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Predicting the shape of distance functions in
curve tracing: Evidence for a zoom lens operator

PETER A. McCORMICK and PIERRE JOLICOEUR
University of Waterloo, Waterloo. Ontario, Canada

Jolicoeur, Ullman, and MacKay (1986) showed that the time to confirm that two dots are on
the same curve increases monotonically, but nonlinearly, as the curve distance between the two
dots increases. These displays contained two curves and two dots. On same trials, the two dots
were on the same curve (target curve), while the other curve served as a foil (distractor curve).
The monotonically increasing effects of curve distance on response times for same trials suggested
that the intervening curve segment was traced. In the present investigation of the source of the
nonlinearity in these distance functions, it was hypothesized that differences in the distractor
curves may have allowed a curve tracing operator with zoom lens properties to widen its recep
tive field while tracing parts of certain target curves. The wider receptive field may have allowed
faster tracing over certain segments, owing to a reduced number of shifts required by the opera
tor to scan the curve. The consequence of training certain segments of the curve more quickly
than other segments of the curve would be a nonlinear effect of distance. A new set of stimuli
was created for testing this hypothesis directly. Fairly linear distance effects were found for stimuli
that contained a distractor curve that constrained the breadth of the postulated curve tracing
operator, whereas stimuli that contained a distractor curve that could allow for a larger recep
tive field yielded nonlinear distance functions. The results are compared with the predictions
of three quantitative models: pixel-by-pixeltracing; Jolicoeur, Ullman, and MacKay's (1991)bipar
tite operator; and a new zoom lens model, analogous to the zoom lens model of visual attention.
The results were fit best by the latter model, in which tracing is accomplished by tracking the
curve with a variably sized local operator.

Ullman (1984) has suggested that the spatial relations
between objects in a visual display are perceived through
the implementation of visual routines that operate on early
visual representations. A visual routine is an ordered as
sembly of basic visual operations, such as covert and overt
shifts of the processing focus, the indexing of locations
for further processing, bounding surfaces for selective
processing, boundary tracing, and the marking of surfaces
and locations that have already been processed. In the
present study, we are concerned with the boundary or
curve tracing operation, which has been studied exten
sively by Jolicoeur and his colleagues (Jolicoeur, 1988;
Jolicoeur & Ingleton, 1991; Jolicoeur, Ullman, &
MacKay, 1986, in press; McCormick & Jolicoeur, in
press). The variable manipulated in these studies was
whether or not two dots appeared on the same curve in
a display consisting of two or more nonintersecting
curves. The results consistently showed monotonically in
creasing response times as a function of the curve dis
tance between the two dots, which has been taken as evi
dence that the curves were traced, at a limited rate, in
order to verify the spatial relation.
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The Curve Tracing Operator and Shifts
of Visual Attention

McCormick and Jolicoeur (in press) provided evidence
in support of the notion that visual attention and curve
tracing are intimately related. In that study, attention was
directed to a curve by briefly increasing the luminance
of the curve. The effect of distance interacted with the
manipulation that directed visual attention. This interac
tion, within an additive factors approach (Sternberg, 1969,
1975), suggests that attention and curve tracing may be
part of a common stage of processing.

A number of reasons suggest to us that the curve trac
ing operation may involve shifting the locus of visual at
tention. The effects of distance in the curve tracing task
suggest that a local operator is required to trace, or move
along, the curve in order to maintain continuity and to
ensure that the correct curve is processed. This operator
could be unique to tracing, but it seems more parsimoni
ous to suppose that it could also be a component of a more
general attentional system. Whether this is the case,
however, remains an empirical issue.

Visual attention is often considered to be analogous to
a "spotlight which enhances the efficiency of detection
of events within its beam" (Posner, Snyder, & David
son, 1980, p. 173). Eriksen and his colleagues have pro
posed a variation of the spotlight metaphor, which they
call the zoom lens model (Eriksen & Hoffman, 1972;
Eriksen & Rohrbaugh, 1970; Eriksen & St. James, 1986).
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The zoom lens model of visual attention holds that the
spatial extent of the scope of the beam can be controlled
by the observer in response to his or her computational
goals or to characteristics of the stimulus. A finite amount
of resources can be allocated over a varying amount of
spatial area. In research on the spatial structure of visual
attention, the zoom lens model has continued to gain sup
port (e.g., McCormick & Klein, 1991; Shepherd &
Muller, 1989). Jolicoeur et al, (in press) have proposed
that the spatial extent of the curve tracing operator could
be variable and could depend on a number of display prop
erties, one of which is the proximity of other curves.

Nonlinear Distance Functions
One consistent and potentially problematic finding in

research on curve tracing is that of nonlinear distance ef
fects for the intertwining stimuli first employed by
Jolicoeur et al. (1986). The typical function for these
curve patterns is display in Figure I. These results are
for same trials collapsed across all the experiments
reported by Jolicoeur and Ingleton (1991). It can be seen
from this graph that the distance function over the first
three distances appears to be linear, but that the response
time for the fourth distance increases more sharply than
would be expected from a linear extrapolation from the
first three distances. As Pringle and Egeth (1988) have
remarked, this nonlinear function makes determining the
rate oftracing rather difficult. One clue about the source
of the nonlinearity is that it only occurs with the inter
twining stimuli (e.g., Jolicoeur & Ingleton, 1991;
Jolicoeur et al., 1986; McCormick & Jolicoeur, in press,
Experiments 2 and 3) and not with other stimuli used to
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Figure 1. Mean sameresponse tiJoes coUapsed across tbe experi
ments reported by Jolicoeur and IngIeton(1991). Note-Overall pet
tern sizewas manipulatedIn this experiment, so that curve distance
Isexpressed relative to the overall pattern size (see Jolicoeur & In
gkton).
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Figure 2. Three examples from the stimulus set developed by
Jolicoeur and lngIeton (1991). The spotllgbt In eacb example
represents the receptive fteId of the pclItulated tnIdDg operator. (A) A
curve pair In whicb up to three potential second dot locations can
be encomp8Med slmu1ta-.ly within the receptive field of the oper
ator without also encompassing part of the dIstractor curve. (8) A
curve pair In whicb up to two potential second dot locations can be
encompllSlled within the receptive field of the operator. (C) A curve
pair In whicb only one potential second dot location can be encom
passed within the receptive fteld or tbe operator.

investigate tracing, such as parallel lines or concentric cir
cles (e.g., Jolicoeur, 1988; Jolicoeur et al., in press;
McCormick & Jolicoeur, in press, Experiment 1; Prin
gle & Egeth, 1988). Because the curve tracing operations
employed in all of these studies probably involved the
same processes, a likely source of the nonlinearity might
lie in differences between the stimuli that were used. Our
purpose in the present study was to elucidate a potential
cause of these nonlinear effects of distance found with cer
tain stimuli but not with others. We hope to do so by pro
viding a theoretically motivated account of the nonlinear
ity, which we will support by gaining experimental control
over the phenomenon.

The stimulus set first used by Jolicoeur et al. (1986)
and modified by Jolicoeur and Ingleton (1991) consisted
of nine pairs of curves that had been developed to meet
a number of constraints outlined below. Eight of these
curve pairs were used as experimental stimuli, and one
pair was used exclusively for practice. Three examples
from the Jolicoeur and Ingleton stimulus set are given in
Figure 2. Each pair consisted of two intertwining but
nonintersectingcurves. One curve passed through the spa-
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Figure 3. Mean resPOIllle times from the Beutrlll coaditIcm of
McCormick and Jolicoeur (1991), Experiment 2. Open circles
repre8eIIt theresults from curvep8lrswith an iIIIidedIstrador curve;
dOled circlesrepresent the resultsfrom curve pairs witb an outside
distnctor curve.

tive field of the operator is independent of the processing
time requiredto decidethat it is safe to makea shift. This
method is discussed in greater detail in the General Dis
cussion section.

One way in which the zoom lens operator could deter
mine whether or not there is only one curve within its
receptive field would be to use a process that can detect
terminators (i.e., the end of a curve) and closed objects
withinthe receptive fieldanda process to detectandcount
the number of intersections of curves with the perimeter
of the receptive field. This information is sufficient for
determining whether or not it is safeto makeanother shift.
If there are more than two intersections of curves with
the perimeterof the receptive field, it is possible that there
is more than one curve within the receptive field. If ter
minators are detected within the receptive field of the
operatorand there is more than one intersection of a curve
with the perimeter of the receptive field, there may be
more than onecurvewithinthe receptive fieldof the oper
ator. In addition, if a closed object is detectedwithin the
receptivefield of the operator, it may not be safe to shift,
because there is a risk that the operator could shift the
receptive field to the boundary of the closed object in
steadof the curve that is beingtraced. For the stimuliem
ployed by Jolicoeur et al. (1986) and Jolicoeur and In
gleton(1991), this would not be a problem (theonlyclosed
objectsare the target dots). For these stimuli, a sufficient
condition that would indicate that it was safe to make a
shift wouldoccur whenthere were only two intersections
of a curve with the perimeter of the receptive field and
therewere no terminators within the receptive field. When
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1000tial location of the fixation stimulus (a dot centered on
the monitor screen) whereone targetdot always occurred.
For a same trial, the second dot was presented on this
curve, whichwe call the targetcurve. For a different trial,
the second dot was presented on the other curve (which
did not pass through the location of the fixation stimu
lus), and we will call thiscurve thedistractor curve. Each
possible targetdot position hadpart of the distractorcurve
within approximately 10 of visual angle. The curve dis
tance betweentwo dots was a multipleof a constantbase
distance (e.g., in Jolicoeur& Ingleton, 1991, in the small
display condition, one unitof curvedistance corresponded
to r of visualangle, and the potential dot locations could
be 20

, 40
, 60

, or 80 of curve distanceapart), but the ab
soluteEuclideandistancebetweentwo dots did not vary.
The fmal constraint was that for half the curves the first
lobe of the target curve (approximately 2 or 3 units of
curvedistance; see Figure 2) had a portionof the distrac
tor curveon the inside(see Figure 2C), whereas the other
four curves had part of the distractor curve on the out
side of the first lobe (see Figures 2A and 2B).

The same stimulus set was used by McCormick and
Jolicoeur (in press) in the attentional cuing experiment
mentioned earlier. In this study, the target curve, the dis
tractor curve, or both curves were flashed briefly, prior
to the presentationof two dots requiring a same-eurveor
different-eurve response. The results for the neutral con
dition(bothcurveswere flashed briefly)for inside curves
(i.e., the distractor curve is located on the inside of the
target curve; see Figure 2C) and outsidecurves (i.e., the
distractor curve is located on the outside of the target
curve; see Figures 2A and 2B)are presentedin Figure 3.
The difference in the results across these two types of
curves is striking. For the inside curves, the effects of
distanceare fairly linear, whereas for the outsidecurves,
there is an exaggerationof the nonlinear trends reported
in earlier work.

We propose a zoom lens model of the curve tracing
operator that can account for the observed differencebe
tween inside and outside distractors. In this model, the
curve is traced with an operator that has a variable size
receptive field, startingat the first dot (theone at the spa
tiallocationof the fixation stimulus) andterminating when
and if a second dot is found on that curve. We assume
that a certain amountof processing is required at the old
location before the operator can shift its receptive field
to a new location. One goal of this processingis to deter
mine whether the line segment is "safe" to trace-that
is, whetheror not there is a singlecurve withinthe recep
tive field of the operator. A problem arises when there
are two different curves within the receptive field. Shift
ing under these conditionscould result in movingthe re
ceptivefield to the wrong curve. This problemis avoided
by requiring that there be onlyonecurve within the recep
tive field of the operator prior to a shift. When this con
dition is met, it is safe to shift the processing region.
Jolicoeur et al. (in press) have suggestedan algorithm in
which the length of the curve passing through the recep-
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this condition is met, there can only be one curve passing
through the receptive field of the operator. The only other
condition that would be of interest would occur when there
was only one intersection of a curve with the perimeter
of the receptive field and there was only one terminator
detected within the receptive field. This condition would
indicate that the end of the curve had been reached.

In the present model, we assume that if more than one
line is found within the receptive field of the operator,
a zooming operation will act to reduce the size of the
receptive field. This zooming should continue until there
is only one line within the receptive field. After deter
mining that it is safe to shift the receptive field and that
the second dot has not been found, a tangent to the curve
might be calculated in order to determine which direc
tion to shift next. The receptive field would shift to a new
segment of the curve that also included a small region of
the previously processed segment. This overlap is neces
sary in order to avoid zooming in on the wrong curve
when more than one curve falls within the new process
ing region. Under these conditions, the operator would
zoom in on the receptive field toward the location of the
overlap until there was only one curve, which included
a piece of the previously processed line segment, within
the receptive field. Just as the receptive field of the oper
ator can zoom in on only one curve, we assume that it
can zoom out, maximizing the size of the processing
region. However, the size of the receptive field is bounded
by the constraint that there can only be one curve (which
includes a piece of the previously processed line segment)
contained within it. This type of processing would con
tinue until the second dot was found or the end of the curve
was reached.

Thus far we have described five main subprocesses that
the curve tracing operation might involve: (1) processing
that can determine whether or not there is only one curve
within the receptive field of the operator; (2) a zoom pro
cess that can vary the breadth of the receptive field of the
operator until an optimal size is reached such that there
is (still) only one curve within the receptive field; (3) a
process to determine whether or not the second dot has
been located; (4) calculating the direction of the next shift
if another shift is necessary; (5) shifting the receptive field
to a new region that contains part of the previously
processed curve segment. Although many aspects of this
model remain underspecified, we believe that these con
ditions are sufficient for successful curve tracing and that
the model can be further simplified into two general types
of processes: (1) processing within the receptive field of
the operator (checking for a single line, checking for a
dot), and (2) processes involved with moving along the
line (calculating the direction of the next shift, shifting,
and zooming).

We hypothesize that these two types of processing con
tribute to the distance effects in curve tracing tasks. First,
there is a certain amount of time that is likely devoted
to the processing performed within the receptive field of
the operator. The time required for this processing to oc-

cur is likely to vary with each shift of the receptive field,
owing to variations in the complexity (e.g., parafoveal
eccentricity, luminance, curvature, etc.) of the stimulus
that can be contained within this processing region of the
operator. However, in the long run we would expect that
this processing time would be distributed about some mean
and that with every new shift to the receptive field addi
tional processing time would be required. As curve dis
tance between the two dots increases, the number of shifts
required to trace the segment increases, and with each
shift new processing must be performed. It follows that
the total time spent processing stimuli within the recep
tive field of the operator should be some function of the
number of shifts that are required for the curve to be
traced. Furthermore, because increases in curve distance
are likely to increase the number of shifts required for
the curve to be traced, we would expect the total time
spent processing stimuli within the receptive field of the
operator to be intimately related to curve distance.

The other factor affecting the time required to trace the
curve between two dots is the time required for the shift
ing and the zooming of the receptive field of the opera
tor. As with the processing that is required within the
receptive field, the total time required to shift and zoom
would also be related to the curve distance between the
two dots. As curve distance increases, so does the num
ber of shifts, and consequently, the total time required
for shifting and zooming increases.

The model predicts that the time required for tracing
a curve segment consists of both the total time spent pro
cessing information within the receptive field of the oper
ator and the total time spent shifting and zooming the
receptive field. The total time required by both of these
processes can be estimated by counting the number of
shifts the operator needs to trace the curve segment. That
is, the total time needed for each process should be a linear
transformation of the number of shifts, and the total time
required for tracing a curve segment should be some linear
transformation of the number of shifts. The model can
be quantified simply by counting the number of shifts that
would be made by the zoom lens operator while tracing
a given curve segment. Later, in the General Discussion,
we will discuss in more detail how this quantification can
be implemented and tested with multiple regression tech
niques. For now, we want to point out that the model
predicts that an operator with a large receptive field would
trace more quickly than an operator with a small recep
tive field because the former requires fewer shifts to trace
a curve than does the latter. In addition, the model can
account for nonlinear distance effects in the following
way: For outside curve pairs, multiple dot locations on
the target curve can be encompassed simultaneously within
the receptive field of the operator (see Figure 2A) without
also encompassing portions of the distractor curve. For
inside curve pairs, encompassing multiple locations can
not be done without also encompassing portions of the
distractor curve, which results in the need for employ
ing a smaller receptive field (see Figure 2C). We hy-



pothesize that the small distance effects over the first three
locations for the outside curves are due to a larger recep
tive field in which a larger region of the curve is con
tained within the processing region of the curve tracing
operator.

In the model outlined above, we have purposely avoided
a process that traces a line segment within the receptive
field operator. If it were the case that tracing also occurred
within the receptive field of the operator, we would be
tempted to ask how this tracing was accomplished and then
likely hypothesize another operation used to track the
curve passing through the receptive field of the primary
operator. This secondary operator might then need a ter
tiary operator for the same reasons, and this tertiary oper
ator would need an operator with a smaller receptive field
to trace within its processing field. and so on. ad infini
tum. The proposed model avoids this infinite regress by
relying on processes other than tracing to determine that
there is only one line within the receptive field of the oper
ator. Thus we expect relatively uniform processing times
whenever the two dots and the intervening line can be con
tained within the receptive field of the operator without
encompassing any part of the distractor curve. If one can
determine that there is only one line within the receptive
field of the tracing operator and that there are also two
dots within the receptive field, each of which fallon a
curve, a same-curve response can be initiated. Further
more, the time required to make this response will be in
dependent of the curve distance between the two dots, un
less increasing curve distance has some effect on the
processing time required to determine that there is only
one curve within the receptive field of the operator.
However, because the conditions that need to be checked
are probably not very sensitive to the size of the recep
tive field of the operator, and because we do not consider
tracing within the receptive field to be a necessary part
of this process, we expect small or null effects of distance
within the processing region of the operator.

As stated earlier, for the inside distractor curve pairs,
multiple dot locations cannot be contained within the re
ceptive field of the operator without also encompassing
part of the distractor curve. A tracing operator with a
smaller receptive field must be employed, which requires
more shifts to traverse a curve segment than an operator
with a larger receptive field would require. As previously
discussed, our model suggests that distance effects are due
to shifting the receptive field of the operator. For outside
distractors, Locations I, 2, and sometimes 3 can be pro
cessed in a single step; for inside distractors, increasing
distance is more likely to be associated with an increase
in the number of shifts of the receptive field. Thus, the
model predicts more linear distance effects for inside dis
tractors than for outside distractors. This processing ac
count would also explain why tracing rates from other
types of stimuli tend to be linear. For example, consider
tracing a line contained in a series of parallel lines. In
this task, a constant separation of target from distractor
curves is maintained, and our model would predict that
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the size of the receptive field of the operator would not
vary from shift to shift. Thus, we would expect the rela
tionship between curve distance and the number of shifts
to be linear. That is, because the receptive field of the
operator is not changing size. if it takes three shifts to
trace 3 0 of visual angle, then it should take six shifts to
trace 6 0

, seven shifts to trace 70
• and so on, as long as

the separation between the two dots, relative to the sepa
ration of the two lines, is such that the two dots cannot
be encompassed simultaneously within the receptive field
of the operator.

The only assumption that we make about the shape of
the receptive field is that its perimeter is convex. Jolicoeur
et al. (in press) have suggested further that it may be oval
in shape. In Figure 2, the receptive fields are ovals, in
order to demonstrate that with the convexity constraint
multiple dot locations can be incorporated simultaneously
within the receptive field for some curves but not for
others. How the tracing operator achieves this spatial dis
tribution is not our primary concern in the present paper.
The main observation is that outside curves allow the
receptive field to be larger, whereas inside curves con
strain the receptive field to a smaller size. Because a larger
processing region, as suggested by Jolicoeur et al. (in
press), can trace the curve faster (i.e., with fewer shifts)
than a smaller one, we expect shallower distance func
tions for the early portions (i.e .. Locations I and 2, and
possibly Location 3) of outside curve pairs (Figures 2A
and 2B) than for inside curve pairs (Figure 2C).

Reanalysis of the Jolicoeur
and Ing)eton (1991) Data

To assess further the processing account of the nonlinear
distance effects outlined in the previous section, we per
formed a post hoc analysis on the data set from the ex
periments reported by Jolicoeur and Ingleton (1991).
Figure 2 shows three examples of the stimuli. Figure 2A
is an outside curve pair where. at most, three dot loca
tions can be encompassed hy an expanded receptive field
without also including portions of the distractor curve.
In the Jolicoeur and Ingleton stimulus set, there were two
outside curve pairs like this one. Figure 2B is also an out
side curve pair. but in this example only two dot loca
tions can be encompassed without also including portions
of the distractor curve. There were two outside curve pairs
such as this one in the stimulus set. The remaining four
curve pairs were inside pairs like that shown in Figure 2C.

The results of this breakdown are presented in Figure 4.
An analysis of variance (ANOVA) performed on these
data yielded significant main effects of curve type
[F(2,190) = 25.30,MSe = Il.666.0,p < .01] and dis
tance [F(3,285) = 81.26, MSe = 26,072.1, p < .01],
as well as an interaction between these two variables
[F(6,570) = 13.40, MSe = 9,704.0, p < .01]. This in
teraction was also evident in polynomial contrasts. The
linear component of distance interacted with distractor
type [F(I,95) = 5.23, MSe = 7,492.3, P < .03], as did
the quadratic component of distance [F(l,95) = 5.61,
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1000 (1991). Additional stimuli weredeveloped fromthe stimu
lus set created by Jolicoeur and Ingleton in order to test
the predictions of the model outlined above. Recall that
the original stimulus set consisted of four inside curves
in which the distractor curve passed along the inside of
the first lobe of the target curve (see Figure 2C) and four
outsidecurves in whichthe distractorcurve passedalong
the outside of the lobe of the target curve (see Figures
2A and2B). However, all eightof thesestimuli haddiffer
ent target curves. The curve set used in the present ex
periment was created by taking each target and distrac
tor pair developed by Jolicoeurand Ingleton and creating
a new set by duplicating the target curve and creating a
new distractor curve: an inside distractor if the original
distractorwasoutsideof the first lobe, andan outsidedis
tractor if theoriginal distractor was inside of the first lobe.
The entire stimulus set is shown in Appendix A. Thus,
nine new curve pairs were created that would allow a
direct evaluation of the effects of the type of distractor
(i.e., insidevs. outside)while holdingtarget curves con
stant. That is, in the new stimulusset, each target curve
occurs in the contextof both an insideand an outsidedis
tractorcurve, whereas in theoriginal set, eachtargetcurve
appeared with either an inside or an outside distractor.
The predictionswere straightforward: If the nonlinearity
observedin earlier curve tracing experimentswas due to
an adjustableor a zoom lens curve tracing operator, the
inside distractor curve set should yield fairly linear dis
tance functions, and the outside distraetor curveset should
yield nonlinear functions.
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Figure 4. Mean response times in the Jolicoeur and IngIeton (1991)
study coUapsed across all the experiments and broken down into
three curve pair types. Points labeled "1" represent the results from
inside curve pairs; points labeled "2" represent outside curve pairs
tbat allow,at 1Dllllt, twoIoc:atiom to be encomplBed withinthe recep
tive field of the tracing operator without also encompassing part of
the distrBctor curve; points labeled "3" represent outside curve pairs
tbat allow up to three locations to be encompassed within the recep
tive field of the tracing operator without interference from the dis
tractor curve. Note-Overall pattern size was manipulated in this
experiment, and thus curve distance ~ expressed relative to the over
all pattern size (see Jolicoeur & IngIeton).

Method

MSe ::: 8,339.1,p < .02]. What is most important about
these results is the nature of the interactions. As can be
seen in Figure 4, the distance effects for inside curvepairs
(labeled" 1") appear more linear than the distanceeffect
for outsidecurve pairs. The outsidecurves that allowed,
at most, two locationsto be encompassed simultaneously
without any distractor portions (labeled "2' ') showed
equal performanceat these two locationswith substantial
distanceeffectsmanifested at Locations 3 and 4. The out
side curves that could allow up to three locations to be
encompassed by the receptivefield withoutincluding any
distractor curve (labeled"3") have a If-shaped function
with little differencebetweenperformanceat Location 1
and Location 3. These results are consistentwithour hy
pothesis that the nonlinearity observed in curve tracing
tasks with intertwining stimuliis due to an interaction be
tween the stimuliand the size of the receptivefield of the
curve tracing operator. In Experiment 1, we test our
hypothesis directly by manipulating whether a targetcurve
is paired with an inside or an outside distractor curve.

EXPERIMENT 1

Experiment 1 was a curve tracing task like that used
by Jolicoeur et al. (1986) and Jolicoeur and Ingleton

Subjects
Seven female and 5 male undergraduates at the University of

Waterloo were paid $4 for their participation. All were right-handed
and had normal or corrected-to-normal vision.

Materials
The stimuli were adapted from Jolicoeur and Ingleton (1991).

A description ofthese display has been given elsewhere (Jolicoeur
& Ingleton, 1991; McCormick & Jolicoeur, inpress). The stimuli
were made upof two nonintersecting curves. One curve passed
through the spatiallocatioo of the fixation stimulus used to begin
atrial; one dot always occurred atthis location. Intersecting points
ofthe two curves with animaginary circle centered at fixation de
termined the potential seconddot locations. Inthis manner, the Eu
clidean distance (2.3 0 visual angle) between the two dots remained
constant while the curve distance between the two dots varied (in
same trials). There were four potential seconddot locations onthe
target curve (the curve passing through fixation). The curve dis
tance between dot locations was approximately 30

•

For different trials, thesecond dotoccurred onthedistractorcurve.
Curve distance was undefined, but potential dot locations were con
strained inthe following manner. The terminus ofthe target curve
was defined as the end of the target curve that one would reach
by tracing outward from fixation through all the potential sametrial
dot locations. For the stimuli used inthe present experiment, this
isthe end ofthe target curve that isfarthest (in curve distance) from
the first dot location (i.e.,the dot that occurs atthe spatial location
of thefixation stimulus). Location 1 was arbitrarily defmed to
occur 30 from theend of thedistractor curve closest to theter
minus of the target curve. As forsame trials, there were four
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Figure 5. Mean respolL'le times and percent error rates for Ex
periment 1 for same and different respomes. Open circles represent
the results from inside di<itractor curve pairs; clolledcircles represent
the results from outside distractor curve pairs.
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If not, it was permanently excluded. The process con
tinued until no further response times were permanently
removed. Any temporarily removed response times were
then added back to the cell and the mean calculated. This
outlier analysis resulted in the exclusion of 4.5% of the
same response trials and 4.0% of the different response
trials.

Same responses. The response time results are
presented in Figure 5. These data were subjected to a
repeated measures ANOVA that included distractor type
(inside or outside) and distance as within-subjects factors.
The main effect of distance was significant [F(3,33) =
21.17, MSt = 46,990.1, P < .01], as were boththe linear
component of distance [FO, 11) = 21.49, MSt =
124,984.4, P < .01] and the quadratic component of dis
tance [FO,ll) = 45.11, MSt = 6,460.3, p < .01].
Curve pairs that had an inside distractor were responded
to more slowly than curve pairs that had an outside dis
tractor [FO,I1) = 17.21, MSt = 21,166.3, P < .01].
In addition, distance interacted with distractor type
[F(3,33) = 3.01, MSt = 7,634.2, p < .05]. Differences
between the slope of the distance function for inside and
outside curves were reflected by the interaction of the
linear component of distance with distractor type. The
slopes for the two conditions differed significantly
[F(l,ll) = 10.07, MSt = 3,784.5,p < .01], with out
side distractor curves yielding a shallower slope on the
average (25.4 msec/deg) than inside distractor curves
(32.2 msec/deg). The interaction of distractor type with

Results

Response Times
Outliers, The data for each subject were broken down

into 48 cells (2 responses x 3 repetitions of the stimuli
x inside or outside curve x 4 distances). Within a cell,
the mean and standard deviation were calculated after the
shortest and longest response times were temporarily re
moved. Each of these response times was examined to
see if it fell within four standard deviations from the mean.

Procedure
A subject sat facing the computer monitor with viewing distance

controlled by a chinrest placed 140 cm from the video screen. The
room was dimly lit. Each trial began with a fixation dot presented
for 750 msec. This dot was replaced by the two curves and the two
dots, which remained on the screen until the subject responded.
The subjects were informed that one dot would appear at the spa
tial location of the fixation stimulus and that they should respond
"same" if the second dot was on the same curve or "different"
if the second dot was on the other curve. They were also instructed
that their response times and accuracy would be recorded and that
they should respond as quickly, but also as accurately, as they could.
Half of the subjects responded "same" by pressing a response button
with the right hand and "different" by pressing a response button
with the left hand; the other half of the subjects responded' 'same"
with the left hand and "different" with the right hand. The inter
trial interval was 2 sec.

Each session began with a block of 48 practice trials. The sub
jects were required to respond correctly on at least 43 of these trials
in order to go on to the experimental trials. Only 1 subject failed
to perform at this level on the first block but succeeded on the sec
ond attempt.

There were three blocks of 128 experimental trials. Within each
block, all possible combinations of conditions occurred once: 2
responses (same, different) x 4 dot locations x 16 curve pairs.
The order of trials within a block was randomly chosen without
replacement but was constrained so that no particular condition could
occur in more than four consecutive trials. The total time spent in
the experiment was approximately 30 min.

possible dot locations for different trials that were separated by
approximately 3° of curve distance, and the Euclidean distance
between the second dot location and fixation (the first dot loca
tion) was 2.3°.

The present stimulus set was adapted from this existing set of
eight pairs of target and distractor curves (in addition, another pair
was developed from the practice curve set used in the original
studies). We refer to the convex region of curve that passes through
the first dot location or first two dot locations as the first lobe. Each
curve has two of these lobes. Four of the original pairs had been
constructed so that the distractor curve passed along the outside
of the first lobe of the target curve and the other four so that the
distractor passed along the inside of the first lobe (see Figure 2).
For each original target curve, a new distractor curve was con
structed. An outside distractor was constructed if the original pair
contained an inside distractor curve, and an inside distractor was
constructed if theoriginal pair contained an outside distraetor curve.

The 18 curve pairs that were used are displayed in Appendix A.
Two pairs (one inside and one outside) based on the practice stimulus
used by Jolicoeur and Ingleton (1991) served as practice stimuli
in the present experiment. The remaining 16 curve pairs were used
as experimental stimuli. Thecurves and dots were presented in white
on a black background. The experiment was controlled by an
Amiga 1000 computer, and the stimuli were displayed on an Amiga
color monitor.
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the quadratic component of distance was not significant
[F(l,ll) = 1.75, MSe = 13,812.9, p > .20].

As can be seen in Figure 5, the difference between in
side and outside distractors, although significant, is not
as well delineated as it was in the reanalysis of the
Jolicoeur and Ingleton (1991) data (see Figure 4). One
possible explanation for this difference is a confounding
effect of multiple stimulus presentations. Recall that each
target curve appeared with an inside and an outside dis
tractor curve and that both of these pairs were presented
three times (i.e., once in each of the blocks) for each dot
location. Thus the subject saw any particular target curve
a total of 48 times. These repeated exposures may have
had some effect on the distance functions. A repeated
measures ANOVA that included the variable of trial block
(three levels) supported this notion. In the left panel of
Figure 6 are shown the results for inside curves for each
block (or third) of the experimental trials; in the right
panel are shown the corresponding results for outside
curves. In the first block of trials, the inside curves yielded
nearly linear effects of distance. However, across blocks,
the results became increasingly nonlinear. The pattern of
the distance effects for outside curves, however, did not
change substantially with practice. The three-way inter
action of practice with distractor type and distance only

approached significance in the omnibus ANOVA [F(6,66)
= 1.72, MSe = 7,341.6,p < .13]. However, the three
way interaction of practice with distractor type and the
linear component of distance was significant [F(2,22) =
5.82, MSe = 4,167.6, P < .01], suggesting that the slope
of the linear effect of distance changed differentially for
inside and outside distractors across blocks. The three-way
interaction of practice with distractor type and the quad
ratic component of distance was not significant (F < 1).

A trend analysis was performed on each of the six dis
tance functions presented in Figure 6. The linear com
ponent of distance was significant for each function [all
Fs(l,ll) > 9, all ps < .01]. However, the quadratic
component of distance was significant for all functions
except for the first block of inside distractors (F < I),
reflecting nonlinearity in all the functions except for this
one condition. An analysis was performed on the three
blocks of inside distractor curves. The interaction between
practice and distance was significant [F(6.66) = 2.65,
MSe = 8,276.0, p < .03]. In the trend analysis. how
ever, practice interacted with only the linear component
of distance [F(2,22) = 5.17, MSe = 8,702.1,p < .02],
and not the quadratic component of distance [F(2,22) =
1.15, MSe = 7,240.4, p > .30]. An analysis was also
performed onjust the outside distractor set. This analysis
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did not yield a significant interaction between practice and
distance, nor did it yield any interactions between prac
tice and the polynomial trends of distance (all ps > .30).

Differmt responses. Because distance was defined ar
bitrarily for different trials, the data from this response
condition are presented in Figure 5 collapsed across the
four dot locations. These data were subjected to a repeated
measures ANOVA that included distractor type and block
as within-subjects factors. There was a significant main
effect of distractor type [F(l, II) = 10.49, MS~ =
142,640.0, P < .01], such that inside distractor curves
resulted in slower responses than did outside distractor
curves. There was a main effect of practice as well
[F(2,22) = 15.72, MS~ = 164,227.8, P < .01]. How
ever, these two variables did not interact (F < 1.0).

Error Rates
Same responses. The error rates are presented at the

bottom of Figures 5 and 6. These data were subjected to
a repeated measures ANOVA with the same model as that
used for the response times. There was a main effect of
distance [F(3,33) = 9.84, MS~ = 113.8, P < .01], the
linear component of which was significant [F(l, II) =

11.69, MS~ = 215.1, p < .01], as was the quadratic com
ponent [F(l,ll) = 9.10, MS~ = 88.27,p < .02J. There
was also a significant effect of block (see Figure 6)
[F(2,22) = 4.01, MS~ = 14.42, P < .04J.

An analysis was performed on each of the six distance
functions presented at the bottom of Figure 6. For inside
distractor curves, there was a significant effect of distance
in the first block [F(3,33) = 3.94, MS~ = 54.45, P <
.02]; the linear component of this distance effect was also
significant [F(l,11) = 6.83, MS~ = 41.82,p < .03), but
not the quadratic component (p > .18). There were no
significant effects involving distance in the second block
(all ps > .13). However, the effect of distance was sig
nificant in the third block [F(3,33) = 8.58, MS~ = 32.41,
p < .01]. The quadratic component of this distance ef
fect was significant [F(l, II) = 6. 79, MS~ = 30.05, P <
.03], as was the linear component [F(i, II) = 13.57,
MS~ = 41.82, P < .01].

For outside distractors, the effect of distance was sig
nificant in the first block [F(3,33) = 3.65, MS~ = 43.23,
P < .03]. The quadratic component of this distance ef
fect approached significance [F(l,11) = 4.13, MS~ =

38.14, p < .07], as did the linear component of the dis
tance effect [F(l,ll) = 4.77, MS~ = 59.49, P < .06J.
In the second block, there was a significant effect of dis
tance [F(3,33) = 6.73, MS~ = 36.48, P < .0IJ. The
quadratic component of this distance effect was signifi
cant [F(l,ll) = 6.77, MS~ = 30.79, p < .03J, as was
the linear component of distance [F(i, II) = 7.(y.), MS~ =
71.13, p < .03]. The effect of distance was also signifi
cant in the third block [F(3,33) = 3.72, MS~ = 71.52,
P < .03]. The quadratic component of this distance ef
fect approached significance [F(l,ll) = 3.87, MS~ =

53.83, P < .08], as did the linear component of the dis
tance effect[F(l, ll) = 4.46, MS~ = 131.95, P < .06J.
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An analysis was performed on just the inside distrac
tor curves. There was a significant effect of practice
[F(2,22) = 4.51, MS~ = 15.80, P < .03J and distance
[F(3,33) = 6.25, MS~ = 74.44, P < .01]. The linear
component of distance was significant [F(l, 11) = 9.17,
MS~ = 123.82, P < .02], and the quadratic component
of distance approached significance [F(l, II) = 4.35,
MS~ = 57.59, p < .07]. There was a significant inter
action between practice and distance [F(6,66) = 2.56,
MS~ = 19.46, P < .03], which was reflected in the trend
analysis by a significant interaction between practice and
the linear component of distance [F(2,22) = 3.76, MS~ =
18.31 , P < .04]. There were no other significant effects
or interactions (all ps > .13).

An analysis was also performed on the outside distrac
tor condition. There was a significant effect of distance
[F(3,33) = 6.(y.), MS~ = 107.IO,p·< .01]. The linear
component of distance was significant [F(l, 11) = 6.49,
MS~ = 207.65, P < .03), as was the quadratic compo
nent [F(l,II) = 6.50, MS~ = 87.99, p < .03].

Different responses. The error results for different
responses are presented in Figures 5 and 6. A repeated
measures ANOV A that included the variables of distrac
tor type and block was performed on the error data but
revealed no significant effects. However, both main ef
fects approached significance [F(l, 11) = 4.71, MS~ =
26.06,p < .06, for distractor type, andF(2,22) = 2.75,
MS~ =·54.14, P < .(y.), for block],

Discussion
The type of distractor stimulus had a strong modulat

ing effect on curve tracing performance. As predicted,
the distance effects with inside distractors were more
linear than the distance effects with outside distractor
curves. This aspect of the data is clearest in the first block
of trials. Regressing distance on response time in these
conditions yielded an R2 = .99 for inside distractors and
an R2 = .76 for outside distractors. These results pro
vide strong support for the notion that the nonlinearity
in the results of studies done with intertwining stimuli was
due to the construction of the distractor stimuli (e.g., .
Jolicoeur et aI., 1986). More specifically, the results are
consistent with a tracing operator that has a variable size
receptive field. The apparent reduction in the size of the
distance effect over the first two or three dot locations
for the outside distractor stimuli and the linear distance
function for inside distractor curves are both predicted
by a tracing mechanism sensitive to the proximity of dis
tractor curves. Furthermore, unlike the reanalyses pre
sented earlier, these results were obtained from a direct
empirical manipulation.

Repeated exposure to the stimuli had an effect on the
linearity of the distance functions for inside curve pairs.
In the first block of trials, response time increased linearly
with distance. Across Blocks 2 and 3, however, there was
a flattening of the response time function over the first two
or three dot locations. These practice effects were not
predicted by any of the models outlined in the introduc-
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insidedistractorcurvesfor the first halfof the experimentand only
outsidedistractorcurvesfor the secondhalf of the experiment.The
other group was presented with the distraetor types in the reverse
order.

Distance (degrees)

Results

Materials and Procedure
Except for the blocking of the distractor type variable, the

materials and procedure for Experiment 2 were identical to those
in Experiment 1.

Response Times
Outliers. The recursive procedure for removing out

liers in Experiment 1 wasagainused to remove outliers
in the presentexperiment. This resulted in the exclusion
of 4.95% of same-curve responses and 5.02% of differ
ent responses.

Same responses. The results for same responses are
presented in Figure 7. The data was subjected to a re
peated measures ANOVA that included order of distrac
tor type presentation (inside for the first half or outside
for the first halt) as a between-subjects factor and dis
tractortype (inside or outside), curvedistance, andprac
tice (three exposures per block) as within-subjects fac
tors. The analysis revealed maineffects of distractor type
[F(1,22) == 65.52, MS. == 46,220.5, p < .01], practice
[F(2,44) == 24.88, P < .01], and distance [F(3,66) ==
54.75,MS. == 32,869.0,p < .01].Thelinearcomponent
of the distance effectwas significant [F(1,22) == 80.26,

Figure 7. Mean respoll!ie times and percent error rates for same
IIDd diffemat respoIIlIeS In Experiment 2. Cirdesrepresentthe rauIts
from inside dIstractorplIirs; squares represent the results from out
side dIstractor plIirs. Open symbols were used when a condition was
presented In the first bait of the experiment; closed symbols were
used when a condition was presented In the second bait of the ex
periment.

tion and were notas strong in the reanalysis of the Jolicoeur
and Ingleton (1991) data. However, the stimuli used by
Jolicoeur and Ingleton differed from the stimuli used in
the present experiment in that each target curve in the
Jolicoeur andIngleton study waspresented witheitheran
inside distractor or an outside distractor, but never with
both. In addition, Jolicoeur and Ingleton presented their
stimuli at twodifferent orientations, which may have acted
likedoubling thestimulus set, thereby reducing exposure.
In thepresent experiment, eachtarget curvewaspresented
withbothan inside distractor and an outside distraetor, and
the stimuli werepresented at onlyone orientation. A sec
ondexperiment wasdesigned with inside andoutside dis
tractor curves treated as a blocked variable, in order to
reexamine or eliminate the effects of repeated exposure
found in the present experiment.

EXPERIMENT 2

Method

In Experiment 2, halfthe subjects werepresented with
only inside distractors for the first halfof the experiment
and onlyoutside distractors for the second halfof the ex
periment. The remaining subjects were presented with
only inside and only outside distractors in the reverse
order. Recall that in the Jolicoeur and Ingleton (1991)
study, repeated exposure had little or no effect on the
linearity of the distance effects for inside distractor curves.
If this nulleffectwasdue to having the targetcurvesap
pear in only one type of distractorcontext (either inside
or outside), thenpresenting only inside distractor curves
for the first half of the experiment should eliminate the
effects of repeated exposure that were observed in the
previous experiment. Thus, the first half of the experi
ment could beused as a direct testof distraetor typediffer
enceswithout any of the potential confound of theeffects
of repeated exposure.

It might also be possible to determine whether or not
the effects of repeated exposure observed in Experiment 1
are transferable from one set of stimuli (outside distrac
tors) to another set of stimuli (inside distractors) when
the two stimulus sets are not presented randomly within
a blockof trials. If it is possible for suchtransferto take
place, thenwhenthe inside distractor stimulus set is pre
sentedas thesecond blockof theexperiment, thedistance
effectsshould resemble the nonlinear distance effects ob
servedfor the outside distractorset in the firsthalfof the
experiment.

Finally, ifblocking thedistractor type variable doesnot
yield any evidence for an effect of repeated exposure
either across or within blocks, the data can be collapsed
across the practice variable and the block variable, and
these resultscan be compared with predictions madeby
the zoom lens operator model outlined earlier.

Subjects
Fourteen female and 10malestudents at the University of Water

100 were paid$4 for theirparticipation. Thesubjects wererandomly
asaignedto one of two groups. One group was presentedwithonly



MSe = 62,413.6, p < .01], as was the quadratic com
ponent [F(1,22) = 15.85, MSe = 23,520.0, p < .01].

The only significant interaction involving practice oc
curred between distance and practice [F(6,132) = 2.82,
MSe = 7,816.6, p < .02} (all other ps > .16). This in
teraction was likely due to a larger distance effect in the
first block of trials than in the last two blocks of trials.
There was a significant interaction between distractor type
and distance [F(3,66) = 8.51, MSe = 7,993.0,p < .Ol].
Distractor type interacted with both the linear component
of distance [F(1,22) = 11.l6, MSe = 9,538.9, p < .01],
reflecting the fact that the slope of the distance function
for inside curve pairs was steeper than the slope of the
distance function for outside curve pairs (31.9 msec/deg
vs. 23.7 msec/deg, respectively); distractor type also in
teracted with the quadratic component of distance [F(l,22)
= 10.47, MSe = 6,013.5, p < .01], reflecting the
characteristic flattening of the distance function over the
first two or three dot locations of outside distractor curves.

A trend analysis was performed on just the inside dis
tractor curves. The cubic component of the distance ef
fect was significant [F(1,23) = 6.25, MSe = 3,708.9,
p < .02], as were both the quadratic component [FO,23)
= 11.28, MSe = 4,103.9, p < .01] and the linear com
ponent [FO,23) = 76.29, MSe = 15,908.6, p < .01].
A trend analysis was also performed on just the outside
curves. The quadratic component of the distance effect
was significant [FO,23) = 36.26, MSe = 7,750.8, P <
.01], as was the linear component [F(l,23) = 65.0,
MSe = 9,971.1, p < .01].

The interaction between order of distractor condition
and distractor type was significant [FO,22) = 19.33,
MSe = 46,220.5, p < .01]. This interaction arose be
cause response times did not differ much across distractor
condition order for inside distractors 0,021 msec when
inside distractors were presented in the first half of the
experimental trials vs. 1,017 msec when inside distrac
tors were presented in the second half of the experimen
tal trials), but for outside distractors the order of the dis
tractor conditions had a large effect (951 msec when
outside distractors were presented in the first half of the
experimental trials vs. 797 msec when outside distractors
were presented in the second half of the experimental
trials).

The three-way interaction between distractor condition
order, distractor type, and distance was also significant
[F(3,66) = 4.83, MSe = 7,993.0, p < .01], as was the
interaction between distractor condition order, distractor
type, and the linear component of distance [FO,22) =
8.16, MSe = 9,566.0, p < .01). This interaction arose
because the slope of the distance function for inside dis
tractor pairs and outside distractor pairs differed very little
for the group of subjects who were presented with out
side distractors first (27.6 rnsec/deg for inside distractors
vs. 26.5 msec/deg for outside distractors), but differed
substantially for the group of subjects who were presented
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with inside distractors first (36.1 rnsec/deg for inside dis
tractors vs. 21.0 rnsec/deg for outside distractors). The
three-way interaction between distractor condition order,
distractor type, and the quadratic component of distance
was not significant (F < I).

Differmt responses. The results for differentresponses
are presented in Figure 7. These data were subjected to
a repeated measures ANOVA that included the distractor
condition order variable as a between-subjects factor and
the variable distractor type as a within-subjects factor. In
side distractor curve pairs were responded to more slowly
than outside distractor curve pairs [FO,22) = 42.12,
MSe = 327,114.I,p < .01]. Distractortypeinteracted
with presentation order [F( 1,22) = 6.65, MSe =
48,348.4, P < .01]. As can be seen in Figure 7, when
inside distractors were presented in the second half of the
experimental trials, different responses were slightly
slower than they were when the inside distractors were
presented as the first half of the experimental trials. For
outside distractors, different responses were substantially
faster when outside distractors constituted the second half
of the experimental trials than when they constituted the
first half of the experimental trials.

Error Rates
Stune responses. The error rates are presented at the

bottom of Figure 7. These data were subjected to a re
peated measures ANOVA with the same model that was
used in the analysis for response times. There was no ef
fect of the order of the distractor condition, nor were there
any interactions involving this variable (all ps > .17).

There was a significant effect of distance [F(3,66) =
14.8, MSe = 68.79, p < .01], the linear component of
which was significant [FO,22) = 17.42, MSe = 136.3,
p < .01], as was the quadratic component [F(1,22) =
14.15, MSe = 47.31, p < .01]. There was a significant
interaction between distractor type and distance
[F(3,66) = 3.91, MSe = 22.56, p < .01). This interac
tion likely comes about because of a larger jump in error
rates for outside distractor curves at Distance 4 than for
inside distractor curves. This tendency was also reflected
in a marginal interaction between distractor type and the
linear component of distance [FO,22) = 4.17, MSe =
27.32, p < .06], which suggests a tendency for a steeper
slope in the distance function for outside curves (.74 %
errors per degree) than for the distance function for in
side curves (.47% errors per degree). The interaction be
tween distractor type and the quadratic component of dis
tance was not significant [F(l,22) = 2.86, MSe = 28.09,
p < .12]. The pattern of errors generally resembles the
pattern of response times. For outside distractors, per
formance is relatively flat over the first three distances
and then jumps up at Distance 4, whereas for inside dis
tractors, the trend is a more linear increase in response
times and errors across all four distances. Furthermore,
there is no hint of a possible speed-accuracy tradeoff ac-
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count if one considers only the first three dot locations.
Yet, for these locations, there is good support for our
zoom lens model in the pattern of response times.

Different responses. The error rates for different re
sponses are given at the bottom of Figure 7. A repeated
measures ANOVA, following the same model as that used
for response times, uncovered no significant effects,
although the main effect of presentation order approached
significance [FO,22) = 3.56, MS. = 432.0, p < .08],
as did the interaction between presentation order and dis
tractor type [FO,22) = 2.34, MS. = 39.93, p < .12].

Discussion
In Experiment 2, empirical control over the shape of

the distance functions (i.e., linear or nonlinear) was repli
cated. Regressing distance on response time for inside
curve pairs (collapsed across presentation order) yielded
R2= .97, whereas for outside curve pairs, R2 = .83 was
observed. There was no evidence that repeated exposure
effects occurred within a block of trials or were trans
ferred across blocks of experimental trials. For outside
curve pairs, starting with the inside distractor set appeared
to make the task easier than it was when the experiment
began with the outside set. This was reflected both by
faster response times and by a slightly shallower distance
function for that presentation order. However, in both
groups of subjects, the effects of distance for inside curve
pairs were clearly more linear than those for outside curve
pairs (Figure 7).

It is possible, as suggested by the results of Jolicoeur
and Ingleton (1991), that the increased nonlinearity is
facilitated by pairing target curves with both inside and
outside distractors. However, this possibility remains ten
tative, and these repetition effects will require further em
pirical investigation before their source can be identified
clearly. Exploration of this phenomenon goes beyond the
goals of the present research. Instead we focus on a quan
titative analysis of the zoom lens curve tracing model
based on the present data set, which is not confounded
by repetition effects.

GENERAL DISCUSSION

Earlier, we outlined some of the functional properties
of a zoom lens curve tracing operator. However, other
curve tracing models have been proposed. Jolicoeur et al.
(in press) have described an operator that is sensitive to
distractor proximity and to the curvature of the line be
ing traced. They contrast this operator with what would
be expected from a simple pixel-by-pixel tracing scheme.
We tum now to a discussion and comparison of these three
models. Each model makes quantifiable predictions about
same response times for each dot location in each stimu
lus pair. These predictions are coded and used in multi
ple regression analysis with the mean response time (from
Experiment 2) for each samedot location in each stimu
lus pair as the dependent variable. The three models are

then evaluated in terms of how well they predict the results
from Experiment 2.

In order to extract mean response times across stimu
lus conditions, the data from Experiment 2 were subjected
to an item analysis of variance. The data were broken
down into 64 cells (8 target curves x 2 distractor types
x 4 dot locations, averaging across subjects). The re
sponse times in these cells were analyzed for outliers ac
cording to the recursive procedure used in Experiments
1 and 2. This resulted in exclusion of7.8 %ofthe response
times. The means generated from the outlier analysis are
presented in Appendix B. These mean response times
were used in the regression analysis presented below and
were also subjected to a repeated measures ANOVA that
included target curve as the repeated variable, and dis
tractor curve and distance as within-item factors. The
results of the item analysis supported the conclusions
drawn from Experiment 2. There were main effects of
both distractor type (inside vs. outside) [FO ,7) = 15.85,
MS. = 22,422.1, P < .01] and distance [F(3,21) =
94.74, MS. = 2,428.7,p < .01]. The linear component
of distance was significant [FO,7) = 169.33, MS. =
3,665.5, p < .01], as was the quadratic component
[FO,7) = 21.44, MS. = 3,187.4, P < .01]. The inter
action between distractor curve and distance approached
significance [F(3,21) = 2.76, MS. = 3,414.9, p < .07].
The interaction between distractor curve and the linear
component of distance was not significant [F(1,7) = 1.90,
MS. = 7,632.7, p > .20], suggesting that the slopes did
not differ significantly across distractor conditions. How
ever, the quadratic component of distance did interact with
distractor type [FO,7) = 9.89, MS. = 1,106.5, p < .02].

Three Curve Tracing Models
Pixel-by-Pixel tracing. Curve tracing may be accom

plished by implementing an operator that is as small as
the finest resolution of the visual system. As the name
pixel by pixel implies, the model is described by analogy
with a simple computer algorithm. A pixel is the finest
resolution element of a digital computer image. A com
puter program could be given the image of two lines and
two dots as input. The program could trace a curve by
starting at the first dot and moving a pointer from one
"on" pixel to the next (adjacent) "on" pixel until the sec
ond dot was found or an exhaustive search of the curve
was completed.

Pixel-by-pixel tracing can be thought of as a limiting
case in which effects of distance with no effect of curva
ture or distractor proximity are expected. It predicts a
linear effect of distance on response time; hence its cod
ing as a predictor variable would be a simple linear trans
formation of the units used to measure curve distance.
Therefore, the dot locations on the target curves of the
stimuli used in Experiment 2 were coded as 1, 2, 3, or
4 units of relative distance. The simplicity of the pixel
by-pixel model of curve tracing is reflected by the regu
lar use of the linear component of distance to examine
the interaction of independent variables with distance
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A

B

Figure 8. (A) The JoIkoeur, UIhnan,and MacKay (in preli8) bipar
tite receptive field operator and its two processing regions (labeled
"A" and "8"; see text for details). (8) An example of bow tbe trac
ing time for the bipartite operator can be quantified. The number
of sbifts needed to traverse a certain segment can be usedto predict
response time. It takes 4 sbifts to trace from the center dot to the
first dot location, 8 sbifts to reacb the second dot location, 12 sbifts
to reacb to tbe third location, and 16 sbifts to reacb the fourth 10
cation,

the wrong curve and then continue to process that curve.
These are the three constraints: (I) There can be no line
segment passing through Region B. (2) The line passing
through Region A cannot turn more than 45 0 from the
vertical axis of the receptive field of the operator.
(3) Region A must not contain any line terminators.
Jolicoeur et al. have discussed how these constraints are
sufficient to guarantee that there is only one curve pass
ing through the receptive field.

The bipartite operator can account, in a qualitative way,
for both curvature and distractor proximity effects ob
served in previous research. The constraint that the curve
being traced cannot turn more than 45 0 within the recep
tive field of the operator means that as curvature increases,
the receptive field needs to become smaller, resulting in
the need for more shifts. As with the zoom lens model
discussed in the introduction, the number of shifts that
the bipartite operator needs to traverse a curve segment
is the major factor affecting response time. Thus, as the
receptive field gets smaller, more shifts are required, and
response time increases. The constraint that the distractor
stimuli cannot fall within the receptive field of the opera
tor means that as distractor stimuli get closer to the tar
get curve, the receptive field must become smaller, result
ing in more shifts and consequently longer tracing times.

Figure 8B depicts an example of how predictions made
by the bipartite operator can be quantified for one of the
stimuli used in the present research. In the same way that
relative distance was used to code dot locations for the
pixel-by-pixel model, the number of shifts of the recep
tive field required by the bipartite operator to trace the
curve between the two dots can be used to predict response
time for each dot location. For example, to trace the curve
segment between the first dot (the dot that occurs at the
spatial location of the fixation stimulus) and the dot loca
tion at Distance 3, the operator needs to shift eight times
(i.e., make eight "fixations"). Bipartite receptive fields
were fit by hand to each stimulus pair used in Experi
ments I and 2 in the same way as for the stimulus in
Figure 8B. This was done by one of the experimenters,
who fit the receptive fields by drawing them on the stimuli
with a Macintosh drawing program. For each' 'fixation, "
the size of the receptive field was maximized without
violating any of the constraints outlined earlier. The cod
ings (i.e., the number of shifts) for each dot location on
each target curve are given in Appendix B.

The bipartite receptive field model predicts the same
results for inside and outside curves (see Appendix B).
The failure of the model to pick up these differences is
due to both the centering of the receptive field on the tar
get curve and the curvature constraint described earlier.
Recall that when the present stimuli were modified, a piece
of the distractor stimuli was moved from either the in
side to the. outside of the first lobe of the target curve or
from the outside to the inside of the first lobe. There is
very little difference in terms of the overall proximity of
an inside or an outside distractor with a single target curve.
Whether the distractor curve passes along the outside or

(e.g., Jolicoeur & Ingleton, 1991; Jolicoeur et al., 1986,
in press; Experiments I and 2 of the present article).

The bipartite receptive field operator. Jolicoeur et al.
(in press) have described a more powerful curve tracing
operator that is more efficient than pixel-by-pixel tracing
because it is sensitive to target curve curvature and the
proximity of distractor stimuli. The operator, which is
centered on the curve, is an oval divided into two regions
(see Figure 8A). The two regions (labeled "A" and "B"
in Figure 8A) are defined by placing two perpendicular
lines through the center of the operator at a 45 0 rotation
from the vertical axis of the oval. Curve tracing is ac
complished by moving the receptive field of the operator
along the curve in steps determined by the size of the
receptive field. A large receptive field would take a larger
step than a small receptive field. The size of the recep
tive field is variable and adjusted to be as large as possi
ble, subject to three constraints that prevent the operator
from erroneously trying to process two different curve
segments simultaneously. Recall that if two curves fall
within the processing region, the operator may shift to

B
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Table 1
Correlation Matrix for the Variables Response Time (RT),

Zoom Lens Predictions (ZL), Plxel-by-Pixel Predictions (PXP), and
the Bipartite Receptive Field Predictions (BRF)

Table 2
Results from Multiple Regression Analyses Involving the

Variables Response Time (RT; Dependent Variable),
Zoom Lens Predictions (ZL), Pixel-by-Pixel Predictions (PXP),

and the Bipartite Receptive Field Predictions (BRF)

Predictor Zero-Order Test of Unique Variance
Variable Correlation Beta Slope (Semipanial Correlation)

ZL 0.871 0.81 74.06 F(l,60) = 87.14, p < .01
PXP 0.633 -0.43 -59.90 F(l,60) = 2.42, p > .12
BRF 0.663 0.51 14.88 F(l,60) = 3.33, P < .07

Note-Intercept = 746.59. Multiple R = 0.88; multiple R' = 0.77.

CSO

0.663
0.705
0.975
1.000

RT 1.000 0.871 0.633
ZL 0.871 1.000 0.697
PXP 0.633 0.697 1.000
BRF 0.663 0.705 0.975

hull. However, for the present purposes we assume that
a circle is a reasonable approximation of the shape of the
receptive field. Second, we assume that the number of
shifts required to trace a curve segment is an adequate
coding scheme for quantifying the model's prediction of
response times. Although an argument could be made that
a zooming component should be added to the coding
scheme, we do not include one directly. Indirectly, a
zooming component is contained within the number of
shifts, in that with each new shift more looming is re
quired (see the introduction). Jolicoeur and Ingelton's
(1991) finding of size invariance also suggests that
response time is more dependent on the number of shifts
than on the amount of zooming. Recall that Jolicoeur and
Ingleton found that the relative slope of the curve distance
effect did not change when the absolute size of the stimu
lus was varied. That is, coding distance as 1, 2, 3, or 4
units of relative distance yielded the same slope for a
stimulus, regardless of the overall size of the stimulus
(within the range studied). A zooming component would
suggest that, in terms of relative distance, the slope for
a stimulus presented so that one unit of relative distance
equaled 20 of visual angle would differ from the slope
from the same stimulus presented so that one unit of rela
tive distance equaled 4 0

• The latter would require larger
changes in receptive field size than would the former. The
size invariance effect is more compatible with the notion
that the number of shifts, not the amount of zooming, pre
dicts response times. That is, stimulus of the type used
by Jolicoeur and Ingleton will require the same number
of shifts, regardless of its overall size. The circular recep
tive fields were fit by hand to each curve pair used in Ex
periments 1 and 2. This was done by one of the ex
perimenters, who fit the operators by drawing them on
the stimuli with a Macintosh drawing program. Again,
the size of the receptive field was maximized for each
"fixation," without violating any of the constraints out-

Variable RT ZL PXP

Figure 9. Two elUllDples of how the tracing times for the zoom
lens model can be quantified. For the imide curve pair in panel A,
it takes three shifts to trace from the center dot to the second dot
location; for theoutside curve peir in panel 8, it takes only one shift
to reach the second dot location.

A

along the inside of the target curve is not an important
factor for an operator whose receptive field is centered
on the target curve. In addition, it can be seen in Figure 8B
that for many of the shifts, the curvature of the target curve
resulted in the need for the shift. In many cases, the size
of the receptive field was constrained more by curvature
than by the proximity of distractor curves.

The zoom lens operator. The zoom lens operator was
described earlier. It differs from the bipartite receptive
field operator in two ways. It is not divided into regions,
and it is not necessarily centered on the curve. Without
these constraints, it is still possible for the zoom lens oper
ator to trace curves successfully. This is accomplished by
including the processes involved in determining that there
is only one curve within the receptive field of the operator.

Figure 9 gives an example of how predictions made by
the zoom lens operator can be quantified for two of the
stimuli used in the present research. Two assumptions
were made in order to code the response time predictions
made with the present model. First, as can be seen in Fig
ure 9, the shape of the receptive field of the operators is
circular. Although we make no strong claims concerning
the shape of the operator, we suspect that it has a convex
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Multiple R'

Table 3
Standardized Regression Equationsand Multiple RJ from the Regression of

Respome Timeon Combinations of the Variables Zoom Lens~ (ZL),
Pixel-by-Plxel Predictions(PXP), andtheBipartite Receptive Field Predictions (BRF)

Predictor Standardized
Variables Regression Equation

ZL, PXP, BRF RT = (O.8l)ZL - (.43)PXP + (.5I)BRF
PXP RT = (.63)PXP
PXP, ZL RT = (.05)PXP + (.84)ZL
BRF RT = (O.66)BRF
PXP, BRF RT = -(.26)PXP + (.92)BRF
ZL RT = (.87)ZL
ZL, BRF RT = (.80)ZL + (.lO)BRF

.773

.401

.760

.440

.443

.759

.772

Distance (degrees)

Fagure 10. A comparison of tbe IDt'aD response timesfrom tbe item
analysis and the mean number of shifts predicted by the zoom lens
model. The scale for the number of shifts was calculated from the
regression equation of response time on the predictions made by the
zoom lens model (see text for details),
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coding to the regression model did not significantly im
prove the multiple R2 (AR2 = .001; F < 1). Likewise,
adding only the bipartite operator to the regression model
did not significantly improve the multiple R2 [AR2 = .013;
F(l,61) = 1.23, p > .10]. The results from this partial
regression model are summarized in Table 3.

Of the three models, then, the zoom lens model pro
vides the best fit for the response time data. It accounts
for a significant proportion of the variance that curve dis
tance (i.e., the pixel-by-pixel coding) alone cannotaccount
for. As the second stepwise analysis demonstrated, neither
the pixel-by-pixel model nor the bipartite operator sig
nificantly improved the fit of the zoom lens model. In fact,
the full regression model using all three predictors does
not account for significantly more variance thanthe zoom
lens model alone [AR2 = .014; F(2,60) = 1.83, P > .10].
The zoom lens model on its own accounts for over 75%
of the variance in response time.

The obvious functional advantage that the zoom lens
model has over the other two models is that it can account
for the difference between inside and outside curves. The

An Evaluation of the Three Models
The data in Appendix B were subjected to a multiple

regression analysis with response time as the dependent
variable and the codings from each of the three models
as predictor variables. The correlation matrix is given in
Table 1. There are two points of interest in the zero-order
correlations. First, the zoom lens model has a higher
correlation with response time than either distance (i.e.,
pixel by pixel) or the bipartite operator. Second, the corre
lation between the bipartite operator and the pixel-by-pixel
model is very high (R = .975).

The results from the full regression model are summa
rized in Table 2. The statistical significance of each semi
partial correlation suggests that each model is capturing
unique variance in mean response times. However, the
negative beta weight (the standardized regression coeffi
cient) associated with curve distance (i.e., the pixel-by
pixel model) suggests that it is acting as a suppressor vari
able. Two forward stepwise analyses were performed to
evaluate the three models. First, response time was re
gressed on relative curve distance (i.e., the coding from
the pixel-by-pixel model). Adding the zoom lens opera
tor variable to the regression model resulted in a signifi
cant improvement in the multiple R2 [AR2 = .359;
F(l,61) = 91.2, p < .01]. The results from this partial
regression model are summarized in Table 3. Starting
with only the pixel-by-pixel model and adding the bipar
tite operator variable to the regression model also resulted
in a significant (but smaller) improvement in the multi
ple R2 [AR2 = .042; F(l,61) = 7.44, p < .01]. How
ever, unlike the partial regression model that included the
zoom lens operator and the pixel-by-pixel coding, when
the partial regression model contained the bipartite oper
ator and the pixel-by-pixel coding, the pixel-by-pixel vari
able again had a negative beta weight associated with it
and thus served as a suppressor variable (see Table 3).
This is likely due to the highcorrelation between the pixel
by-pixel model and the curvature-sensitive operator (see
Table I).

A second forward stepwise analysis was performed on
the data. Response time was regressed on only the zoom
lens operator (see Table 2). Adding the pixel-by-pixel

lined earlier. The codings (i.e., the number of shifts) for
each dot location on each target curve are given in Ap
pendix B.
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ability of the model to do this can be seen in Figure 10.
The graph compares the response time data from Experi
ment 2, collapsedover blocks, with the scaled predictions
of the zoom lens model. The scaling was achieved by us
ing the regression equation from the regression of
response time on the zoom lens predictor variable. The
mean number of shifts across target curves for each
distance-by-distractor-type cell was entered into the equa
tion and the predicted response time plotted. In addition
to how well the zoom lens model predicts a main effect
of inside and outside curves, it also emulates the shape
of the distance functions for each of the distractor condi
tions. It shouldbe noted that although the model does not
predict a perfect linear functionfor inside curves, it does
predicta fairly linear pattern, as was found in the response
data from Experiment 2 and Block 1 of Experiment 1.

SUMMARY AND CONCLUSIONS

In the presentstudy, we have demonstrated that the non
linearity observed in previous curve tracing experiments
done with intertwining stimuli was due to characteristics
of the target and distractor curve relationship. More spe
cifically, whenthe distractorcurve is drawn along the out
side of the first lobe of the curve to be traced, it appears
that subjects can process multiple dot locations simulta
neously, possibly by using an operator whose receptive
field has zoom lens properties. Enlarging the receptive
field of the operator reducesthe number of shifts required
to trace the curve over certain sections, thereby reducing
or eliminating the effects of distance over these regions.
These results are empirically as well as theoretically im
portant. Because the inside distractor curve set yielded
fairly lineardistance effects, thesestimuli representa good
alternative to the stimuli employed by Jolicoeur et al.
(1986) and Jolicoeur and Ingleton (1991) for future work
on curve tracing.

The predictions made by the zoom lens analogy at the
beginning of this paper were supported by the results of
both experiments. The evidence is consistentwith the no
tion that the receptive field of the curve tracing operator
has a flexible size and that this zoom lens property may
have been responsible for the nonlinearity observedprevi
ously. Our notion of a zoom lens curve tracing operator
is quite similar to the zoom lens metaphor of visual at
tention. The resultsin the presentstudyare consistent with
the view that curve tracing and shifting visual attention
may be part of a common, more general, system(McCor
mick & Jolicoeur, in press; Ullman, 1984).

The results also suggestthat Jolicoeuret al. 's (in press)
bipartite operator does not seem to reflect how humans
trace the intertwining curves used in the present experi
ment. In addition, we have provided convergingevidence
that curve distance, in and of itself, is not always the best

predictor of response time. The zoom lens model, as
specified in the present article, would appear to be a good
startingpoint from whicha morecompletemodelof curve
tracing could be developed. However, a number of is
sues still require empirical investigation: the time course
of focusing, the spatialdistribution(i.e., the shape)of the
receptivefield of operator, and the effects of repeatedex
posure observed in Experiment 1. In addition, whereas
the bipartite operator predicts effects of curvature, such
as those studied by Jolicoeur et al., it is not clear how
these curvature effects might be accommodated by the
zoom lens model. Despite this limitation, if the zoom lens
operator is analogous to visual attention as it is studied
in the literature on orienting of attention, questions that
are answered concerning the curve tracing operator may
have a direct bearing on our knowledge of the role of
orienting visual attention in tasks requiring visual infor
mation processing.
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APPENDIX A
Ex~ri~~ntal and Practi~e_~timuli Used in_~xperiments 1 ~nd 2

In.ilikJ. Outside 1 lnsiJ:1l:..2 Qillllik.l

~~~~

~~~~
~ Outside 5 ~ Outside 6

~~~~
lJlilikl Outside 7 ~ Outsjde 8

~~~~
Inside Practice

~
Outside Practice

ZP
1 819 I 1 4
2 836 3 2 8
3 869 3 3 12
4 1,026 5 4 \6

1 832 I 1 4
2 749 1 2 x
3 897 2 3 12
4 1,089 4 4 i6

971 ~ ~
L

" 1,032 3 2 IIL

3 1,082 4 3 16
4 1,418 5 4 20

Inside 2

Outside 1

APPENDIX B
Mean Response Times (in Milliseconds) and Codings for the Predictions of the
Zoom Lens Operator, Pixel-by-Pixel Tracing, and the Bipartite Receptive Field
____<:>~!~tor, for Each Same CUr:!':._~~ce _and E~~ Stimulus Pair

Curve Response Zoom Pixel by Bipartite
~timuJlls ~istallce Tim~____ Len~ Pixel __~ecepti~e Xi~~

Inside I
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APPENDIX B (Continued)

Curve Response Zoom Pixel by Bipartite
Stimulus Distance Time Lens Pixel Receptive Field

Outside 2 1 813 0 1 5
2 786 I 2 11
3 891 2 3 16
4 1,035 3 4 20

Inside 3 1 818 1 I 4
2 899 3 2 8
3 943 4 3 14
4 1,085 6 4 19

Outside 3 I 767 0 I 4
2 768 0 2 8
3 764 1 3 14
4 935 2 4 19

Inside 4 I 948 2 1 4
2 1,037 4 4 8
3 1,205 5 3 14
4 1,427 7 4 19

Outside 4 I 851 1 I 3
2 788 1 2 7
3 803 2 3 13
4 997 3 4 18

Inside 5 1 902 I I 4
2 875 3 2 8
3 930 4 3 13
4 1,037 5 4 17

Outside 5 I 830 1 I 4
2 809 I 2 8
3 877 2 3 13
4 1,069 3 4 17

Inside 6 1 895 2 1 4
2 1,094 4 2 9
3 1,179 5 3 14
4 1,388 6 4 17

Outside 6 I 836 0 I 4
2 800 I 2 9
3 945 2 3 14
4 1,035 3 4 17

Inside 7 I 815 I 1 3
2 934 3 2 8
3 1,016 3 3 13
4 1,061 5 4 17

Outside 7 I 780 0 I 3
2 817 0 2 8
3 858 I 3 13
4 1,043 3 4 17

Inside 8 1 934 2 1 4
2 1,054 3 2 to
3 1,109 5 3 15
4 1,177 5 4 20

Outside 8 I 780 1 I 4
2 807 2 2 to
3 933 2 3 15
4 1,063 3 4 20

(Manuscript received March 13, 1990;
revision accepted for publication February 27, 1991.)


