
1 Introduction
The ability to view and then reproduce other people's actions is important in the everyday
lives of Homo sapiens. It contributes to the acquisition and fine-tuning of important
skills, including aspects of sports, food preparation, surgery, glass blowing, and lacing
one's shoes. The ability to reproduce seen actions is intriguing from a theoretical
perspective because it requires cooperation among cognitive and brain systems, includ-
ing systems that participate in vision, attention, motor planning, and control (Schaal
1999). Additionally, reproduction of seen actions requires neural systems that translate
between sensory and motor domains (Milner and Goodale 1995).

When visuomotor reproduction is used to teach some skill, the time at which a
student's reproduction begins can vary. In one approach, exemplified by knitting or tying
shoelaces, novices may be encouraged to reproduce the action while that action is being
modeled. In another approach, exemplified by martial arts such as karate and tai chi
chuan, or by golf, beginners may be encouraged to delay their performance until the entire
model or significant portions of it have been completed. Our experiments assessed
reproduction of synthetic actions (`models') defined in spatial as well as temporal
coordinates. In one experiment delayed and concurrent reproduction were compared.

When the start of reproduction is delayed, performance also calls upon memory
circuits dedicated to storing and later retrieving the action that had been seen (Grezes
et al 1999). To examine the effects of delay,Weeks et al (1996) used hand shapes from the
American Manual Alphabet(1) as stimulus models. As measured by a coarse, `pass ^ fail'
scoring system, delay initially hindered reproduction, but, with practice, delay actually
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(1) In the American Manual Alphabet, the positions of the signer's arms, wrist, and fingers are
combined to produce 26 different gestures, which correspond to the letters of the English alphabet.
In the experiment by Weeks et al hand shapes were presented on videotape for 3 s each. Because
these models were static poses of fingers and hand, temporal information was irrelevant; the infor-
mation essential for performance was purely spatial.
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promoted rapid improvement in hand shape reproduction. By the end of the experiment,
delayed performance was more successful than concurrent performance.

Reproduction of seen actions requires close collaboration among processes that
are normally studied in isolation from one another (Goodale 1998). In particular,
the quality of reproduction depends upon the visual encoding of each model, and the
fidelity with which visual information is preserved in memory. Therefore, we designed
experiments to evaluate the contributions that vision and memory make to the quality
of reproduction.

2 Experiment 1: Reproduction performance and learning
Volunteers viewed simple, computer-generated two-dimensional (2-D) synthetic `actions',
and then tried to reproduce them with a stylus and a graphics tablet. Each action
comprised a sequence of movements along a trajectory made up of randomly directed,
linked, linear segments. These stimuli offered a number of advantages. For example, linear
segments minimized the striking misperceptions that can occur with more biological
curvilinear trajectories (Viviani and Stucchi 1989, 1992). Also, these abstract models
resisted verbal encoding, and provided a natural way to manipulate task complexity of
reproduction, by varying the number of segments in a model.

Figure 1 shows sample models. When looking at these samples, it is important to
remember that subjects never saw an entire trace at once; instead, at any moment,
they saw only the current position of the disk, which was updated at 60 Hz. In order
for the entire path to be visualized, the mind's eye has to knit together momentary
samples of disk positions in order to form oriented segments (Jancke 2000).

With both concurrent and delayed reproduction, we measured initial performance
as well as improvement with practice. The design of the experiment made it possible
to distinguish between (i) general effects of practice with the task, and (ii) improvement
that arose from the repetition of particular models. Most studies of perceptual and
motor learning have tended to use massed repetitions of the same stimulus (Weeks
et al 1996; Karni and Bertini 1997; Grezes et al 1999). This experiment took a different
approach, separating repetitions of particular stimuli from one another by several
minutes, and randomly interspersing those repetitions among presentations of many
other, non-repeated, novel models.

3 4 5 6 7

Figure 1. Some sample stimulus models that were used in the experiment. Each small black disk
represents the starting position of the model trajectory. The numbers in each column signify the
number of segments in the models.
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2.1 Method
2.1.1 Design. Our stimulus models were designed to promote perceptibility and to facilitate
execution of component movements. The stimulus-generation algorithm embodied
various constraints, which introduced some predictability into the trajectories of the
models. Table 1 summarizes the main constraints built into the models.

Each to-be-reproduced trajectory comprised three, four, five, six, or seven connected,
linear segments, each 2.25 deg visual angle long. A pale-red disk defined the model
by moving successively along each of the linear segments of the model. The movements
of the disk were constrained to directions ranging from 08 to 3308, in steps of 308.
The disk, which subtended 0.45 deg visual angle, moved at 10 deg sÿ1 (250 ms per seg-
ment), across a white background (97 cd mÿ2), and paused for 150 ms at the end
of each segment. Preliminary testing showed that without a pause, abrupt changes in
direction tended to be misperceived, appearing as smoothly curving paths in which
successive segments blended smoothly into one another. Similar perceptual smoothing
of abrupt changes in direction was reported by Brown and Voth (1937).

Finally, potential trajectories that formed closed figures were eliminated before testing.
Pilot work suggested that when subjects were shown a closed trajectory, they tended
to name it and then seemed to rely on that name when reproducing what they had seen.
Because a generic name (eg `bunny rabbit') failed to represent the details of the model,
using that name to mediate performance led to sub-optimal reproduction. This phenom-
enon is reminiscent of Carmichael et al's (1932) demonstration that reliance on verbal
mediators can influence and even distort reproduction of static figures.

2.1.2 Participants. Twenty-eight paid volunteers, aged 17 ^ 32 years, were assigned randomly
to two groups.

2.1.3 Procedure. Participants sat facing a 17-inch computer display that was approxi-
mately 75 cm away. No chin-rest or head support was used. A graphics tablet, 50 cm
from the subject, was mounted at 458 relative to both the subject's line of sight and
to the vertical.(2) Each trial began with a short beep heralding the appearance of the

Table 1. Attributes of stimulus models.

Stimulus attribute Rationale/benefit

Constant starting position Reduce positional uncertainty

Moves at constant speed Reduce speed uncertainty

Moves at 10 deg sÿ1 Support good perception of visual motion

Linear segments of constant Reduce effects of positional uncertainty; aid efficient
length encoding of each segment; allow encoding as a sequence

of segment direction; and minimize difficulty in execution

308 minimum difference Enhance perception of change in direction
between successive segments

A segment cannot retrace Facilitate analysis of subjects' imitations
path of preceding segment

Model cannot be a closed Increase resistance to verbal encoding
figure

Segments may not cross Facilitate use of deformable model in data analysis

(2) In retinal coordinates, the tilt of the graphics tablet relative to the display monitor produced a
symmetric trapezoidal perspective difference (`keystoning') between the visual display and the
motor output surface. Although we did no systematic analysis, visual inspection of some sample
reproductions showed no effect of this perspective difference.
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stimulus disk at the center of the display. 1 s later, this disk began to move along the model
trajectory, which the subject reproduced by drawing with the stylus on the graphics
tablet. Subjects were encouraged to be as accurate as possible, but no instructions were
given about speed of reproduction. Subjects controlled the stylus with their preferred
hands. The position of the stylus was sampled at a rate of 60 Hz, and stored for
subsequent analysis offline. For each subject, stimulus models were sampled from a
library of 565 models.

One group of subjects executed reproductions concurrent with the presentation of
stimulus models. Because concurrent reproduction began very soon after the start of the
movement of the disk, the task resembled a classic pursuit-tracking task (Adams 1987).
In contrast, subjects in the second group delayed the start of reproduction until they
heard a distinctive beep, 500 ms after the completion of the model. To equate difficulty
across conditions of reproduction, pairs of subjects were yoked between the two
groups: each subject in the delayed group reproduced the same models and in the same
order as a yoke mate in the concurrent group.

In delayed reproduction, a `response' disk visible on the computer display tracked
the position of the stylus and movement; because the model had already been com-
pleted, the model disk was no longer visible. For concurrent reproduction, no visible
disk tracked the subject's response; subjects saw only the model disk. A tracking disk was
omitted in order to avoid confusion that would arise from the simultaneous presentation
of two moving disks, one comprising the model and one representing the response.(3)

Although there were good reasons to omit a tracking disk from the concurrent condi-
tion, that omission did introduce an intentional confound into the experiment: mode of
reproduction (concurrent versus delayed) is confounded with the availability of visible
feedback to the subject.We discuss the consequences of this confound below, in section 2.3.3.

2.1.4 Design. Prior to the experiment, each subject practiced on 5 ^ 15 models of
varying length, using the mode of reproduction, delayed or current, with which she or
he would be tested. None of the practice models was used in the experiment proper.

During the experiment, subjects each made a total of 70 reproductions, which
were distributed over three blocks of trials. Within each block, stimulus models of
varying lengthsö3, 4, 5, 6, or 7 segmentsöoccurred equally often, in random order.
Subjects made 30 reproductions in each of the first two blocks, and 10 reproductions
in the third block. A rest of 5 min separated successive blocks.

In order to gauge model-specific improvement, some models were repeated during
the first two blocks of trials. Ten models (two of each length) were repeated three
times, and ten other models were repeated twice. These repetitions occurred both within
a block and between blocks. The identity of repeated models differed from subject to
subject. In addition to models that were presented two or three times, subjects repro-
duced many models that they saw just once. In each block of trials, subjects saw and
reproduced ten models that they saw just once. These novel models, which varied
from subject to subject, made it possible to measure general improvement in perfor-
mance that might come from experience with the task.

The order of models within a block was random, with the constraint that no repeated
model could appear on successive trials. The randomization meant that, on average,
many trials separated successive appearances of any repeated model. For models that

(3)Measures that could have reduced confusion, such as rendering the two disks in different colors,
would have introduced additional problems. In concurrent reproduction, movements of a tracking
disk, even one whose color differed from those of the model disk would have induced illusory
motion of the stimulus disk (Day and Dickinson 1977), thereby distorting the perceived trajectory
that the subject was supposed to reproduce. In addition, this perceptual distortion would vary
unpredictably over time, depending on the distance separating the disks, as well as on the velocity
of one disk relative to another.
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were presented three times over the course of the experiment, on average 11.8 trials
(SD � 6:5) intervened between their first and second appearances, and on average
24.4 trials (SD � 10:8) separated their second and third appearances. These separations
corresponded to intervals of about 2 and 5 min, respectively, not including rest times.
For models that were presented twice, an average of 29.9 trials (SD � 12:3) separated
successive appearances. This separation corresponded to an interval of about 6 min,
again not including rest times.

2.2 Results
2.2.1 Assessing quality of reproduction. Each reproduction was scored for similarity to
the corresponding stimulus model. To generate this similarity score, we used a visual
pattern-matching technique (Burr 1981, 1983; Bajscy et al 1983). A Matlab program
morphed the stimulus model to produce an approximate fit to the subject's reproduc-
tion. Any small wobbles in the reproductions were smoothed out with a Gaussian filter
during pre-processing. In addition, pre-processing equalized the total lengths of the
stimulus model and the corresponding reproduction.

The ultimate shape of each deforming model was governed by the positions of
n control points, which corresponded to the start, end, and turning points of the
model. A simplex search governed the movement of control points away from their
initial locations, minimizing the summed distances between the transformed model and
the reproduction. The fitting routine was free to rotate and change scale, so long as it
preserved the linearity and number of the segments. Normalization for orientation
and size rendered the fit invariant under rigid, in-plane rotations of a reproduction
relative to its model; the fit was also blind to overall size differences between the
stimulus model and the corresponding reproduction.

From the best-fitting deformed stimulus model, we computed several measures
that might characterize the quality of the match. These measures included the mean
distance in pixels between a model and its reproduction, the mean difference between
segment lengths in a model and in its reproduction, and differences among segment
orientations in a model and its reproduction. We evaluated these candidate measures,
gauging how each was affected by various types of reproduction errors. Based on its
relative insensitivity to adventitious `kinks', and its relatively uniform sensitivity to
various types of reproduction errors, our measure of choice was the mean absolute
difference between the orientations of segments in the model and segments in the
resulting reproduction.

2.2.2 Quality of reproduction varies with model length. Figure 2 shows the mean quality
of reproduction as a function of number of segments in a model. Results are shown
separately for concurrent and delayed conditions. Overall, the two produced compar-
able levels of performance (F1 26 � 1:00, p 4 0:33). Of course, the confound described
in section 2.1.3 must be taken into account when interpreting this result.

In general, reproduction quality worsened as model length increased from 3 to 7
segments (F4 104 � 16:291, p 5 0:01). The significant slope difference between curves
in figure 2 shows that segment length affected reproduction quality more powerfully in
the delayed condition than in the concurrent condition (interaction between group
and number of segments, F4 104 � 2:73, p 5 0:05). Pairwise comparisons with Tukey's
HSD test showed that concurrent and delayed reproduction differed significantly only
for the two longest models, 6 and 7 segments ( p 5 0:05).

2.2.3 Performance with repeated models: improvement with practice. To measure model-
specific learning, we examined performance with models that subjects had encountered
three times during the experiment. As indicated before, these repeated models differed
from subject to subject.
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Overall performance was not significantly different for the two modes of repro-
duction (F1 26 � 0:354, p 4 0:50). Confirming what was found for data from all trials,
performance with the sub-sample of repeated trials varied with model length
(F4 104 � 6:727, p 5 0:01). The overall effect of model length did not differ between
groups (F4 104 � 0:648, p 4 0:50). With repeated presentation of the models, performance
improved (F2 52 � 6:405, p 5 0:005). Models of varying numbers of segment lengths
showed this improvement in roughly equal measure (interaction between repetition and
segment number, F8 208 � 0:486, p 4 0:50). As figure 3 shows, the effect of repetition
significantly differed between the two modes of reproduction (interaction between
group and repetition, F2 52 � 4:757, p 5 0:02).

Pairwise comparisons showed that improvement with repetition was reliable only
when reproduction was delayed, and then only between the first and third occurrences
of a model (Tukey's HSD test, p 5 0:05); changes from first to second, or second to
third occurrence were not reliably different. Results with models presented only twice
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Figure 2. Mean reproduction quality for delayed and concurrent reproductions.
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Figure 3. Mean quality of concurrent and delayed reproduction as a function of repetition. Data are
shown only for models that were presented three times.
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during the experiment confirmed that significant improvement was not produced by
just two occurrences (F1 13 � 0:60, p 4 0:50).

Returning to models that were shown three times, repetition produced essentially
no change in quality of concurrent reproduction. Moreover, on the very first appear-
ance of a model, performance was slightly, but not significantly better with concurrent
reproduction compared to delayed reproduction ( p 5 0:10). With subsequent occur-
rences of the models, delayed performance improved. By the third appearance of a model,
delayed performance with that model exceeded concurrent performance ( p 5 0:05).
Learningödefined by improvement in performance with practiceötook place only in
the delayed condition.

2.2.4 Absence of general, stimulus-nonspecific improvement with practice. To determine
whether the quality of subjects' reproductions improved generally over the course of the
experiment, we focused on delayed reproduction, the condition that showed evidence
of stimulus-selective improvement. From each block of trials, we analyzed performance
with all models that were shown just once. We found no significant differences in
quality over the three blocks of trials (F2 26 � 0:89, p 4 0:40). This null result suggests
that learning seen with repeated models did not reflect a general improvement, as
might come from increased familiarity with the task, or from familiarity with general
characteristics of the models. Instead, improvement with repetition was related to models
whose repetition afforded an opportunity for learning.

2.2.5 Characteristics of common errors. Our measure of reproduction quality represents
the overall, global fidelity of subjects' reproduction performance, but does not capture
details of subjects' errors. As an initial step toward closing this gap, we catalogued
what seemed to be the most common errors. For this catalogue, we visually inspected
a sample of 40 trials (20 different models, first and third repetition of each) from the
delayed condition only. Figure 4 shows samples of the most common errors in our
sample.

,

,

A B C

Stimulus
model

First
imitation

Third
imitation

Figure 4. Sample common reproduction errors: Aöstraightening of a 1508 change between
segments (the third change of direction in the model); Bösecond directional change in the
model (1508) was replaced with a straight line in both the first and the third reproductions;
a segment is added at the end of the first imitation; Cöthe reproduction failed to capture the last
change in the direction of the model (308). Note the improvement from the first reproduction to
the third.
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In the most common error, a single, more-or-less straight line was substituted for
two successive segments that differed by 1508. In our sample, this error occurred 60% of
the time when segments differed by 1508. A similar error occurred about one-third of the
time when successive segments differed by 1208. In 45% of the cases sampled, when
this error was made on the first appearance of a model, the same error was also made
on the final, third appearance of that model. Another interesting, but less common
error was the omission of a small, 308 change between successive segments. In one sense,
a model segment that changes direction by 308 is equivalent to a model segment that
changes by 1508: both are equally different from a straight line. This equivalence may
explain why both types of change in direction produced similar errors in reproduction,
but it cannot explain why the two types produced the error with such different frequency.
Moreover, from a perceptual point of view, either type of error is unexpected because a
single 308 or 1508 change in direction would have been highly visible in a standard
psychophysical setting (Ball and Sekuler 1982; Sekuler et al 1990; Blake et al 1997).

Another error type seemed to involve the apparent transposition of a segment that
had been omitted earlier in the reproduction to a position at the end of the repro-
duction. This transposition caused the number of segments in the reproduction to
match the number of segments in the model, but distorted the overall shape of the
reproduction. Most reproductions offer no unambiguous sign that an error was actually
a transposition instead of merely the insertion of a misdirected segment. As a result,
unless special constraints are introduced into the models, effectively `tagging' certain
distinctly different segments, the actual frequency of transposition errors is impossible
to determine.

2.3 Discussion
2.3.1 Initiation of concurrent reproduction. Additional insight into subjects' performance
was wrung from an analysis of the timing of subjects' attempts to reproduce what they
had observed. We began by determining the starting latency for each reproduction, and
also the time at which the reproduction ended. On average, delayed reproduction began
461 ms after the warning tone. For concurrent reproduction, subjects began on average
381 ms after the disk had started to move, which means that concurrent reproduction
tended to get under way about when the disk had traversed one, 250 ms stimulus-segment,
and was about to complete the 150 ms pause that separated segments. Assuming that
the moving disk must be observed for 200 ^ 300 ms in order to encode its direction
with good precision (Sekuler et al 1990; Sekuler and Sekuler 1993; Land and MacLeod
2000), the observed starting latency means subjects were operating nearly in real time.
That is, they started to move the stylus virtually as soon as sufficient visual stimulus
information was available to specify direction. This way, subjects could be minimizing
the information that had to be kept in working memory.

Mean starting latencies of individual subjects ranged from 252 ms, for the subject
who was quickest off the mark, up to 719 ms, for the subject who was slowest. We
wondered whether subjects might have gained some performance advantage by adjust-
ing the delay between their own action and the start of the model they were imitating.
To test this, we computed the correlation between subjects' mean start latency and
their average quality of performance. This correlation did not differ significantly from
zero (r13 � ÿ0:18, p 4 0:20).

2.3.2 Selectivity of learning with repeated models. Despite the many regularities built
into our models (see table 1), we saw no evidence of general improvement in perfor-
mance over trials. Improvement in reproduction was confined to the stimulus models
that subjects encountered multiple times. Although general regularities and specific
motor sequences seem to be learned by different neural subsystems (Marsolek and Field
1999), the apparent absence of general, model-independent improvement was surprising.
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There are several possible explanations for this null result. First, general learning
might occur in our paradigm, but could require additional trials to become manifest;
alternatively, general improvement might have been very rapid, reaching asymptote
within the first block of trials or even during the few practice trials. The design of our
experiment forecloses a choice between these alternatives.

Practice-related improvement in performance was seen only in the delayed condition,
and then only with models that were repeated. This outcome suggests that subjects
can encode and store at least some fraction of the distinctive sequence of movements
comprised in each model. The ability to encode and store complex dynamic features
is consistent with results by Chun and Jiang (1999). When subjects searched for a target
in the midst of a field of moving elements, the repetition of particular motion vectors
allowed subjects to learn and exploit those dynamic regularities. As a result, even
though subjects did not explicitly recognize that motion vectors had been repeated,
search was speeded up substantially.

In our experiment, learning was not only stimulus-dependent, but was also
restricted to delayed reproduction. This characteristic of selective learning is consistent
with the finding of Weeks et al (1996) that delaying reproduction of particular hand
and finger postures produced better long-term recall and recognition of particular,
repeated postures, compared to performance with postures not previously seen.

2.3.3 Performance versus learning in concurrent reproduction. Concurrent reproduction
tended to be slightly better than delayed reproduction (0:05 5 p 5 0:10), particularly
early in the experiment, when delayed performance had not yet begun to benefit from
repetition of models. Several factors could account for this difference between delayed
and concurrent conditions. First, we must note that, on average, concurrent reproduc-
tion began shortly after the stimulus disk began to move, and ended shortly after the
disk finished traversing the model path. This temporal overlap between reproduction
and stimulus means that in concurrent reproduction, subjects rarely had to retain more
than the direction of one single segment in working memory. In fact, so long as
subjects did not fall too far behind the model, the concurrent condition created no
incentive to encode a complete model, or even more than just one segment at a time.
It may be that, in order for a stimulus to be transferred into a longer-term, associative
memory for later recall, successive components have to be aggregated cognitively into
a whole, which probably did not happen in concurrent reproduction.

There is an alternative explanation of differences between concurrent and delayed
reproduction. These differences could have arisen from the omission, from the concur-
rent condition, of a visible disk yoked to the movements of the stylus. This omission
deprived subjects of immediate visual feedback, which, had it been available, could
have facilitated learning. On this view, the evidence of learning in delayed reproduc-
tion, and the absence of such evidence in concurrent reproduction, might reflect the
differential availability of immediate visual feedback. Although we did not take this
step, in the future the confound might be resolved by omitting a yoked disk from
the delayed condition. Comparisons of performance with and without the tracking disk
would reveal how important or unimportant immediate visual feedback actually is in
delayed reproduction.

3 Experiment 2: Short-term memory for model trajectories
We wondered about the sources of imprecision of reproduction in experiment 1. Repro-
duced trajectories did not perfectly match the models to which they corresponded,
and this mismatch grew with the number of segments in a model. Because longer models
took several seconds longer to display than shorter ones did, it is possible that these
length-dependent mismatches resulted from failures in subjects' short-term memory.
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In apparent contradiction to this speculation, Blake et al (1997) found that memory for
a single direction of motion is robust up to 30 s or more. But models in experiment 1
comprised a series of successive directions rather than just a single direction. As a
result, the robust short-term memory reported by Blake and colleagues cannot be
confidently extrapolated to memory for our multi-directional models.

To examine the temporal robustness of memory for a stimulus trajectory, we intro-
duced varying delays between the end of the model and the start of reproduction.
Although all subjects were instructed to rehearse, during the delay, the model that they
had just seen, with one group of subjects we examined the effect of undermining the
ability to rehearse. Those subjects were required to perform mental arithmetic during
the delay, counting aloud backwards by seven from a randomly assigned, two-digit
number, which would undermine rehearsal.

3.1 Methods
Reproduction was assessed with models comprising 3, 5, and 7 segments. Various times
after the disk finished tracing out its trajectory, a tone signaled the subject initiate
reproduction. This signal was delayed randomly from trial to trial, for 0.5, 2.5, 6, or
16 s following the termination of the model. The four delay values occurred with equal
frequency.

Eleven paid, college-age volunteers were tested; none had taken part in the preceding
experiment.(4) Blocks of 24 trials each alternated between the two conditions of inter-
polated activity, mental arithmetic, or reproduction rehearsal. In each block, various
model lengths and pre-reproduction delays occurred randomly, but equally often. The
two conditions alternated either in ABBA (six subjects) or BAAB (five subjects).

3.2 Results
Figure 5 shows the main results of experiment 2. As in the preceding experiment,
performance depended strongly on the number of segments in a model (F2 20 � 49:80,
p 5 0:001). In addition, reproduction quality was significantly worse when subjects
did mental arithmetic during the pre-reproduction delay than when they rehearsed
what they had seen (F1 10 � 19:835, p 5 0:002). For all model lengths, reproduction

,

,

(4) In experiment 1, fourteen subjects were tested in each group. In experiment 2, eleven subjects
were tested in a within-subjects design. We felt that this slightly smaller number of subjects (eleven
versus fourteen) was sufficient.
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Figure 5. Mean reproduction quality as a function of model length, pre-reproduction delay, and the
activity that filled the pre-reproduction delay.
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quality declined with increasing delay between the model and ensuing reproduction
(F3 30 � 5:83, p 5 0:001). An a posteriori test showed only one statistically reliable
difference between delays, the difference between reproduction after a 2 s delay and
reproduction after a 16 s delay (Tukey HSD, p 5 0:05). No interaction in the analysis
was statistically significant (all ps 4 0:20).

3.3 Discussion
Extending the pre-reproduction delay from 0.5 s to 2.5 s, or even 6 s, had negligible
effect on quality of reproduction. Although the results in figure 5 do not foreclose the
possibility that quality might fall more appreciably with still longer delays, the non-
significant change with delays up to 6 s suggests that fading of information from memory
was probably not an important cause in experiment 1 of the decline of performance
with model length.

Reproduction was significantly affected by what subjects did in the immediately
preceding interval, but the effect was small. It seems that the representation used in
reproducing simple, no-longer-visible models persists for at least several seconds with
only slight dependence on rehearsal. This hypothesis is strengthened by the absence of a
significant interaction between delay length and number of components in a model
( p 4 0:50). If active rehearsal were crucial for maintaining the representation in
memory, reproduction should improve more with shorter trajectories, which afforded
additional rehearsal opportunity, than with long trajectories. That was not the case.

4 Experiment 3: Information needed for visual encoding
When human observers' performance is compared to that of a statistically ideal
performer, humans rarely reach efficiencies greater than 50%. This reduced efficiency
often arises from the fact that humans extract and use only a fraction of all the
information available in the test stimuli. However, under-sampling can be beneficial if
it can be done strategically, as when some subset of stimulus elements is particularly
diagnostic. For example, Matäric and Pomplun (1998) found that subjects could encode
the movements of human arms simply by tracking the hand or a finger. Because of
biomechanical constraints, the movements of the hand were sufficient to define the
movements of the whole arm. Similarly, Parish et al (1990) showed that experienced
users of American Sign Language sub-sampled signs adaptively, extracting visual
information mainly at spatiotemporal boundaries that separate the major components
of a sign. Although we have not attempted to define an ideal performer for our task,
we can ask what visual information subjects actually use as they view and prepare to
reproduce stimulus models.

With the results of Parish et al (1990) and of Matäric and Pomplun (1998) in
mind, we conjectured that subjects might be able to exploit the many spatiotemporal
constraints built into our stimulus models (see table 1). When the stimulus disk traced
out models in the preceding experiments, it moved along each segment at a steady
rate and in a constant direction. This predictability made most of the trajectory of a
model redundant. As a result, subjects would be able to encode the stimulus fully
from a few, appropriately chosen sub-samples. To test this hypothesis, we measured
quality of reproduction with varying amounts of the model hidden from view.

4.1 Methods
Stimulus models were presented in three different conditions of visibility. In all three
conditions, models matched the timing and equivalent velocities used in the preceding
experiments. In one condition, which we call `points-only', subjects saw only the start,
end, and turning points of each trajectory. Here, the stimulus disk was flashed first at
the starting point of the trajectory, was flashed again at each location where trajectory

,
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direction changed, and then was flashed one last time at the ending point of the
trajectory. Each flash was 150 ms, and successive flashes were separated by 250 ms.
The spatial separation between successive appearances of the disk was 2.25 deg. The
combination of this spatial separation and the temporal interval between flashes meant
that subjects would not experience apparent motion between successively presented
disks. A second condition, designated `100%', resembled the conditions of experiments
1 and 2. The disk moved steadily along an entire trajectory and was visible throughout.
Each segment lasted 250 ms, and, as in preceding experiments, the disk paused for
150 ms at each turning point. To enhance comparability with the points-only condition,
the stationary disk was presented for 150 ms at the beginning and end of the entire
trajectory. In the last condition, `20%', the disk was visible only for the first 20% of
each segment; for the remainder of each segment, the computer blanked the display
of the disk.

After a model ended, a beep sounded and the computer display went blank for 1 s.
Then the disk reappeared in the center of the display, and the subject used the stylus
and graphics tablet in an effort to reproduce the stimulus. The movements of the disk
on the computer display were yoked to movements of the stylus. No instructions were
given about rehearsal.

Twelve paid, college-age volunteers were tested; none had participated in the
preceding experiments. Over six sessions, each subject was tested with a total of
72 stimulus models, eight with each of the nine combinations of three trajectory
lengths (3, 5, and 7 segments) and three viewing conditions (points-only, 20%, and
100%). Within any block of trials, the viewing condition was constant; the order with
which the three viewing conditions were presented was randomized anew for each
subject. In order to orient subjects, each session was preceded by two practice trials
with the viewing condition for that session.

4.2 Results and discussion
Figure 6 presents the mean reproduction accuracy for the three viewing conditions, as
a function of trajectory length. Different curves are shown for the three viewing con-
ditions, which seem not to have affected accuracy of reproduction. This was confirmed
by a two-factor repeated-measures ANOVA, which showed that the only significant
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Figure 6. Mean reproduction quality as a function of model length. The parameter of the family
of curves is the amount of each trajectory that was actually visible to subjects. The thick gray line
represents results from the delayed condition in experiment 1; the thickness of the line corresponds
to �1 SEM from that experiment.
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effect was the number of segments (F2 22 � 25:65, p 5 0:01). Neither the overall effect of
viewing condition, nor the interaction between viewing condition and trajectory length
significantly influenced performance (F2 22 � 1:39, and F4 44 � 1:087, both p 4 0:25).
The gray line in figure 6 represents the mean reproduction accuracies found earlier,
in experiment 1. There is satisfactory agreement between those results and the results
of experiment 3.

Figure 6 makes it clear that minimal information, derived from seeing only the
start, end, and turning points of a model, allows subjects to encode the trajectory as
accurately as they would from viewing the complete trajectory. Of course, this does
not prove that when the complete trajectory is visible, subjects' reproductions are based
only on the start, end, and turning points. But it does demonstrate that those diagnostic
points are sufficient for adequate reproduction.

5 General discussion
The experiments reported here introduced a novel approach to studying reproduction
of seen actions. By using abstract two-dimensional stimulus models, we tried to iden-
tify major influences on quality of performance. When the start of reproduction was
delayed until the model had disappeared, repeated encounters with the same models
produced improved accuracy of reproduction. Improvement occurred even though repe-
titions were interspersed among many other, non-repeated models, and even though
successive repetitions were separated by several minutes. Additionally, learning seems
to be implicit: subjects debriefed after experiment 1 were not entirely aware that models
had been repeated.

The design of experiment 1 made it impossible to gauge the specificity of the model-
dependent learning. In particular we cannot tell whether model-dependent learning
might manifest itself with a test-model that was similar to, but not identical with, the
model on which a subject had practiced. Hence, for now it seems more appropriate
to describe the learning as `stimulus dependent', by using a neutral term, rather than
with labels such as `stimulus specific' or `stimulus selective'.

Experiment 2 showed that, once seen, a model is retained in memory with only
negligible loss for at least 6 s. Moreover, although rehearsing the model helps to
preserve the memory, rehearsal has a relatively small influence. Experiment 3 showed
that subjects needed only minimal visual information to encode the trajectory. In fact,
subjects appear to be quite good at c̀onnecting the dots', as demonstrated by the
success of reproduction in the points-only condition, where only a few, brief, widely
separated samples were shown.

As noted earlier, changes between successive segments of our models were exag-
gerated in both space and time. Spatial exaggeration was implemented by requiring
changes of direction to be 308 or more; temporal exaggeration was implemented by
forcing the disk to pause briefly immediately before changing direction. The pause was
sufficiently brief to be imperceptible, but was sufficiently long to reduce illusory
smoothing of sharp changes in direction (Brown and Voth 1937).

The analysis of subjects' errors suggested that the pause was not entirely successful
in guaranteeing perceptibility of direction change. For example, on some trials, when
the change was 308 or 1508, subjects' reproductions omitted the change (a single
straight line was substituted for the two differently oriented line segments). These
errors occurred despite the fact that such changes in direction exceeded discrimination
threshold for direction of movement by at least tenfold (Ball and Sekuler 1982; Blake
et al 1997). It may be relevant that direction discrimination thresholds were measured
for just a single, isolated change in direction, rather than for one change in a series
of changes, as in our reproduction paradigm. The errors we observed could have
sprung from visual interactions among successively seen segments, or from interactions

,
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among stored and retrieved memories of the segments (Blake et al 1997). Additional
experiments will be needed to apportion the error among these and other possibilities.

Among the issues our study did not address are some important practical ones.
For example, suppose that one's goal were to teach a person to imitate some complex
action. Is it the case that the optimum model is one that most closely approximates
the action that one wants to promote? The models in our study were distorted tempo-
rally, by the introduction of a brief pause after each segment. Temporal exaggeration
of a complex act can make it easier to recognize some aspect of that act. For example,
appropriate exaggeration of a tennis serve helps viewers identify which one of several
individuals made the serve (Hill and Pollick 1999). It remains to be seen whether
spatiotemporal distortions would affect reproduction, either by making it easier to
encode and store the model, or by facilitating motor output based on the stored
model.

Unlike many models that are reproduced or imitated in everyday life, in the present
experiments models played out at a constant speed, and comprised equal-length linear
segments. Substantial, abrupt changes in direction between segments made the models
easy to parse visually. Moreover, reproduction of these easily parsed models required
just a limited class of movements. In order to guide the stylus across the graphics
tablet, subjects needed only translatory movements, and only movements of one hand
and arm.

Despite their obvious simplicity, the stimulus models and task described here
may be an analytically useful stepping stone toward more complex models, including
multi-component, three-dimensional models. In support of this idea, Poizner et al
(1981) showed that the movements of the fingertips alone of a human model (in point-
light displays) conveyed sufficient information for accurate identification of American
Sign Language gestures. Additionally, Matäric and Pomplun (1998) showed that when
subjects watched finger, hand, and arm movements that would later be reproduced, sub-
jects tended to track just a single end-point, such as a fingertip or a hand. Information
acquired from this single end-point made possible good delayed performance, probably
helped along by an internal model of the moving limb or appendage (Imamizu et al
2000).

In experiment 3, subjects performed quite well with only minimal visual information
to rely on. Of course, that minimal information defined the spatiotemporal boundaries
between components of our simple, highly constrained models. Representing everyday
actions in terms of only a few key visual samples is likely to be more difficult, partic-
ularly if those actions lacked distinct, meaningful spatiotemporal boundaries. However,
human observers have proven to be highly skilled at extracting perceptually salient
temporal boundaries from ordinary, everyday events (Zacks et al 2001).

The random models used here resisted easy verbal description, which made it
possible to study reproduction with minimal complications from mediating verbal labels.
However, in many circumstances, reproduction of a seen action is accompanied and
aided by verbal description of the to-be-performed act (Maxwell et al 2000). Therefore,
a complete account of performance will require a description of how reproduction
quality is influenced not only by visual information and memory, but also by the
availability of useful symbolic and verbal representations.
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