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Self-terminating Processing in Curve Tracing
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Several possible operations on visual curve tracing were investigated using elementary stimuli without
interweaving curves. Experiment 1 required subjects to determine whether a line segment was connected
or disconnected by one or two gap(s). The effects of line complexity. gap redundancy, two-point
distance, and gap distance were assessed. Mean response time for both gap and no-gap trials increased
linearly with two-point distance (i.., linear di'stance hetween the ends of the line segment). Furthermore.
two-point distance interacted with line complexity. Therefore, response time increased with the distance
along the curve. consistent with the notion of “curve tracing (Ullman, 1984). In the gap trials, however.
mean response time increased linearly with gap distance (ie.. distance between a central point and a
gap). Furthermore, mean response time for double-gap trials was faster than that for single-gap trials.
Using a hall circle with a gap and two Xs. Experiment 2 tested whether the curve tracing operation is
carried out by an exhaustive or by a sell-terminating process. Again, mean response time in same trials
increased linearly with the distance between two Xs. However, mean response time in different trials

remained unaffected by the distance between two Xs. Taken together. effects of gap distance and gap

redundancy are best explained by a selftermiating curve tracing process.

The perception of spatial relations among various
objects plays an important role in visually guided
manipulation such as painting, drawing or even pick-
ing up an object. People experience no difficulty in
determining which object 15 to the lsft. which is
above, which is inside. or which is outside another
object. These simple tasks may seem to require no
explanation. However. when the processes entailed in
the perception of spatial relations are examined more

closely, the mechanisms involved are rather complex
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and require detailed investigation. According to Ull-
man(1984), the perception of spatial relations among
objects is accomplished by one or more “visual
routines.” Each routine is an assembly of elementary
operations or processes. and the assembly of those
operations 1s driven by visual context. Each
elementary operation results in a base representation.
and these representations are integrated by a certain
visual routine. According to Ullman, determining

how and which visual routines are used in a given
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task and which assembly of elementary operations 1s
applied is an important step in studying space
perception and object recognition.
" There are many approaches to the study of visual
routines. One of them is to investigate the phe-
nomenon called “curve tracing”(Ullman. 1984). For
example, suppbse you are presented with a display
containing several curved lines and Xs (see Figure

).

Figure 1. Stimulus examples from Jolicogur, Uliman, and
Mackay{1986). Upper figure was modified for illus-
ration. Middie two figures are thelr stimuli from
Experiment 1, and the lowest two are those from

Experiment 2.

The task required is to determine whether there
are two Xs on the same line. To do this task,
several elemental operations appear necessary: (1)
the detection of a curve, (2) the detection of both Xs,
and (3) the judgment of whether the two Xs are both
on the curve. Because there are always two Xs in
the display, the mere detection of two Xs does not
provide enough information about whether they le
on the same curve. Instead, the task may require the
observer to trace along the curve to determine
whether the two Xs lie on the same curve.

A crucial question here is that what kinds of basic
operations are involved in the task. Specifically, is
the task carried out in a parallel fashion or not?
Phenomenologically, the task is so easy that it
appears to be done almost immediately and effor-
tlessly. However. if more time is required with lon-
ger curves than with shorter curves, the notion of
serial curve tracing would be supported.

Jolicoeur, Ullman and Mackay(1986) carried out
two experiments to examine possible basic opera-
tions in the curve tracing task. Experiment 1 re-
quired subjects to determine whether two Xs lie on
the same curve or not. RT increased linearly with
the distance between the Xs along the curve, even
though the physical distance between two Xs was
held constant. This result suggests that subjects,
starting from one X, traced along the curve until
they found another X. In their Experiment 2, sub-
jects decided as quickly as possible whether the
section of a curve marked by two Xs had a small
gap or not. Again, RT increased with increasing the
distance between two Xs along the curve. Further-
more, the tracing rates for both gap trials and no-gap
trials were about the same, that is, subjects traced
entire curve even when they found a gap before
reaching the peripheral X. Therefore, it was sug-
gested that curve tracing operation is carried out in
an exhaustive manner. If curve tracing were self-ter-

minating (i.e., subjects stopped tracing a curve when



thev find a gap). then the ratio of the slopes from
no—gap and gap trials should have been 2:1. The
reason is that subject would spend half the time
tracing the gap trials compared to no-gap tnals,
provided that the average -distance between the cen-
tral X and a gap in the gap condition is hall the
length of the curve in the no—gap condition. The
notion of exhaustive curve tracing was strengthened
by the result that the distance along the curve
between the fixation point and a gap had no effect
on RT.

The stimuli used by Jolicoeur et al. were carefully
constructed to rule out the effect of retinal eccentnic-
ity (see Figure 1) by keeping the physical distance
between the two Xs. Thus the visibility of each
peripheral X is the same regardless of the variations in
the distance along the curve. However. careful examina-
tion suggests that the stimuli may have favored an
exhaustive curve tracingprocess. For example, since
one of the Xs was always in the fixation point, subjects
may have inadvertently traced the curve to check
another X. Furthermore, there may have been uncertain-
ty about which direction subjects should trace because
the curves were so closely interwoven that central
portion of the display was more complex than peripher-

al portion. The existence of the portion of distractor
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curve aftfached to the central X also may have made
subjects more difficulty deciding the right direction of

curve tracing. These facts might have forced subjects to

~adopt a backward-tracing strategy. Specifically, subjects

might have traced the curve from the peripheral X to
the central X, cancelling any effect of gap distance that
might otherwise have appeared.

Using elementary stimuli, Pringle and Egeth(1988)
conducted four experiments to determine whether
curve tracing takes place even for simple stimuli (see
Figure 2). Each stimulus consisted of two curves
{arcs of a circle) on which two Xs were marked.
The task required subjects to decide as quickly as
possible, if the two Xs lie on the same or different

curves. The stimuli were constructed so there were

" no interweaving curves., Neither of Xs were located

at the fixation point, eliminating the possible demand
characteristics of the experiments of Jolicoeur et
al. (1986). I curve tracing is required with these
1ather simple stimuli. then curve tracing could he
regarded as a basic operation.

Pringle and Egeth found that mean RT for same
trials increased with the distance separating Xs. sug-
gesting that even processing the simple stimulus
requires curve tracing. For different tnals. however,

mean RT decreased with the distance between Xs,
/-—_\
/ / \

Figure 2. Stimulus examples from Pringle and Egeth(1988), Experiment 1.
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suggesting that performance on same trials and on
different trials may involve different processing com-
ponents. It was suggested that in the same trials the
evidence strongly favored curve tracing, while diffe-
rent trials were apparently solved on the basis of
judgmental ‘processes presumably operating in para-
llel with cutve tracing.

In summary, this line of research suggests that
when subjects are required to determine whether two
Xs lie on the same curve. curve tracing may be
required. However, while curve tracing seems to be
serial in nature, it is not clear whether curve tracing
operation could be done in an exhaustive manner or
self-terminating manner. The reason is that the task
as well as the stimuli used in those previous studies
may have been insufficient for a clear examination
of the mechanisms of curve tracing. Specifically, in
the different trials. it is not obvious how to define
the distance between two Xs (e.g.. Jolicoeur et al.
1986, Experiment 1). It follows that the same and
different irials cannot be compared adequately. leav-
mng unanswered the question of exhaustive vs. self-
terminating process. Second, there are few experi-
ments designed to determine whether curve tracing
15 required in the processing of extremely simple
stimuli such as a single line. Therefore, it is not
clear whether exhaustive curve tracing is an
elemental operation over a wide range of stimulus
characteristics. Manipulating the line complexity wou-
Id provide another method for exmining the effects
of distance along the curve while controlling the
confounding effects of retinal eccentricity.

In the present study. we replicated the experiments
of Jolicoeur et al.(1986) and Pringle and
Egeth(1988) using even simpler stimuli. In addition,
we attempted to examine the specific nature of the
curve tracing operation. Specifically. manipulating
gap distance should illuminate whether curve tracing
takes place in an exhaustive or selfterminating man-

ner. In addition, effects of gap redundancy may shed

light on whether curve tracing occurs in parallel or

serial manner.

EXPERIMENT 1

Experiment 1 required subjects to determine as
quickly as possible whether there were any gaps on
the line segment specified by two red points, one of
which presented on the fixation point was defined as
a starting pomt, the other on either side of line
segment was defined as a vanuble point. In order to
estimate distance effect independent of retinal eccen-
tricity, we manipulated line complexity (line, sine,
compound) with two-point distance (shorr vs. long
distance). In addition, gap redundancy (single vs. dow-
ble gap) and gap distance (i.e., the distance between
the starting point and gap, near gap vs. far gap) were
manipulated to test the modes of processing. There-
fore, there would be sevlral models that predict
various possible outcomes, depending on the
assumptions of serial vs. parallel and exhaustive vs.

self-terminating processes.

Prediction of parallel models

There are several versions of the parallel model
that must be considered. According to the limited-ca-
pacity parallel model, gap detection operations are
carried out simultaneously over the entire display (we
call this model a “pure parallel model”). Here, by
“limited-capacity” we mean that the amount of pro-
cessing resource decreases with increasing stimulus
size. This parallel model does not assume curve
tracing operates along the curve because the curve
tracing always implies a serial nature of processing.
The other version of the parallel model assumes
there are two serial curve tracing operations that
simultaneously proceed. but the starting point and
the direction of tracing are opposite to one another.
Specifically, subjects might start from both the start-

ing point and from the varable point concurrently,



and trace inward until they find a gap. This model
can be called a “parallel tragng model”. or a “concur-
rent serial model”. Also, this kind of model be called
as a “mixed model”, since the model incorporates
both the parallel and serial nature of processing. If a
redundancy gain is observed, this would be evidence
for either version of the parallel processing models.
Note that we define a gapredundancy effect by the
difference in RT between the single-near gap and
double gap trials, excluding single-far gap condition.
The reason for excluding far gap trials in assessing
redundancy gain was to eliminate the confounding
effect of retinal eccentricity.

The two parallel models predict different patterns
of results regarding the effects of line complexity,
two-point distance, and gap-distance. The “pure para-
llel model” predicts that line complexity should have
no effect, and should not interact with two-point
distance or with gap distance.

In contrast. the “parallel tracing model” predicts
that curve tracing time increases with increasing line
complexity and with twopoint distance. Note that
this is the same pattern predicted by a serial self-ter-
minating model. However, gap distance would not
affect RT. because the distance between the starting
point and the near gap is the same as the distance
between the variable point and the far gap (see Fi-
gure 3) Therefore, a parallel model assumes that the
gap distance effect can only be attributed to the
differences in retinal eccentricity between the near
gap and far gap conditions, but not to the differences
in tracing time between the two conditions. Furth-
ermore, according to the parallel tracing model. any
effect of gap redundancy would be due to the
vaniance of completion time of the two simultanecus
tracing operations. Therefore, if the variance of the
tracing completion time is larger in the Jong condi-
tion than in the short condition, then a larger gap
redundancy effect should be obtained in the long

condition than in the short condition.

The two parallel models mentioned above both
assume self-terminating processes. However, both of
these parallel models can be revised to assume
exhaustive processing. Both parallel exhaustive mod-
els predict no effects of gap redundancy, no effects
of gap distance. and no interactions among the

variables.

Prediction of serial models

The two types of serial models, exhaustive and
self-terminating curve tracing, both predict no effect
of gap redundancy. assuming subjects always start
curve tracing from the starting point. Unfortunately,
it i1s possible that a subject’s actual starting point
may vary from trial to trial. In this case. seral
selfterminating processing could vield a redundancy
gain. The reason is that the average distance to be
traced is shorter in the dowble gap condition than in
the single mear gap condition. A strong effect of
tworpownt distance and its interaction with line com-
plexity could constitute evidence for a serial self-ter-
minating process.

If curve tracing is serial. but exhaustive in nature,
then the average slope of the no-gap trials should
not be different from that of the gap trials. Remem-
ber that Jolicoeur et al. obtained this result, support-
ing exhaustive curve tracing (Jolicoeur et al.. 1986,
Experiment 2). Finally. a serial exhaustive tracing
model predicts no significant effect of gap-distance
nor an interaction of gap-distance with line com-

plexity.
Method

Subjects

Eighteen undergraduates at The Johns Hopkins
University participated as a part of credit for a class
in Psychology. All had normal or corrected-to-normal

vision.



Stimuli

The viewing distance was roughly 70 cm, the
entire display subtended 1365°X1.23°. The stimuli
were constructed to minimize pattern complexity, and
to eliminate interweaving curves (see Figure 3).
There were three levels of line complexity, a straight
line, a sine awrve (18 cycles per degree of visual
angle). and a compound curve created hy summing
two sine waves of different frequency (.18 cycle/deg
and .75 cycle/deg). Each line or curve was drawn in
blue. In the
square(.2"X.2°) that served as a starting point.

center of each curve was a red

Another red square, serving as a variable point.
appeared unpredictably on either the left or the right
side of the curve. The portion of the curve opposite
the variable point was referred to as the distractor

curve. On both the target and distractor sections of
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the curve, there were either one gap, two gaps. or no
gap. Each gap subtended .2° of visual angle. The
positions and number of gaps for the two sections of
the curve were assigned independently of one
another.

The two-point distance in each condition was
278" in the short condition, and 554° in the long
condition. However, the distances along the curves
were different across the line complexity. The ratios
of distance along the line or curve to two-point
distance for fine, sine curve, compound curve were 1
1161 1.34 respectively. The distance between the
starting point and the nearest gap was either
1/3 (near-gap condition) or 2/3 (far—gap condition) of
the tworpoint distance. A ‘+’ sign was used as a

fixation point (.2°X.2°).
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LONG :

F

ST T
N SN e U

SINGLE, FAR-GAP +—
LINE

SINGLE, FAR-GAP
SINE CURVE

SINGLE, FAR-GAP
COMPOUND CURVE

\/\\/\
o T~ T

Figure 3. A proiatype of the stimuli used in Experiment 1. Upper three figures are Short distance condition, and
Lower three are Long distance condition. First of them is Simple Line with no-gap condition, second is
Sine curve with single-near-gap condition, third panel is Compound curve with double-gap condition.



Apparatus

An IBM PC/AT computer driving a NEC Mul-
tisync EGA display was used for the display pre-
sentation and reaction time measurement. A twobut-
ton box was attached to the computer for gathering

subjects’ responses.

Design

A three-way repeated-measures design was used:
the three factors were line complexity(fine, sine curve,
compound curve) x response type(gap vs. no—gap) x
tworpoint distance(short vs. long). Of the gap tnals,
hall were single-gap trials. hall were double—gap trials.
Of the single—gap trials, half were near—gap trials. and
half were far—gap trials. Therefore, the gap distance
variable was nested within the single—gap condition.
and gap redundancy was nested within the near-gap
condition. Line complexity was blocked. All other
variables were intermixed randomly within each
block. The order of the hlocks was counterbalanced
using a Latin Square design. The order of blocks as
well as trials was randomized. Each subject partici-
pated in 6 blocks each consisting of 8 practice trials

and 64 experimental tnials.

Procedure

The task was to determine whether the line be-
tween two squares was connected or not. Subjects
responded by pressing either the middle or the index
finger of their dominant hand. The rtesponse key
assignments of the two alternative responses were
counterbalanced  across subjects. Each trial begin
with the presentation of fixation point which re-
maimmed on the screen for Dsec. After Bsec of a
blank field, the stimulus display was presented and it
temained on the screen unti) subjects responded.
Subjects were instructed not to move their eyes from
the fixation point until they pressed the response

button.

Results

Errors

Correct responses within three standard deviations
of the mean within each block, distance, and gap vs.
no-gap conditions for each subject were included in
the analysis. The total error rate was 4.7%. An
analysis of varlance revealed that the errors in the
smgle gap conditions were higher than in the double-
—gap conditions, K1,17)=4.37, p<<.05. No other sig-
nificant main effects or interactions involving error

rales were ohserved.

Reaction time

Figure 4 shows mean RT as a functon of line
complexity, two-point distance. and response type.
An ANOVA for those three variables revealed that
the: main effect of Line complexity, H2.34)=32.71. 4
<001, two-point distance, F1.17)=93.77. p<.001.
and their interaction, K2.34)=14.13. p<.001. were
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Figure 4. Mean Gap and No-gap RT as a function of the

distance between the staring point and the vari-
able point, and the Line complexity in Experiment



significant. In addition. RT for no-gap trials were
slower than gap tnals, f(1,17)=5.39, p<.05. Howev-
er, response type did not interact with any other
variables. ‘

Figure 5 shows the effects of gap redundancy on
mean RT as a function of line complexity and
twopoint distance in the near-gap trials. A separate
ANOVA for these varables in the neargap condi-
tion revealed that the main effect of gapredundancy
was highly significant F1,17)=3581. p<<.001 . The
effects of line complexity, F2.34)=1570, p<.001,
and two-point distance, /1,17)=31. 49, p<<.001. along
with their interacion, F(2.34)=393, p<.05, were sig-
nificant. Gapredundancy did not interact with any

other variable.
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Figure 5. Mean Gap RT as a function of the Gap-redundan-
cy, Two point distance, and the Line compilexity in
Experiment 1.

Figure 6 shows effects of gap-distance on mean
RT as a function of line complexity, and two-point
distance in the single gap tnals only. A separate
ANOVA for the variables showed that the main
effect of gap-distance, K1.17)=1257, p< 01, its in-
teraction with line complexity, F2.34)=3.70, p< .05,
and the interaction between gap distance and two-

-point distance, H1,17)=12.19, p<.01. attained sig-

nificance.
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Figure 6. Mean Gap RT as a function of the distance be-
tween the starting point and the nearest gap, Line
complexity, and two-paint distance in Experiment 1.

Discussion

Distance effect

The result that mean RT increased with increas-
ing two-point distance (see Figure 4) seems to sup-
port the curve tracing hypothesis (Jolicoeur et al..
1986) which states that the subject traces along the
curve to determine the presence / absence of a gap.
If subjects detect a gap in a purely parallel manner,
there would not have been a significant effect of
two-point distance. One might argue that the parallel
tracing model discussed above can account for these
results. However, without additional complication,
this version of parallel model cannot explain the
interaction between gap-distance and line complexity
(see Figure 6), because the model predicts that RT
for the near-gap condition would not be different
from the RT of the far-gap condition. Furthermore.

the significant interaction between two-point distance



and line compexity (see Figure 3) rules out the
possible confounding effect of retinal eccentricity,
since the physical distance between two points were
the same across the different levels of line com-
plexity.

The lack of interaction between two-point distance
and response type (Figure 4) replicates the similar
results of Jolicoeur et al(1986). suggesting that
curve tracing operates in an exhaustive manner. [{
subjects stopped tracing as soon as they found a
gap, that is, with a self-terminating process. then the
average slope of gap trials should be less than that
of no-gap trials. However, an exhaustive tracing
model has difficulties in explaining the gap-distance
effect, the interaction between gap-distance and line
complexity, and the interaction between gap- dis-
tance and two-point distance(see Figure 6). If sub-
jects traced the entire curve regardless of the detec-
tion of a gap, there should have been no effect of
gap-distance. The gap-distance effect obtained is a
function of the gap-distance along the aurve. since. the
interaction hetween gap-distance and line complexity

rules out explanations hased on differences in retinal

eccentricity. In any event, we are left to explain two
apparently contradictory results in that one aspect of
the results supports an exhaustive model while
another aspect of the results supports a self-terminat-
ing model.

However. it seems that the only model that can
explain the gap-distance effect and its interaction
effect with line complexity is a self-terminating mod-
el. Moreover, there are several data patterns that are
inconsistent with an exhaustive model. First. the
redundancy gain obtained in this expenment cannot
be explained by an exhaustive model(this is discus-
sed in a later section). Second, there is some evi-
dence that the comparison between the positive re-
sponse and negative response is not always appropri-
ate 1f the two responses have different processing
components {(Pringle & Egeth, 1988). More con-
cretely. in the no-gap trals there were no gaps.
whereas in the gap trials there were either a single
gap or double gap. In the single gap condition, there
were either near—gap or far-gap trials. Therefore, the
lack of difference between slopes of gap and no-gap

trials might be due to some kind of averaging
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Figure 7. Mean RT as a function of the distance along the curve between the starting point and the variable point,
Gap vs. No-gap, Gap redundancy, and the distance between the starting point and the nearest gap.
Physical distance between two points is the same within each graph.



artifact if the RT patierns in the gap tnals are
heterogeneous (i.e., slow far-gap RTs combined with
fast near-gap RTs). Thus. if there is any difference
" in the curve tracing rate across the different levels of
the two-point distance in the gap trials, this could be
taken as evidence against the -exhaustive model.
Figure 7 shows mean RT as a function of dis-
tance along the curve, in the no—gap, single near—gap,
single far-gap, and double gap conditions. Note that
the distance shown here was measured along the
curve, not the hinear distance between the starting
and variable points. The purpose of this scaling was
to estimate the rate of curve tracing more precisely.
If curve tracing is exhaustive in nature, then the
slopes for each condition should not he different
from one another. However, while the average slope
for no—gap trials was 72 msec per degree in visual
angle. the slope for double gap trials and that for
single near-gap trials were 61 msec / degree. and the
slope for single far—gap trials was as high as 90 msec
/ degree. Because the distance along the curve was
the same across each graph, the exhaustive curve
tracing hypothesis predicts that tracing rate of sigle
near-gap trials would not different from that of sigle
far-gap trials. To test this hypothesis, the regression
coefficients for each subject in the single gap condi-
tion were calculated, then were subject to ttests.
The regression coefficient between the near gap and
far gap conditions was significantly different. #1.35)
=—2.03, p<.05, rejecting the hyothesis. Alternative-
ly. this pattern of results can be easily explained by
self-terminating curve tracing. Indeed, gap trials may
have several additional processing components not
imvolved in the no-gap irials. For example, the
processing and rechecking of gap may require addi-
tional processing time in the gap trials but not in the
no—gap trials. In contrast. on half of the no—gap trials,
there was no gap on the distractor curve either. In
these trials, subjects may not trace the curve at all.

Instead, subjects may use a kind of matching pro-

cess{Posner, 1978) which might have helped them
respond without tracing the curve. Therefore, unlike
the classical visual search paradigm(e.g., Treisman &
Gelade, 1980), it is inapropriate to compare positive
vs. negative trals.

It is interesting to assess the average rate of curve
tracing. It turned out that the rate of curve tracing in
the no-gap trials was about 14°/sec. The tracing
rate estimated here is less than the 40°/sec esti-
mated by Joliceour et al.(1986). The difference might
be due to the difference in the gap size. or to the
absence of interwoven curves, or to the relatively
large visual angle of entire display in the present
expenment.

The interaction between gap-distance and two-point
distance stems from the fact that the gap-distance
effect was mainly observed in the lng distance
condition, but not in the short condition (see Figure
6). Thus, it is suggested that within a short range,
parallel processing is dominant, while within a long
range serial curve tracing is required (see Pashler,
1987, for a similar argument in the visual search
task).

Redundancy gain

The effect of gap redundancy suggest the involve-
ment of a certain kind of parallel processes. Because
there were no discrete items that could be examined
sequentially, it 1s plausible to assume that the curve
tracing process entails several parallel sub-proceses
so that within a certain range, a parallel processing
1s favored. However, there could be an alteative
explanation for the effect of gap redundancy. that is,
a “random—favored—position hypothesis”(e.g., Van der
Heijden, La Heij, & Boer, 1983). Assume that on
certain ftrials for a given subject, the subject may
start tracing curve from a variable point to starting
point, This kind of strategy can be called “backward
tracng”. 1f the result was a mixture of forward and

backward tracing. then gap redundancy is statistical-



ly inevitable, because the redundancy defined here 1s
the difference in RT belween the single, near gap
condition and dowble gap conditions.

In order to test this hypothesis. we divided the
RTs for each of the single and double gap trials into
two halves, a fast subset and a slow subset{in this
analysis, we included both the mear-gap and far—gap
conditions). The fast subset was the set of RT data
that is less than the median of each simgle-gap and
double-gap trials . the slow subset was the rest of the
data. 1f the redundancy gain is the resull of the
favored-position artifact, then the amount of redun-
dancy gain in the slow subset should be larger than
that 1n the fast subset. The reason is that on any
given trial in the single gap condition. subjects may
have traced only hall of the gap distance. while
the double yap condition subjects will always find a
gap within the same amount of time, regardless of
which point was used as a starting point (sec Figure
3). In fact. the redundancy gain in the :ast subset
was 32 mser. whereas the redundancy gain 1 the
slow subsel was G2 msec. suggesting that some
subjects do have a favored varnable pomnt as a
starting point for tracing the curve. An analysis of
variance with gap redundancy and fast—slow subset
revealed that the two vanables were interacted signi-
ficantly, F1.17)y=843. p<_ 0L

A reasonable amount of redundancy gain observed
in the fast subset suggests that a certain contribution
of parallel processing was also involved However,
the lack of interaction hetween gap redundancy and
other variables (... line complexity. or two-point
distance) strengthens the conclusion that curve trac-
ing itself is not accomplished by a parallel process.
Also, the tracing rate of single gap trials was the
same as that of double gap trials. suggesting that
gapredundancy did not affect the tracing rate or
slope. Instead, gapredundancy affected the overall
intercept, suggesting the contribution of a parallel

processing component which is independent of the
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curve tracing process. It should be added that what-
ever strategy or mechanism is responsible for the
effect of gap redundancy, this effect cannot be ex-
plained by exhaustive curve tracing, because the
exhaustive processing model predicts redundancy cost,
not a redundancy gain. Taken together, only the
serial self-terminating model with parallel sub-proces-
ses could explain the entire pattern of results from

this expenment.

EXPERIMENT 2

There were complications in Experiment 1 that
prevented certain kinds of analyses. First of all. all
variable points are not the same distance from the
fixation point so that the eéffects of two-pomnt dis-
tance obtained in Experiment 1 were confounded
with retinal eccentricity, even thougn effects of line
complexily could be used to eliminate these con-
founding effects Sccond. because the display was
present until subjects responded. Iixperimenfl did
not rule out the role of movement

eye onocurve

tracing. Therefore, Experiment 1 could not unambi-
guously separate covert curve tracing from overt eye
tracking

In Experiment 2, we presented 1o subjects a hall
circle containing a central gap and two Xs(sec
Figure 8). Thus, all positions of gap. Xs, and curve
portion were equidistant from the fixation point. One
of the Xs was alwavs positioned next to the central
gap. while the other X was randomly presented on
the curve. Assume that subjects always start at the
central X According to the self-terminating curve
tracing model, the X-X distance would not increase
tracing time in the different trials, since the gap is
always positioned next to the terminal point. so that
subjects need not trace the curve at all. In contrast,
if RT increases with increasing distance between the
Xs in the different trials, an exhaustive tracing model

would be supported. However. another possibility 1s
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that subjects may start at a peripheral X. If this is
the case, both kinds of serial model predict increas-
ing function of RT with increasing the X-X distance.
" To prevent eye movement, exposure duration was
set at 150  msec. I the curve tracing is independent
of eye' movement, RT should increase with the X-X
distance where eye movement was not possible. In
addition. gap size was increased to -81° to make #e
task more easy.

Another purpose of Experiment 2 was to replicate
the result of Pringle and Egeth (1988). One peculiar
result of their experiments was that RT decreased
with X-X distance in the different trials. a result that
could not be interpreted as curve tracing. One ex-
planation they offered is that a judgmental process
was involved in the differemt tnal. One related point
is that their display always contained two gaps in a
whole circle. This fact may have encouraged sub-
jects to use alternative strategies other than curve
tracing. Therefore. it is interesting to see if the
decreasing function would still be obtained even

with a half circle with a gap.

Method

Subject
Twelve psychology graduate students in The
Johns Hopkins University participated in Experiment

2. All had norma! or corrected-to-normal’ vision.

Apparatus

Displays were presented on a Hewlett-Packard.
1345A digital display nodulg which- was controlled!

by an IBM AT computer. The computer was also.

used for collecting RT and error data. The display
scope was mounted into one chkannel of an Iconix

fourchannel tachistoscope to maintaim: the viewing

distance. A second channel in the tachistoscope was
dimly illuminated to reduce the comtrast of the dis-

play. A twobutton response box attached to a game

port of the computer was used for gathering subjects’

responses.

Stimui

A half circle(diameter of 5.71° visual angle from
the viewing distance of 70cm) with a gap(.81°) in the
center of e half circle and two Xs made by
crossimng two short lines(46X 46 degree) were drawn.
One of the Xsfterminal X) was always on the either
side and directly adjacent to the gap, and the other
X(variable X) was positioned according to each level
of X-X distance (see Fig. 8). In the same condition,
in which the two Xs were on the same curve, there
were four levels of X-X distance. In the ;iﬁerent
eurve condition, there are five levels of X-X dis-
tance. One unit of X-X distance subtended roughly
81 degree of visual angle. A small diamond pattern
was used as a fixation point (4X.4 degree).

0 . Terminal Point

: Possible locations of variable point in the Same
trial

. Possillle locations of variable point in the Diff.
trial.

Figure 8. A pratotype of the- stimuti used in Experiment 2. A

salidi X is tenminal X, and is always next to. a
cendral gap. Deited Xs are passible positions of
variable X, depending on the particular leve! of X-X
distance.

Design
Each subject served one practice block of 36 trials
and six experimental blocks of 82 trals. The first 10



trials for each experimental block were for practice.
Seventy-two experimental trials were divided into 32
same trials and 40 different trials according to each
X-X distance (4 levels in the same tnals. 5 levels in
the differemt trials), positions of curve (4 possible
positions), positions of terminal point(2 possible posi-
tions). The order of presentation of trials for each
block was randomized so that no subjects saw the

same sequence of displays again.

Procedure

Subjects were instructed to respond “same” or
“different” as quickly as possible while maintaining
accuracy above 90%. Mapping of response type onto
left / right hand was counterbalanced across the sub-
ject. On each tnal, after an 800 msec presentation of
fixation, followed by a 200 msec blank field, a
semi-circle containing a gap and two Xs was pre-
sented for 150 msec, which was finally replaced by
a Zsec blank field. The computer beeped when an
error was made. Any latency exceeding 1500 msec
was regarded as an error. After a two-second inter
trial interval, the next iral began. Subjects were
allowed to rest between blocks. An entire session

lasted about 40 minutes.

Results

Error data

Overall error rate was 10%. This was higher than
expected. presumably due to the brief 150 msec
presentation of each display. Two separate ANOVAs
for same trials and different trials for the error data
showed that error patterns were not associated with
any major varables, such as response type or X-X
distance. Therefore. there was no indication of a

speed-accuracy trade-off.

Response time
Figure 9 shows mean RT as a function of X-X
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Figure 9. Mean RT as a function of X-X distance and re-
sponse type. Unit of each level of distance is 1
degree.

distance and response type.

An ANOVA {or mean RTs in the same trals
revealed that the effect of X-X distance was sig-
nificant, A3, 33)=5405, p<0l. A wend analysis
showed that a linear component, K1, 33)=11414, p
<01, along with a quadratic component, K1, 33)=
479, p<.05, was highly significant. The result of an
ANOVA for different trials showed no significant
effect of X-X distance, F(4, 44)<1. After deleting of
the longest level in the different condition to equate
the number of level for same and different trials, a
two-way ANOVA was done to check an interaction
between response type and X-X distance. While
none of the main effect were significant, the interac-

tion between those two factors was sigmficant.

F3.33)=3.662, p<.05.

Discussion

The significant effect of the X-X distance in the
same tnals suggests that subjects actually traced the
curve in order to respond correctly. This pattern of
result replicates the result of Pringle and Egeth(1988).
Interestingly. RTs for X-X distance unit 1 and 2 in

the same trials were almost the same. 591 msec and



589 msec, respectively. This result suggests that
within a relatively short distance, subject may pro-
cess the connectedness of the curve between two Xs
" in a parallel manner.

Unlike the result of Pringle and Egeth(1988, Ex-
periment 1), who reported the decreasing function of
X-X distance on different trials, the X-X distance had
no effect on different trials in Experiment 2. Making
the stimuli half-circles seems to have caused a dras-
tic change {rom the results of Pringle and
Egeth(1988). Because a gap was always positioned
next to the terminal X, a self-terminating model
predicts that in different trials subjects do not need
to trace the curve toward the varable X. Therefore,
the result that different R'T" remained unchanged with
increasing X-X distance provides evidence for a
self-terminating curve tracing.

Curve tracing rate estimated for the same trials of
Experiment 2 was 167 degree per second, compared
to 14 degree for the no—gap trials of Experiment 1.
One possible reason for such a {ast tracing rate is
due to the large gap size, 81 degree. compared to 2
degree in Experiment 1. Therefore, beside the line
complexity. gap size is evidently an improtant van-

able affecting the efficiency of curve tracing.

General discussion

Results of experiments reported here can be
summarized as follows. First, significant effects of
twopoint distance in Experiment 1 and effects of
X-X distance on same trials in Experiment 2 support
the notion of curve tracing. Thus, when subjects are
required to determine whether a designated portion
of line/curve is continuous or disconnected by a
gap, curve tracing evidently is required. Second,
curve tracing time increased linearly as a function of
the distance along the curve to be traced. Third,
effects of gap distance obtained in Experiment 1 and
no effect of the X-X distance on different trials in

Experiment 2 suggest that curve tracing is camed
out by a self-terminating process. Thus, subjects
evidently stop tracing the curve as soon as they find
a gap. Fourth, effects of gap redundancy observed in
Experiment 1 and the result of Experiment 2 in
which distances 1 and 2 did not differ in response
time suggest some contribution of parallel processing
in those experiments. However, it should be added
that the parallel process is independent of curve
tracing itself, since the effect of gap redundancy was
additive to other vanables. Finally, curve tracing
occurs even when eye movement is not possible(Ex-
periment 2).

In summary, our results suggest that even in the
simplest stimuli{e.g, line segments), a curve tracing
operation is required to detect the presence of a gap.
Line complexity provided a way to examine the
effect of distance along the curve on curve tracing
while the effects of the gap—dustance and the gap-re-
dundancy undermine the hypothesis proposed by
Jolicoeru et al(1986) that curve tracing is exhaus-
tive. Rather, a model that assumes self-termination
upon the detection of gap can account for the results
better,

We found that curve tracing rates varied across
experiments, While this diversity may be due to the
differences of stimulus variables, such as gap size.
entire stimulus size, stimulus complexity, etc., it
could also reflect the shape and size of the curve
tracer itself. The curve tracer is similar to an atten-
tion spotlight. the size and shape of which may
change depending on stimulus conditions. Like the
feature integration theory of attention proposed by
Treisman and Gelade(1980), within the range of the
curve tracer parallel processing may occur, while
each successive movement of the curve tracer entails
serial processing.

Further research should shed light on the nature
of curve tracing more precisely. Specifically, in what

sense is curve tracing different from eye tracking? Is
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the curve tracing operation different from attention
movement or mental scanning or even mental rota-
tion? Does curve tracing occur in a continuous
manner or in a discrete, saccadic manner? ls the
tracing rate constant in a given trial. or does 1
change over time?

In addition. further studies should address the
following questions: (1) If it turns out that there are
parallel sub-processes involved in the curve tracing
task, how do these processes contribute to curve
tracing operation? (2) What kind of elemental opera-
tion is entailed in the curve tracing operation? (3)
What are the relationships among these elemental
operations? (4) How in the curve tracing routine
related to other visual routines such as colonng,
boundary trecking. inside-outside decisions.
feature-integration processes. and 3D perception?
and (5) What are the universal elemental operations

shared with curve tracing and other visual routines?
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