low level.

Strong learning effects also occur in the retinal
periphery, and this learning appears to be location-
specific. For example, Fiorentini and Berardi8 found
no transfer when they trained observers in contrast
sensitivity in the superior field and tested their perfor-
mance in the inferior visual field. Similar location
specificity has been obtained for other tasks.12"15 The
recently reported findings of Schoups et al14 suggest
that learning to discriminate among orientations in
peripheral vision is topographically precise. Learning
at one location did not transfer to an adjacent location
at the same eccentricity (on an isoeccentric arc, but
see Beard et al16). Moreover, in the results of Schoups
et al,14 learning at one orientation did not transfer
to other orientations. Interestingly, in their results,
transfer between eyes was almost complete. Similarly,
Beard et al15 found substantial interocular transfer of
learning but only when the visual pathway leads to the
corresponding location in the trained hemisphere.
These results are consistent with the interpretation
that, at least in part, improvement after practice repre-
sents neural fine-tuning at a relatively low level of vi-
sual processing.1718 If perceptual learning reflects neu-
ral fine-tuning of processes in VI for example, then
learning would be expected to be task-specific and
orientation-specific. If perceptual learning occurs in
binocular neurons, then learning would also be ex-
pected to show significant interocular transfer (as it
apparently does for some, but not in all tasks). Taken
together, these results provide strong evidence for
plasticity in the adult visual nervous system at a rela-
tively early stage of processing. However, we note also
that higher level (cognitive) processes sometimes may
play a role in effects obtained in practice. For exam-
ple, in their results Beard et al15 found that there was
significant transfer of practice from a Vernier task to
a resolution task and vice-versa in peripheral vision.
This transfer could reflect that the two tasks share
early (front-end) processes; however, it is also possible
that it reflects the observers' learning to allocate their
attention to the peripheral task,19 because shifting at-
tention from fovea to periphery may require practice.

The purpose of the current study was to investi-
gate whether similar neural plasticity exists in the vi-
sual system of adults with naturally occurring amblyo-
pia, related to anisometropia or strabismus. Specifi-
cally, in the current study we were interested in
knowing whether adults with amblyopia demonstrate
perceptual learning of Vernier acuity, and whether
this learning, if it occurs, reflects alterations in early
neural processes. We studied Vernier acuity because
persons with amblyopia have marked deficits in Ver-
nier acuity that are strongly correlated with their Snel-
len acuity. Results reported in a recent study20 suggest

that in a large group of observers with "normal" vi-
sion, those with the worst initial performance showed
the strongest effects of practice. Because persons with
amblyopia have elevated Vernier thresholds, these re-
sults predict large learning effects in amblyopic eyes.
To assess the relative contributions of neural factors
to any learning effects, we evaluated the orientation
specificity, task specificity and interocular specificity
of learning. A brief report of part of this work appears
elsewhere.21'22

METHODS

Stimuli

The stimuli in our experiments consisted of short,
dark line segments presented on a background with
a mean luminance of 100 cd/m2. When testing the
preferred eyes, each line segment was 4 minutes of
arc long and 0.9 minutes of arc wide, at the viewing
distance of 4 m. For the amblyopic eyes, the viewing
distance was decreased (in proportion to the observ-
er's visual acuity), so the angular dimensions of the
stimuli were proportionally larger. The Vernier stimu-
lus consisted of two abutting, dark lines, with a Vernier
offset between the two lines. The Weber contrast of
the lines was 80%, between 4 and 10 times the line-
contrast-detection threshold for both the nonambly-
opic and the amblyopic eyes. The line-detection stimulus
was one of these Vernier lines, whose contrast was
varied to measure the line-contrast-detection thresh-
old. In all experiments, the stimuli were presented
for 1 second, with an abrupt onset and offset, on a
Tektronix (Beaverton, OR) 608 oscilloscope screen
with a P31 phosphor, by a Neuroscientific VENUS
stimulus generator (Neuroscientific Corp., Farming-
dale, NY), and were viewed through a circular aper-
ture.

Procedure

To obtain criterion-free measurements of perfor-
mance, all thresholds were measured using a self-
paced, signal-detection rating-scale method of con-
stant stimuli.23'24 For the Vernier task, during each
trial one of five stimulus offsets (aligned, 1 step up, 1
step down, 2 steps up, or 2 steps down) was randomly
presented to the observer. The magnitude of the steps
was chosen on the basis of a small number of prelimi-
nary trials, so that the offsets bracketed the threshold
(the threshold offset was generally between step 1 and
step 2). After each trial, the observer rated the per-
ceived direction and magnitude of the offset by giving
integers from —2 to +2 and then received feedback
regarding the actual direction and magnitude of the
offset on the trial. For the Vernier task, each actual
run consisted of 125 trials, preceded by about 10 prac-
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tice trials. To obtain a criterion-free estimate of the
Vernier threshold, we used a maximum-likelihood fit
to the rating-scale data to estimate the d! values (indi-
cating the detectability of the offset) for each stimulus
position tested during a run and interpolated to a d!
value of 1 (84% correct), using a linear transducer
function. Our thresholds represent the precision for
discriminating the direction of the offset, and represent
the offset required to discriminate the direction of
offset, specified at a d! equal to 1.

Preliminary runs were provided (for each eye), to
familiarize the observer with the procedure and to
establish the appropriate steps for use in the actual
trials. Preliminary runs consisted of two or three
blocks of 50 trials per block, and were (except for the
number of trials) identical to the actual runs. Based
on the results of the preliminary runs, we chose a
step size that bracketed the threshold (i.e., the offset
yielding d! = 1, fell between step 1 and step 2). During
the actual experiment, if performance improved, the
step size was decreased according to a d! criterion.
Specifically, the step size was reduced (to bracket the
threshold) if d! for the small offset exceeded 1.6 in
three consecutive runs.

Thresholds for detecting the individual line seg-
ments were measured using the same self-paced, rat-
ing-scale method of constant stimuli.23'24 Observers
rated the contrast of the line on a scale of 0 to 4.
Detection thresholds were specified at a d' value of 1
(equivalent to 84% correct). For the detection task,
each run consisted of 100 trials, preceded by approxi-
mately 10 practice trials.

For the novice observers (denned later) Snellen
acuity was measured using Davidson-Eskridge
charts.25 These are highly "crowded" charts, and acu-
ities were estimated from the psychometric functions
relating the percentage of correct performances to
the size of letters, using probit analysis.26

Observers

We tested two groups of amblyopic observers. One
group consisted of six novice observers who had no
prior experience in making psychophysical judg-
ments. Because we were interested in perceptual
learning, as opposed to simply learning the psycho-
physical technique or learning a strategy for making
psychophysical observations with an amblyopic eye,
we also tested a group of five observers with previous
experience in making Vernier and detection judg-
ments using our signal-detection rating-scale methods.
The most experienced observers, RH, RJ, and BJ had
several years' (and hundreds of thousands of trials)
experience as observers using these methods; KW and
FG had less previous experience (FG had approxi-
mately 5000 trials divided evenly between the two
eyes). One potential problem with testing highly expe-

rienced observers is that, through many trials with
feedback, they may have already improved to their
limit. Therefore, we trained our previously experi-
enced observers with oblique Vernier lines, knowing
that all their previous experiments had been with hori-
zontal or vertical targets. We have previously noted
that observers with normal vision, who have extensive
experience in making Vernier judgments with hori-
zontal and vertical targets, show considerable learning
with oblique targets.27 Our observers were all adults
between the ages of 19 and 53 years with amblyopia
related to strabismus, anisometropia, or both. Their
visual characteristics are given in Table 1. The re-
search followed the tenets of the Declaration of Hel-
sinki, informed consent was obtained after the nature
and possible consequences of the study were ex-
plained, and the research was approved by the Univer-
sity of Houston's institutional human experimentation
committee.

Experimental Strategy

Our experiment consisted of three phases: pretraining
measurements of Vernier acuity in both eyes for at
least two orientations of the lines. For some observers
we also made pretraining and posttraining measure-
ments for a second task (line detection or Snellen
acuity); a training phase in which observers repetitively
trained on the Vernier task at a specific orientation
until each had completed 4000 to 5000 trials; posttrain-
ing measurements, which were the same as the pre-
training measurements. For the pretraining and post-
training measurements, the order of testing was coun-
terbalanced for all eyes and conditions. A subset (n =
7) of the observers, underwent a subsequent training
phase at a second orientation (e.g., 90° for the novices,
45 or 135° for the experienced observers [Table 2],
followed by another round of posttraining measure-
ments. One observer (RH) repeated this sequence, at
four angles of orientation (45°, 135°, 90°, and 0°). All
testing was monocular, with the untested eye occluded
with a black patch.

RESULTS

Improvement Throughout Training

Figures 1, 2, and 3 show representative data from the
training sessions. Consider Figure 1, which shows the
Vernier threshold data for two anisometiopic novice
observers. The observers were trained with a Vernier
task of a specific orientation (0°)—the filled circles
represent the pretraining and posttraining data for
this condition (that is, the trained condition). For all
training days, each datum represents the threshold on
the basis of 125 trials. Rather than connect the data
points, we fit each data set within a daily session with
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TABLE l. Visual Characteristics of Observers With Amblyopia

Observer

Experienced
RJ

BJ

FG

RH

KW

Novices
EW

KC

JV

JB

DS

LM

Age
(years)

53

27

19

26

20

26

29

33

39

22

25

Sex

M

M

M

M

F

F

M

M

M

M

F

Type

AnisoJ

Aniso

Both

Strab

Strab

Aniso

Aniso

Both

Strab

Both

Strab

Eye

OD
OS
OD
OS
OD
OS
OD
OS
OD
OS

OD
OS
OD
OS
OD
OS
OD
OS
OD
OS

OD
OS

Treatment

+0.50/-0.25 X 95
+2.50/-0.75 X 125
pl/-0.25 X 180
+3.75/-1.50 X 20
+4.00/-1.50 X 162
+2.75
-1.00/-0.50 X 170
-1.50/-1.50 X 10
+0.75
+0.75/-0.25 X 45

+ 1.50/-0.75 X 95
piano
piano
+2.5
-3.75/-0.50 X 025
-0.75/-0.75 X 155
+ 1.75/-0.50 X 142
+ 1.25/-1.0 X 025
+0.25/-0.25 X 90
+7.25/-0.50 X 120

-0.25/-1.25 X 112
+0.50/-1.75 X 024

Acuity*

20/14
20/57
20/12
20/52
20/32
20/18
20/15
20/59
20/20
20/70

20/80
20/16
20/15
20/44
20/15
20/33
20/49
20/20
20/15
20/101

20/20
20/104

Fixation^

Central
Central
Central
Central
0.6° nasal
Central
Central
Unsteady
Central
0.30° temp

Central
Central
Central
Central
Central
1° temp
0.25° nasal
Central
Central
Unsteady

(«0.25° sup)
Central
0.50° nasal

Strabismus

None

None

Microtropia r. et, 4A

Microtropia 1. et., 2A

Constant 1. xt., 7A

None

None

Constant 1. et., 5A

Constant r. et, 6A

Constant 1. xt., 6A

Constant 1. xt., 45A

* 75% correct on Davidson-Eskridge charts (at or before the start of the learning experiment).
f Fixation determined with Haidinger's brushes and visuoscopy.
X No constant strabismus, and hyperopic anisonietropia > + 1.5 D or myopic anisometropa >4 D.

a linear function. By fitting the data in this way "local"
trends can be more easily seen. The local trends are
interesting, because they highlight the large, individ-
ual differences in how learning occurs. For example,
observer EW shows significant learning during the first
few sessions; however, most of her subsequent learn-
ing takes place between sessions, and she actually
shows worsening during the later sessions, whereas
her thresholds decrease between sessions. Similar
trends can be seen in the data recorded on other
observers (LM, DS, and KW, for example). Simple
regression analysis on the overall data showed that
each observer's Vernier threshold improved signifi-
cantly (10 of the 11 at <0.0001 P) at the trained orien-
tation. The significance of each F statistic (the proba-
bility values) for these overall analyses (probability val-
ues) is shown in Table 2 for each observer.

To look more closely at where and how learning
occurred, we used a segmented regression analysis
(see Appendix for details). The results are shown by
the heavy dotted lines and the numbers in each figure.
For example, consider the data of EW. According to
the segmented regression analysis, blocks 1 through
7 showed significant improvement in performance (P
= 0.021), followed by a significant step improvement
in performance (denoted by "jmp"). From block 8

to 16, performance improved slightly but not signifi-
cantly (P = 0.27); and from blocks 17 through 44,
performance improved steadily and significantly (P =
0.012). Each panel shows the learning trends indi-
cated by our analysis; it is clear that the magnitude,
time-scale and style of learning is highly individualis-
tic. Despite the individual differences in learning
styles, the segmented regression analysis reveals sig-
nificant improvement in the course of learning in all
11 observers.

To summarize the improvements, Vernier thresh-
olds for each session («1000 trials) were normalized
by the pretraining threshold, and averaged to include
results in all five practiced observers (Fig. 4, left panel)
and those in all six novice observers (Fig. 4, right
panel). The error bars are ± 1 SE. The lines are expo-
nential fits to the data. Despite the substantial individ-
ual differences in learning, the trends revealed in the
group data are quite clear. For the experienced ob-
servers, thresholds become asymptotic at about half
of the pretraining value after approximately five or six
sessions (5000 to 6000 trials). As might be expected,
the novice observers show stronger learning effects
that are less than 40% of their initial values after 10
sessions and may not yet have reached their asymptotic
level by the end of all of the practice trials.
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FIGURE l. Vernier thresholds plotted as a function of consec-
utive blocks of 125 trials per block. The data are for two
anisometropic novice observers. Filled circles represent the
pretraining and posttraining data for the trained condition.
The solid line segments show the linear regression line fit
to the data of each daily session. The heavy dotted lines
and numbers (P values) in each panel show the results of
segmented regression analyses (see Results and Appendix).

In summary, all 11 of our observers showed sig-
nificant overall improvement after practicing Vernier
acuity at one orientation. Here, we examine the effects
of training at a new orientation, and the specificity of
the improvement.

Subsequent Training

After completion of the initial training and posttest-
ing, seven observers underwent a subsequent round
of training with the lines set at a new orientation (the
methods and procedure were identical to those in the
initial training). Figures 5 and 6 show the training
data recorded for five of the seven observers (three
novice observers, Fig. 5; two experienced observers,
Fig. 6) who underwent a subsequent round of practice
at a different orientation. The regression analyses of
these subsequent rounds of practice (and several oth-

ers that are not shown) are included in Table 2. For
experienced observers BJ and FG, the second round
of learning also resulted in significant improvement
of performance (P < 0.0001), and it is interesting to
note that they maintained the level of improvement
achieved after the initial training; for RH (Table 2)
none of the subsequent rounds resulted in significant
improvement. For novice observers KC and JB, subse-
quent training at an orientation of 90° improved per-
formance significantly. Similarly, EW, who completed
only about 20 blocks, roughly 2500 dials, at 45°,
showed a significant improvement with the new orien-
tation (Table 2). However, DS showed no significant
improvement with the new orientation.

Transfer of Training

We assessed transfer of learning using the pretraining
and posttraining data (see Experimental Strategy) col-
lected in both eyes with different orientations and in
different tasks. Specifically, after training in only one
task (Vernier) at a single orientation, we compared
the pretraining and posttraining performances. Fig-
ure 7 summarizes the results of the initial training by
plotting, in histogram form, the percentage of im-
provement from pretraining to posttraining for each
observer. The left column shows results recorded in
the experienced observers, the right column those re-
corded in the novice observers.

Orientation. The top panels show the improvement
in the trained (amblyopic) eye at the trained orienta-
tion, and at an untrained orientation.I As expected,
on the basis of data measuring performance on train-
ing days, all 11 observers showed improvement during
the trained orientation (Table 2). The mean improve-
ment was 44% for experienced and 59% for novice
observers; however, there were substantial interindi-
vidual differences. The two most experienced observ-
ers (RH and RJ) showed only about a 25% improve-
ment, whereas several novice observers showed im-
provements greater than 70%.

Improvement was generally most notable at the
trained orientation, with improvement at the un-
trained orientation considerably reduced—to 12%
for the experienced and 27% for the novice observers.
Eight of the observers showed substantial and signifi-
cant improvement (P = 0.01, or better) at the trained
orientation, with little or no significant improvement
in the untrained orientation—suggesting orientation-
specific learning (Table 3). Conversely, one of the
novice observers (JB) showed significant transfer to

X In the experienced observers, we made measurements at several
orientations. These data are presented elsewhere (Levi and Polat21).
For simplicity, here we report the results at a neighboring orienta-
tion (90 °) with which the observers had not had previous psycho-
physical experience.
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FIGURE 2. Vernier thresholds plotted as a function of consecutive blocks of 125 trials per
block for four novice observers, two with strabismus, and two with strabismus and anisometro-
pia. Filled circles represent the pretraining and posttraining data for the trained condition.
The solid line segments show the linear regression line fit to the data of each daily session.
The heavy dotted lines and numbers (P values) in each panel show the results of segmented
regression analyses (see Results and Appendix).

the untrained orientation, and three other observers
(KC, LM, and FG) showed weaker improvement (P <
0.05 > 0.01) at the untrained orientation, suggesting

some generalized learning, too. Our finding of strong
improvement at the trained orientation, and weaker
improvement at die untrained orientations suggests
that both cognitive and neural factors can contribute
to the improvement.

Eye. There is substantial transfer to the untrained
eye at the trained orientation (middle panels). In this
condition, the mean improvement in the untrained
eye was 33% in the experienced observers, and 24%
in the novices. At the untrained orientation the mean
improvement was considerably smaller (11% and
12%, respectively). Thus, our results show partial
transfer of learning to the untrained (nonamblyopic)
eye. This is most notable in the two observers (FG
and BJ) with anisometropic amblyopia, for whom data

showed strong and significant transfer (P = 0.01, or
better) at the trained orientation, and little or no
transfer at the untrained orientation (Table 3). Over-
all, the transfer (that is, improvement in the untrained
eye compared with improvement in the trained eye)
averaged approximately 60% of the direct learning
effect in the trained orientation. Thus, we believe that
our results reflect, at least in some observers, neural
learning beyond the site of binocular convergence,
rather than a generalized learning. Supporting this
opinion is the argument that in some observers the
transfer is significant in the trained orientation and
not in the untrained orientation.

Detection. In contrast with the marked improve-
ment in the (trained) Vernier task, there is little im-
provement in a line-detection task (data of the experi-
enced observers are shown in the lower left panel of
Fig. 7, and the results in all five observers are surama-
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FIGURE 3. Vernier thresholds plotted as a function of consecutive blocks of 125 trials per
block, for four experienced observers tested with oblique lines, three with anisometropia,
and one with strabismus. Filled circles represent the pretraining and posttraining data for
the trained condition. The solid line segments show the linear regression line fit to the data
of each daily session. The heavy dotted lines and numbers (P values) in each panel show
the results of segmented regression analyses (see Results and Appendix).

30 40
I
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TABLE 2. Simple Regression Analysis* of Training Days

Observer Type Orientation Orientation Orientation Orientation

Experienced
BJ
FG
KW
RJ
RH

Novices
EW
DS
LM
JV
JB
KC

Aniso
Aniso
Strab
Aniso
Strab
Aniso

Both
Strab
Both
Strab
Aniso

1
135
45

135
135
45

0

0
0
0
0
0

<0.0001f
<0.0001f
<0.0001f
<o.oooit

0.006f
<0.0001f

<o.oooit
<o.oooit
<o.oooit
<0.0001f
<0.0001t

2
45

135

135

45J

90

90
90

<0.0001f
<0.0001f

0.94
<0.0005f

0.27

0.0097f
<0.0001t

90 0.84 0.09

* Regression analyses were performed on the data across training sessions. The significance of each F statistic (P values) is given for
each observer and condition.
f Significant P values.
X Only 2250 learning trials completed.
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Experienced Observers Inexperienced Observers

Sessions
Pre 6

Sessions
Post

FIGURE 4. Vernier thresholds for each session («1000 trials)
were normalized by the pretraining threshold, and averaged
for all five practiced observers (left) and all six novice observ-
ers (right). The error bars are ±1 SE. The lines are exponen-
tial fits to the data.

rized in Table 3). The mean improvement in detec-
tion thresholds is 7% in the trained orientation, and
9% in the untrained orientations (neither of which is
significant). None of the five observers showed sig-
nificant improvement in the untrained task at either
the trained or untrained orientation (Table 3). Thus,
in persons with amblyopia, training in a Vernier acuity
task does not transfer to the detection task. It has been
postulated that the amblyopic deficit in Vernier acuity
reflects noise (or undersampling) at a stage in the
visual pathway, beyond the site that limits detec-
tion.23'24 If this view is correct, it is tempting to specu-
late that the learning evident in our observers takes
place at this later stage. Statistical analysis of the trends
described is provided in Table 3 in the form of P
values based upon paired student's Hests.

Snellen Acuity. Interestingly, at least some persons
with amblyopia do show transfer of learning to a differ-
ent task—Snellen acuity. Recall that we made pre-
training and posttraining measurements of Snellen
acuity in the six novice observers. Two of the six novice
observers, EW and KC, showed improvements in Snel-
len acuity that were comparable to improvements in
their Vernier acuity. For EW—Snellen acuity had im-
proved from 20/80 to 20/22; KC improved from an
initial acuity of slightly worse than 20/40 to 20/20
(Fig. 8). This improvement in Snellen acuity is consis-
tent with the close connection between Vernier acuity
and Snellen acuity noted earlier.

DISCUSSION

Perceptual Learning in Amblyopia
Our results provide evidence of substantial plasticity
in human adults with naturally occurring amblyopia.

Our 11 observers showed substantial perceptual learn-
ing of Vernier acuity. The approximately 50% overall
average improvement in Vernier acuity in the trained
orientation is similar to the average improvement in
peripheral orientation discrimination recently reported
by Schoups et al14; however, it is considerably larger
than the approximately 20% average improvement in
peripheral Vernier thresholds reported by Beard et
al,15 and larger than that reported in data from many
previous studies of normal central vision. It should
also be noted that all of our observers showed signifi-
cant effects of practice, whereas, in Beard et al,15 as
in results of many other studies of learning, some ob-
servers failed to show significant learning. In data col-
lected in a previous study of Vernier acuity using simi-
lar methods and stimuli, Saarinen and Levi18 found
that in four normal observers, Vernier acuity improved
34%, on average, but with large individual differences:
One observer showed no significant improvement («
—2.5%), whereas one observer showed a more than
60% improvement. It should be kept in mind that in
the current study, unlike in many other learning stud-
ies, five observers had substantial previous experience
with Vernier acuity and our rating-scale task. Although
all five showed significant improvement in Vernier

0 20 40 60 80 100

Blocks (N = 125)

FIGURE 5. Training data of three novice observers who un-
derwent a subsequent round of practice at a different orien-
tation.
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FIGURE 6. Training data of two experienced observers who
underwent a subsequent round of practice at a different
orientation.

acuity, the percentage was generally less than that ob-
tained in the novice observers. Our experienced ob-
servers, like normal observers, show substantial im-
provement in Vernier acuity with oblique stimuli.17

For example, McKee and Westheimer's17 observers
showed ~2% to 70% improvement in normal foveal
oblique Vernier acuity; however, in persons with am-
blyopia, perceptual learning is not limited to the
oblique meridian. All of the novices showed substan-
tial improvement in horizontal Vernier thresholds. In-
terestingly, after the training, EW's horizontal Vernier
thresholds had improved from 0.64 ± 0.05 minutes to
0.26 ± 0.03 minutes, comparable to the posttraining
thresholds in her preferred eye (0.26 ± 0.02 minutes).
Similarly, thresholds in KC's amblyopic eye improved
to 0.24 ± 0.01 minutes, comparable to the posttrain-
ing thresholds in his preferred eye (0.25 ± 0.04 min-
utes).

Our results and analysis also point out the large
individual differences in learning styles. Observers
showed individual differences in the magnitude, time
course, and style of learning. Neither the physiological
nor the biochemical basis for neural plasticity is fully
understood2829; however, there appear to be at least
two processes at work: The first is a slow process that
involves neural modification and requires consolida-

tion,30'31 enabling learning to occur between sessions.
This process is highly specific and long-lasting. Several
of our observers actually demonstrated significant
learning between sessions, despite their worsening
performances within a session. Whether this worsen-
ing reflects the effects of adaptation, fatigue, or some
other process requires further evaluation. The second
is a rapid8'9 process (within a session) that appears to
have a different neural basis. Both of these processes
may be at work in our observers, and both may contrib-
ute to the fine-tuning of neural circuitry in the visual
cortex.9'17'18'28'31

Fahle and Henke-Fahle20 suggested that in a
large group of observers with normal vision, those with
the worst initial performance showed the strongest
effects of practice. This was not necessarily the case
with our amblyopic observers, for whom a plot of the
percentage of each observer's improvement against
initial performance is shown in Figure 9. The best
fitting line (dotted) relating percentage of improve-
ment to initial performance has a (slightly) negative
slope (—8.55 ± 2.14) rather than the predicted posi-
tive slope.

Why Does Training Improve Performance?

There have been many attempts to explain why train-
ing or practice results in lower thresholds in normal
foveal vision; a full discussion is beyond the scope of
this report. One point of view is that perceptual learn-
ing reflects alterations of neural response early in the
visual pathway, where neurons are sensitive to local
features.8"10141518'32 An alternative point of view is that
improvement in performance is based on high-level
(or cognitive) processes.16 Recent evidence suggests
that the learning to discriminate among orientations
that is retinally local may be modulated by attention,
and thus may involve higher-order visual mecha-
nisms.33'34 As previously noted,14 this result does not
necessarily imply that learning occurs at a high level,
but it might be viewed as attention's gating the infor-
mation flow, possibly at an early level. Relevant to
results of the current experiments, Saarinen and
Levi18 found that perceptual learning in Vernier acuity
was accompanied by a narrowing of the orientation-
tuning of Vernier acuity, as revealed by masking exper-
iments, which will be discussed further.

To draw reasonable conclusions about the mecha-
nisms of learning in our amblyopic observers, it is
important to consider several plausible (but less inter-
esting) possibilities, specifically, fixational eye move-
ments, accommodation, and learning general strate-
gies for viewing with an amblyopic eye.

Many persons with amblyopia have inaccurate or
unsteady fixation35; thus improvement after practice
could result from an observer's learning to fixate more
accurately. Although improved fixation could result
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from forced use of the amblyopic eye, we believe that
this cannot fully explain our results, for two reasons.
First, Vernier acuity is robust to retinal image motion of
less than about 4 °/sec36—considerably faster than the
fixational movements of amblyopic eyes.35 Second, more
accurate fixation would be expected to improve perfor-
mance at all orientations, whereas steadier fixation
would be likely to improve performance most for vertical
stimuli (the drift is primarily horizontal and would there-
fore smear vertical contours). However, in many of our
observers the improvement was selective for orientation,
being strongest at the trained orientation (which was
either oblique or horizontal). Only one observer (a nov-
ice) showed significant improvement at the untrained

orientation (Table 3). Moreover, improvement in fixa-
tion would also be expected to improve performance in
the detection task; however, we found little evidence of
significant transfer of learning to the untrained detec-
tion task (Table 3).

Another possible explanation of improvement
after practice is that our observers learned better con-
trol of accommodation with their amblyopic eye. This
explanation also seems not to account fully for the
results, because Vernier acuity is relatively robust to
the effects of blur.37 In addition, if the effect of train-
ing could be explained by accommodative improve-
ment, then improvement should occur equally in all
orientations and in both tasks, not just in the trained
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FIGURE 7. A summary of the results of the initial training by plotting, in histogram form, the
percentage of improvement from pretraining to posttraining for each observer. The left
column shows results from the experienced observers, the right column from the novice
observers, (top panels) The improvement in the trained (amblyopic) eye at the trained
orientation and at an untrained orientation. Improvement was generally most marked at
the trained orientation, with less improvement at the untrained orientation, {middle panels)
Histograms show the improvement in the untrained (nonamblyopic) eye. The horizontal
line segments represent the improvement in Vernier acuity in the trained eye at the trained
orientation (top panel). There is considerable transfer of training to the untrained eye at
the trained orientation (mean improvement is 33% for the experienced observers, 24% for
the novices). At the untrained orientation, the mean improvement is considerably smaller
(11% and 12% for experienced and novice observers, respectively), (loiuer left panel) The
histograms show there is little improvement in performing a line-detection task (data of the
experienced observers are shown, and the results of all five observers are summarized in
Table 3). The mean improvements in detection thresholds are 7% in the trained orientation
and 9% in the untrained orientations. Neither was statistically significant (Table 3). (lorver
right panel) Transfer of learning to Snellen acuity. Note that two novice observers (EW
and KC) showed substantial improvements in Snellen acuity that were comparable to their
improvements in Vernier acuity. In both panels, the horizontal line segments represent the
improvement in Vernier acuity in the trained eye at the trained orientation (top panel).

orientation and task. Although some of the improve-
ment evident in the novice observers was undoubtedly
the result of learning more accurate fixation or accom-
modation or other general strategies for viewing with
an amblyopic eye, recall that five of our observers had
previous experience (from a few thousand to hun-
dreds of thousands of trials) in making Vernier judg-
ments with their amblyopic eyes. In these observers
fixation and accommodation would be expected to
be stable, as would their cognitive strategy, yet each
showed a significant improvement in performance at
the new orientation. Moreover, the absence of transfer

of learning to the detection task makes it difficult to
explain fully the training effects by some generalized
cognitive change that happens gradually or by learn-
ing to focus and fixate with an unpracticed eye. Thus,
we argue that at least some of the improvement in
performance reflects the effects of genuine neural
plasticity.

Specificity of Perceptual Learning

We explored the specificity of visual learning in an
attempt to pinpoint possible mechanisms for the plas-
ticity. The experimental strategy was to test whether

TABLE 3. Matched-Pair One-Sample t-Test Analysis of Pre vs Post Learning Data (P)

Observer

Experienced
FG
BJ
KW
RH
RJ

Novices
DS
JB
JV
KC
LM
EW

* Significant P
t P >0.01 and

Trained Task

Trained Eye

Trained
Orientation

0.0049*
0.0001*
0.0038*
0.08
0.373

0.0033*
0.092
0.0053*
0.0005*
0.01*
0.0005*

(P= 0.01 or better).
<0.05.

Untrained
Orientation

0.016f
0.44
0.38
0.29
0.26

0.22
0.001
0.18
0.024f
0.033f
0.27

(Vernier)

Untrained Eye

Trained
Orientation

0.01*
0.003*
0.47
0.29

—

0.1
0.023f
0.13
0.24
0.68
0.12

Untrained
Orientation

0.49
0.96

—
0.03f

—

0.35
0.03f
0.57
0.08
0.08
0.99

FT , • i m |

Untrained Task
(trained eye)

Trained
Orientation

0.88
0.56

0.11

0.086

0.42

(detection)

Untrained
Orientation

0.53
0.23

0.27

0.066

0.46
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FIGURE 8. Snellen acuity of an adult widi anisometropic am-
blyopia (KC; measured with Davidson-Eskridge charts, and
specified in minutes of arc) are plotted at various intervals
during the experiments. His visual acuity improved from an
initial acuity of slightly worse than 20/40 to 20/20.

improvement in Vernier acuity transfers to other ori-
entations and tasks, and whether it transfers to the
untrained eye.

Orientation Specificity. Our results suggest that
learning was strongest at the trained orientation (Fig.
3, Table 3); however, in contrast with the results of
Schoups et al14 we found some improvement at the
untrained orientations. If the improvement with prac-
tice reflected the fine-tuning of orientation-specific
neurons in VI, then improvement should be restricted
to the trained orientation. However, if the improve-
ment reflects either cognitive learning, or the learning
of strategies for making perceptual judgments with an
amblyopic eye (including how to fixate or accommo-
date), then performance would be expected to im-
prove uniformly at all orientations. Clearly, this is not
the case. Our finding of strong improvement at the
trained orientation and weak improvement at the un-

trained orientation suggests that both cognitive and
neural factors can contribute to the improvement.
However, it is also important to recognize the large
differences among persons. For example, EW, JV, DS,
BJ, and KW showed substantial improvement at the
trained orientation, with little or no improvement in
the untrained orientation. Conversely, some observers
(KC, JB, LM and FG) showed considerable transfer of
learning to the untrained orientation, suggesting
some generalized learning as well.

Task Specificity. As a second test of the specificity
of learning, we examined the specificity of improve-
ment in the untrained detection task after extensive
practice on the Vernier task. Our results suggest that
perceptual learning in amblyopia is task specific. None
of our observers showed significant improvement in
the untrained task at the trained orientation (Table
3). Interestingly, in normal peripheral vision there is
partial transfer of learning from one task (Vernier or
resolution) to the other.15 The amblyopic deficit is
more notable in Vernier acuity than in line detection,
and it has been postulated that the deficit in position
coding reflects noise (or undersampling) at a stage in
the visual pathway beyond the site that limits detec-
tion.2324 If this view is correct, it is tempting to specu-
late that the learning evident in our observers takes
place at this later stage.

One of the most interesting aspects of our results
is the finding that, in two of the novices with amblyo-
pia, training in Vernier acuity appears to transfer to
Snellen acuity. The improvement in EW's and KC's
Snellen acuity is rather encouraging and is consistent
with the close connection between Vernier acuity and
Snellen acuity noted earlier. We have also noted steady
improvement in several of our highly experienced ob-
servers—most notably in the one with strabismic am-
blyopia (RH), and in the one with anisometropic am-
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FIGURE 9. The percentage of improvement of each observer
is plotted against initial performance. The best-fitting line
(dotted line) relating percentage of improvement to initial
performance has a (slightly) negative slope (—8.55 ± 2.14).
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blyopia (RJ). When he was first recruited as an ob-
server in 1987, RH's Snellen acuity was 20/175. His
acuity had improved to 20/68 when retested in 1989,
and to 20/59 in 1990. At the most recent testing (May
1996, after completion of the learning experiments),
his acuity was 20/34. We attribute this approximately
fivefold improvement in acuity to his participation in
psychophysical experiments (mostly involving position
acuity tasks) using his amblyopic eye on average, 3 to
6 hours each week. Not quite so dramatically, RJ, who
participated in experiments using his amblyopic eye
for only ~ 1 to 2 hours a week, showed an approximate
twofold improvement in acuity from 20/80 in 1987 to
20/57 in 1991, and most recently 20/43 in 1996.

Eye Specificity. Our results show partial transfer of
learning to the untrained (nonamblyopic) eye. The
transfer averaged approximately 60% of the direct
learning effect in the trained orientation. Transfer to
the other eye has been reported in results of previous
studies of observers with normal vision and foveal7'8'12

or peripheral14'15 viewing. Beard et al15 and Ball and
Sekuler11 found a transfer of learning to the untrained
eye when the visual pathway led to the trained hemi-
sphere (but no transfer of learning when the path was
led to the untrained hemisphere).

The interpretation of binocular transfer is not al-
ways straightforword. No transfer suggests that learn-
ing occurs in monocular pathways. Complete interoc-
ular transfer could be interpreted as reflecting either
cognitive (nonspecific) learning, or learning in binoc-
ular pathways (if the improvement in performance is
specific). In peripheral vision, transfer to the trained
hemisphere or to both hemispheres can distinguish
between these possibilities. However, in foveal experi-
ments, this strategy cannot be used. We believe that
our results reflect, at least in some observers, neural
learning beyond the site of binocular convergence.
The main argument to support this contention is that
the transfer is significant for the trained orientation
and not for the untrained orientations (in particular,
in anisometropic observers FG and BJ). If this conjec-
ture is correct, it is surprising, because persons with
amblyopia are generally considered to have a reduced
complement of binocular neurons. However, there is
evidence to suggest that despite a paucity of excitatory
binocular connections, some persons with amblyopia
maintain some binocular interactions.38"40

In summary, we found evidence for both general
learning (particularly in the novice observers) and
specific learning. We note that some observers, partic-
ularly the novices, showed more transfer of learning
(for example, to the untrained orientation) than is
typically reported in experiments of this type in nor-
mal observers. We believe that this transfer reflects
generalized learning effects, which probably occurred
in the early stages of learning (perhaps in the first few

sessions). For several of our observers, the improve-
ment in performance was both orientation and task
dependent. The task and orientation specificity are
both strong arguments for learning in orientation-
tuned neurons, possibly owing to fine-tuning (or cali-
bration) of the mechanisms mediating the task.1718

Interocular transfer of learning provides evidence for
the view that learning occurs at or beyond the primary
visual cortex where binocular interactions have been
reported, perhaps at or beyond area VI.41 Finally, we
note the point made forcefully by Mollon and Dani-
lova,42 that an absence of transfer does not necessarily
imply that the site of learning is early. The learning
may be central, and the specificity may lie in what is
learned. For example, the narrowing of orientation
tuning reported by Saarinen and Levi18 may reflect
that the observer learns to rely on the signals from a
more sensitive (and more narrowly tuned) subset of
all the neurons that respond to the stimulus. In this
view, perceptual learning in persons with amblyopia
may reflect a form of "calibration" of visual space
with the amblyopic eye.

Cortical Plasticity in Adults With Amblyopia

The current results suggest that some adults with am-
blyopia retain at least some cortical plasticity. Repeti-
tive training leads to substantial improvement in Ver-
nier acuity that is task and orientation specific. This
result is consistent with recent evidence of a remark-
able degree of plasticity in the visual cortex of adult
cats with experimentally induced retinal lesions4344;
however, it is surprising, because the physiological ef-
fects of strabismus or lid suture on the cortex are
generally thought to be irreversible after some critical
period (typically 3 to 4 months in cats and mon-
keys).45'46

Although it is often stated that persons with ambly-
opia cannot be treated beyond a certain age,6 a review
of the literature suggests otherwise. For example,
Kupfer47 reported marked improvement in acuity, in
seven adults with strabismic amblyopia (age range, 18
to 22 years). All seven showed improvements ranging
from 71% (20/70 to 20/20) to a dramatic improve-
ment from seeing hand-only movements, to 20/25
after 4 weeks. It is important to note that all patients
had relatively late onset (age 2 years or older), were
highly motivated, and that Kupfer's treatment was ag-
gressive. The patients were hospitalized for 4 weeks,
during which time their preferred eyes were continu-
ously patched and given fixation training. However,
the very fact that adults with amblyopia can improve
suggests that there is no clear upper age limit for
recovery of acuity, at least in strabismic amblyopia with
an onset older than age 2 or so. Since Kupfer's find-
ings, there have been many reports of improvement
in acuity of older persons with amblyopia.48'49
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Our results raise some interesting questions about
the treatment of amblyopia. The "standard" treat-
ment for amblyopia consists of patching the preferred
eye.'" Although results in anatomic and physiological £
studies suggest that early reverse occlusion operates
to reverse the physiological dominance of the de-
prived eye, the mechanisms of improvement in acuity
in older children (and adults) is not yet known, al-
though it is clear that treatment is frequently effective
in improving visual acuity and other visual capacit-
ies.47"50 Could the improvements evidenced in clinical
treatment of amblyopia represent effects that are simi-
lar to the plasticity that we have documented here?
The specificity of perceptual learning evidenced in
the current results poses some difficulties. If the im-
provement after practice were solely limited to the
trained stimulus, condition, and task, the type of plas-
ticity documented here would have limited (if any)
therapeutic value for amblyopia, because amblyopia
is defined primarily on the basis of reduced Snellen
acuity. However, the Vernier acuity of amblyopic per-
sons is highly correlated with their Snellen acuity (see
Levi2), suggesting that the same mechanisms might
limit both tasks; and two of our observers, both nov-
ices, after practicing Vernier acuity, showed commen-
surate improvements in Snellen acuity. Note that, simi-
lar to clinical treatment of amblyopia, during the ex-
perimental sessions the preferred eyes of our
observers were patched while they performed the Ver-
nier task (see Methods section). Brief periods of occlu-
sion have been shown to result in improvements in
young children with amblyopia.500 Moreover, during
the experiments, our observers were engaged in mak-
ing fine visual discriminations using their amblyopic
eyes, and it is often claimed that "active" learning is
more effective than passive learning.51 Finally, it is
important to emphasize that in our experiments, ob-
servers were provided repeated exposure to the same
stimuli, and were given explicit feedback regarding
the direction and magnitude of the Vernier offset. To
the extent that poor positional acuity in amblyopia
results from improper calibration of visual space,5253

we speculate that this feedback may have been helpful
in developing a useful calibration of visual space with
the amblyopic eye.

Permanence of Perceptual Learning

In adults with normal vision, perceptual learning ef-
fects are often reported to be long lasting.30'31 The
longevity of these effects is clearly of special interest
in persons with amblyopia, where it is well known that
the effects of treatment often regress. One of our ob-
servers who showed significant learning (KC) re-
turned approximately 10 months after the conclusion
of the study. Figure 10A shows his Vernier acuity for
horizontal lines during the original training period

O 0 deg Oct/Nov 95
• 0 deg Aug/Sept 96

50
Blocks (N = 125)

, J KC - aniso ..

10
Sessions

20

FIGURE 10. (A) Vernier acuity of KC for horizontal lines dur-
ing the initial training (open circles) and after a 10-month
hiatus (solid circles). (B) Snellen acuity of KC plotted at vari-
ous intervals during the initial training (open circles) and
after a 10-month hiatus (solid circles), before and after ~1
week of practicing Vernier acuity.

(open symbols), and after a 10-month hiatus (solid
symbols). Clearly, his performance after the hiatus was
not as good as when he finished the initial training
but was considerably better than his initial perfor-
mance. In other words, he retained about 40% of his
improvement. More important, note the rapid im-
provement in performance to a level equal to or
slightly better than that achieved initially. Similarly,
his Snellen acuity (Fig. 10B) regressed throughout the
10 months tojust slightly better than his baseline level;
but, like his Vernier acuity, it showed marked improve-
ment after about 1 week of practicing Vernier acuity.

Summary

The major findings of the current study are that repeti-
tive practice leads to significant and substantial im-
provements in Vernier acuity in the amblyopic eyes of
adults with naturally occurring amblyopia. In at least
some of our observers, the improvement was orienta-
tion and task specific and shows partial transfer of
learning to the untrained eye (at the trained orienta-
tion). Taken together, our results suggest that at least
some of the improvement in performance in the am-
blyopic eyes must be a consequence of genuine neural
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learning, perhaps caused by sharpening of neural re-
sponses, that is task and orientation specific but is
localized beyond the site of convergence of the two
eyes.
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APPENDIX: SEGMENTED REGRESSION
Learning Data and Segmented Regression
Perceptual learning data are the record of the observ-
er's Vernier acuity thresholds in a series of time in-

dexes. Statistical trend analysis of the data provides a
means of assessing learning efficiency. Because our
data show strong nonlinear trends, we believe that the
conventional linear regression model is not adequate.
Instead, a model with several line segments (seg-
mented regression) would describe the complex
learning process better. For instance, we have JVobser-
vations for N indexes of time: yij2,---,yN> in which the
first m (m < N) observations follow a regression line,
but the rest of the observations are best fit by another
line. In this situation, the slopes of the two lines may
be different, or the two lines may not be connected.
The statistical model for this particular segmented re-
gression problem is as follows:

= a,\Xj + b\ + Cj, » = 1,2,3,..., m
(1)

,, != m+ \,..

where e, is the error term and m is an integer (1 < m
< N).

The critical index m is referred to as a "turning
point" or "change point" in the statistical literature.
In a sequence of measurements taken in some physical
process, the critical time index indicates the possible
occurrence of a change—for example, in learning.

Notice that when #1 = a^ and a](xm+1 — x,n) + b^
— bi = 0, corresponding to equal slopes and the con-
nected condition at m, the segmented regression
model above is reduced to conventional linear regres-
sion.

In exploratory data analysis of perceptual learning
data, the critical index m is unknown because we do
not know when improvement might occur. Therefore,
to apply segmented regression, first we must estimate
the index m from the data, and then fit the data with
the segmented regression model, using the estimated
m. Thus, we obtain the estimated ax,by and a^,^. The
final step is to select a model: We have to decide
whether the data follow a true segmented model (two
connected lines or two disconnected lines) or a simple
linear regression model. This can be achieved through
proper statistical testing. The statistics involved in esti-
mating turning points in a sequence of observations
belong to statistical change analysis, which will be de-
scribed later.

Moreover, data recorded from a complicated pro-
cess may reveal more complicated trends than would
the two-phased segments. In such cases, a several-
phased, segmented regression is more appropriate. In
fact, most of the data presented in this paper are better
fit with this general model than they would be with
the two-phased model.1 Here, unknown parameters
include the number and the location of the change
points, which must be estimated from the data.
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Learning Process and Segmentation

To apply segmented regression to the learning data,
first we must have grouping data. This corresponds to
estimating the change parameters in the following
way, so that if we divide the original sequence y\,y%,---,yN
into r + 1 groups, (yi,...,ymi),(ymi+u—,ym!i)>—,
(3i% + i,...,jiivj, the observations within each group are
similar but different among the groups, in that the
mean values of the consecutive groups are significantly
different.

In our learning data, grouping the thresholds on
the basis of level (mean) change indicates the differ-
ent phases of the observer's performance. However,
observers' performances may progress in different
ways: continuously improving, worsening, or re-
maining relatively stable. Therefore, any model for
learning data should characterize the process in three
aspects: the mathematical form of slow progress, the
type of substantial learning, and where the substantial
learning (change) occurs.

In the current study, we use a linear function (a
line) to describe local slow progress; substantial learn-
ing or change could take the form of either an abrupt
change (jump), or turning (slope change), or both.
The statistic involved in the grouping strategy is re-
ferred to as mean change detection, which is intro-
duced next.

Preliminaries of Mean Change Analysis

Applications of statistical change analysis appear in a
variety of fields, including quality control, economet-
rics, global change analysis, and medical science. Re-
cently, change analysis has been used in the pharma-
ceutical industry and in vision science.54'55

Mean Change-Point Problem. Suppose that the TV or-
dered observations y\, y%,...,yN have distribution func-
tions F\, F2,...,FN with means //,,...,/xN, respectively. The
basic question in the mean change-point problem is
whether /j,u...,fj,N remain the same, or whether at least
one change has occurred.

The single change-point problem is the hypothe-
sis-testing (H) problem expressed as follows:

where m is unknown, 1 < m ^ N — 1.
Several procedures are available to determine the

location of the change. For instance, a number of
workers develop various CuSum (cumulative sum)
type procedures. Encompassing much of the previous
works, Parzen56 introduced a new approach to the
change-point problem, which we will see partially in
the section about the CuSum procedure. However,

analysis on the several-abrupt-change-points problem
is complicated and involves more advanced statistics
and mathematics, which are beyond the scope of this
report (see McCulloch and Tsay57 and Hu58). Instead,
we will use the sequential CuSum procedure to deal
with the problem of determining several mean valves
in the dark in the report. The method is known as an
ad hoc approach for detecting several change points.
Hu58 demonstrated that the estimates are reasonable
and comparable to those obtained from the advanced
approaches under reasonable assumptions about the
data. Here, we present a brief description for a CuSum
procedure, and then illustrate the sequential CuSum
procedure with our learning data.

CuSum Procedure. For given observations yi}

y2>--->yN> we form two processes (dynamic statistics) on
the interval [0,1]: the density process and the CuSum
process (change process)

%.— I
a ' N

and

C(t) = Je

respectively, where the density process C(t) is actually
an alternative form of the standardized data with c~"(l)
= 0. (Y is the sample mean and & is the sample stan-
dard deviation as usual).

Under the null hypothesis of no change, the Cu-
Sum process C(t) converges in distribution to a stan-
dard Brownian Bridge stochastic process (no pattern).
The term "bridge" is given by the facts that C(0) =
C(l) = 0. If there is any change, some pattern will
show up on the graph of the CuSum process. For
instance, a simple change in the mean will produce a
peak (trough) feature in the process, and it suggests
a downward (upward) shift in the mean. It is true
that some templates of the CuSum process plots are
informative and useful when considering types of
changes in the data. For example, the convex- or con-
cave-looking and S-shaped CuSum processes present
evidence of linear and quadratic trends, respectively.
Thus, in the exploratory data analysis, the CuSum pro-
cedure provides a diagnosis for change in the mean.
Being rigorous in statistics, one may construct either
Kolmogorov-Smirnov-type or likelihood-type statistics
to test the existence of a change point, namely,

KS = Max

Here,
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FIGURE 11. The top three panels show specific examples of the segmented regression analysis.
The lower three panels show the CuSum process analysis. Details in Appendix.

The possible change point is suggested by the argu-
ment at which the statistic KS takes the extreme value.

Example 1. The data set RJ135 (Fig. Al, [2,2]) con-
sist of 47 observations. A peak appears at 21 on the
graph of the CuSum process (Fig. Al, [3,2]). This
suggests that there are two stages in RJ's learning pro-
cess (improving). However, the curvature on both
sides of the change point suggests a linear (not hori-
zontal) tendency on each side. With the estimated
change (21), the fitted model is formed by two con-
nected segments whose slopes are estimated as
—0.0161 and —0.0044. The significance tests leave P
values of 0.0005 and 0.19, respectively, and the Pvalue
for the equal-slope test is 0.09. The model explains
RJ's gradual learning process: He seemed to learn
faster in the first 21 training blocks.

Example 2. In this sequential CuSum procedure,
the data set DSO (Fig. Al, [2,3]) are records of 53
threshold readings. We estimate the primary change
point t = 20 from the CuSum procedure, as described.
Using this cut point, we divide the data set into two
subsets: S\ = [)>],...,>2o] and S? = [ ^ l v , ^ ] and then
apply the CuSum procedure to each of the two smaller
sets, as though they were unrelated. Thus, the time
indexes 12 and 36 are located as change points in the
processes Si and S^, respectively. The three estimated
change points, 12, 20, and 36, suggest using the gen-
eral segmented regression model to fit the data set
DSO. The regression and linear hypothesis testing
leave the results as follows. Slopes:

bx = -0.034 (P= 0.155); h = -0.035 (P = 0.426)
bs = -0.00066 (P = 0.97); b4 = 0.00061 (P =

0.97).
Pvalues for the continuity test at the three change

points: 0.47, 0.23, 0.043; P values for the equal-slopes
tests: 0.987 (Ho: b, = hY, 0.95 (Ho: h = b4)

Based on the information, we see the model
agrees with bx = b?, bs = b4 = 0, and it is connected at
12,20 butjumps at 36. Finally, we chose the condensed
segmented model with three pieces, with the lines con-
nected at 20 and disconnected at 36. The slopes are
—0.654,0,0. The CuSum process and the segmented
model for data set DSO are plotted in Figure Al: (3,3)
and (2,3) respectively.

The model characterizes DS's learning process:
faster learning in the first 20 training blocks, then
accumulating experience, but remaining at essentially
the same level of performance for the next 15 blocks.
Suddenly, DS achieved substantial improvement and
reached a higher level of Vernier acuity (lower thresh-
olds).

Summary

In summary, the statistical work on trend analysis with
the segmented regression model consists of two parts:
grouping sequential data based on change-points esti-
mation and model selection. The latter is accom-
plished by segmented regression and the associated
testing of the linear hypothesis.


