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Abstract

Task-evoked pupillary responses were recorded during a visual backward masking task as an index of resource
allocation. Increased pupillary dilation indicates increased allocation of processing resources to the task. Consistent with
numerous studies, detection accuracy increased with longer interstimulus intervals and approximated no-mask accuracy
in the 300-ms condition. Pupillary dilation responses were significantly greater during task perfofowgrigve load

than during a passive stimulus viewing conditio-load and were significantly greater in the 300-ms condition than

the no-mask condition. Consistent with models of early visual information processing, the results suggest that the mask
demanded extra processing resources when it followed the target by more than 100 ms. Pupillography methods may be
useful in evaluating the contribution and timing of resource-demanding processes during early visual information
processing.

Descriptors: Information processing, Perception, Attention, Pupillary response, Cognition, Processing resources

The visual backward masking task is a well-studied cognitiveGanz, 1976; Felsten & Wasserman, 1980; Kahneman, 1968;
task that has been used to investigate the early stages of humafichaels & Turvey, 1979; Turvey, 1973
information processing. The backward masking paradigm has Although the visual backward masking task has been useful in
been used in a wide range of studies, most notably in schizodetecting differences between a variety of participant groups, the
phrenia researchifor reviews see Braff, Saccuzzo, & Geyer, cognitive mechanisms underlying group differences remain un-
1991; Nuechterlein & Dawson, 1984; Rund & Landro, 1990; clear. Several different cognitive mechanisms contribute to visual
Saccuzzo, 1993 and intelligence literaturésee Deary & Stough, backward masking task performance, and methods for identifying
1996, and White, 1996, for an overvigwlhe visual backward which of these mechanisms contribute to the backward masking
masking procedure consists of a rapidly presented target stimuask deficits of specific participant groups are needed. At least
lus (e.g., letters, or lines of different lengtha varying length of  three fundamental mechanisms underlie visual backward masking
vacant time(interstimulus intervals, typically ranging from 20 to task performance: integration, interruptidar inhibition), and
500 mg, and a masking stimulus that typically covers the spa-attentional shiftingor replacement; Breitmeyer, 1984; Breitmeyer
tial presence of the target stimulus. The participant is usually& Ganz, 1976; Michaels & Turvey, 1979; Phillips, 1974; Turvey,
asked to decide which of a pair of stimuli were presented asl973.
targets (i.e., forced-choice paradigm Several versions of the Integration involves the fusing together of the target and the
visual backward masking task exig.g., different spatial, tem- mask representation®r icons; Neisser, 1967 resulting in an
poral, and energy interactions between target and mask, aniddecipherable icon, similar to a double-exposed photograph. In-
monoptic, dichoptic, and binocular setups, critical and standardegration is maximal when the target and mask in this scenario are
target durations; see Saccuzzo, 1993, for a thorough explanaeo close, both temporally and spatially, for a clear image of the
tion), each producing different masking functions and tappingtarget to be formed. This overlapping of the target and mask typ-
different stages and mechanisms of procesdiBgeitmeyer &  ically occurs at very short interstimulus intervaisg., less than

20 ms.

Portions of this research were presented at the Thirty-Seventh Annu Interruption(or interchannel inhibitionoccurs when process-
Meeting of the Society for Psychoprilysiological Research){ Cape Cod, MAqtl;]g ?;;Zek t?;gsitltlii d|§ruptltad by t.he |ncom|n_g processing signals O_f
October 1997. , g in only partial processing of the target. Inter
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tion and interruption, interfere with a central processor they calledsponses as an index of the extent of processing resources allocated
“the constructor,” which builds an icon representation of incomingduring different masking conditiond 7, 33, 50, 100, and 300 ms
stimuli. interstimulus intervals and no-mask conditipis normal under-

Breitmeyer and colleague®reitmeyer, 1984; Breitmeyer & graduate students. It was hypothesized that participants would show
Ganz, 1975 elaborated on this two-factgmtegration and inter-  significantly greater pupillary dilation while performing the visual
ruption) model of masking with regard to transient and sustainedbackward masking tagicognitive load conditionsrelative to pas-
visual processing channels. Transient visual pathwiayagnocel-  sive viewing of the stimulicognitive no-load conditionsThis find-
lular trac transmit information about stimulus onset, offset, anding would be consistent with numerous other studresiew by
location. Cells involved in this transient visual channel respondBeatty, 1982 indicating that task-evoked pupillary responses are a
quickly to stimuli and are sensitive to the course features of stimulivalid index of processing resource allocation. We further hypoth-
(low spatial frequency In contrast, sustained visual pathways esized that pupillary dilation responses would be significantly greater
(parvocellular tragtrespond more slowly to stimuli and are con- in the 300-ms interstimulus interval condition than in the no-mask
cerned with the fine details of stimulhigh spatial frequengy In condition. The Michaels and Turvé$979 and Phillipg(1974) theo-
this model, the transient visual channels first detect the locationies hold that an additional allocation of processing resources for
and rough image of the target stimulus, and then the sustaineidentifying the meaning of the mask interferes with target process-
visual channels carry out a more detailed analysis. Integratioing only after the mask follows the target by more than 100ires
occurs when activity of the target and mask combine in the susin the 300-ms interstimulus interval conditjoRupillary responses
tained visual channels, and interruption occurs when the transienih the no-mask condition index the processing load associated with
activity of the mask disrupts sustained activity of the target. only target processing, whereas pupillary responses in masking con-

A third source of masking effects that has been proposed inditions index the processing load associated with both target and
volves the shifting and sharing of processing resources betweemask processing. Thus, if additional processing resources are re-
the target and masi_oftus, Hanna, & Lester, 1988; Michaels & quired for identifying both target and mask only in the 300-ms in-
Turvey, 1979; Phillips, 1974 At 100 ms or more after the target terstimulus interval condition, this requirement should be reflected
presentation, there is thought to be an additional allocation ofn greater pupillary dilation responses in the 300-ms interstimulus
processing resources to the identification of stimulus meaning innterval condition relative to the no-mask condition and other in-
short-term visual memor¢gPhillips, 1974. Thus, at this timepoint, terstimulus interval conditions.
stimulus identification resources allocated to identify the meaning The alternative two-factor account of maskifBreitmeyer &
of the target must also be used to identify the meaning of the masisanz, 1978 which relies on only integration and interruption,
(Michaels & Turvey, 1979; Phillips, 1974Michaels and Turvey makes different predictions. If a single icon becomes a progres-
referred to this as “replacement,” whereby target information issively clearer representation of the target as the effects of integra-
replaced by mask information as the main focus of attention by dion and interruption diminish with longer interstimulus intervals,
central processor called “the algorist.” In the time course of earlythen a linear increase in pupillary respongesource allocation
visual processing, this is the first point at which attention as theshould be found across increasing interstimulus intervals as clearer
allocation of processing resourcgsirst & Kalmar, 1987; Kahne-  targets become available for processing by “the algorist.” Further,
man, 1973; Wickens, 1984s attributed to masking effects. Mask- no interstimulus interval should result in greater pupillary re-
ing occurs after this timepoint, not because the quality of a singlesponses than the no-mask condition, if there is no shifting and
icon is degraded by integration afat interruption, but because a sharing of resources between the target and mask. Thus, pupillog-
well-formed target icon and a second well-formed mask icon com+aphy methods will be used to more directly measure whether a
pete for common stimulus identification resources or algorithmsresource allocation mechanism contributes to masking in longer
In addition, the switching or timesharing of resources between thénterstimulus intervals.
target and mask is itself an algoritHmresourcg-demanding process.

In the present study, pupillary responses were recorded durinﬁ/lethod
performance of a visual backward masking task in an attempt to in-
dex the time course of these resource-demanding components of eaPyarticipants
visual information processing. Task-evoked pupillary responses reStudents who responded to advertisements at the University of
liably index controlled processing resource allocation during cog-California, San DiegqgUCSD) campus were recruited and con-
nitive tasks. In a review of pupillometry studies of cognitive sented to participate in the study for monetary compensation. The
processing, Beatt{l 982 established that task-evoked pupillary re- sample(n = 37) had a mean age of 21.9 yed&D = 3.4), mean
sponses reflect within-task, between-task, and between-individuaducation of 15.0 yea(SD= 1.9), and were 71.4% femaleom-
variations in processing demands. Increased processing demandsliete demographic information was not available for two partici-
tasks tapping memorge.g., digit spap languagee.g., grammat-  pantg. Abrief background interview was given to screen participants
ical reasoning, word match, sentence encogdingasoninge.g.,  for factors that potentially affect pupil dilation or cognitive func-
multiplication), and perceptioffe.g., discrimination, detectipme-  tions(e.g., head injury, substance abuse, diaheMs participant
sultin increased pupil diameter. For example, a systematic increasamoked cigarettes or drank caffeinated beverages within 2 hr be-
in pupil dilation is observed following the presentation of each to-fore the testing session. Also, none reported any injuries, diseases,
be-recalled digit on a digit-span recall ta€kanholm, Asarnow, Sar-  or surgeries of the eye. All participants were screened for at least
kin, & Dykes, 1996, and more difficult multiplication problen{e.g., ~ 20/30 visual acuity(corrected or noncorrectgdising a Snellen
multiplying pairs of two-digit numbepsresult in greater pupillary ~ wall chart.
dilation than less difficult problem&.g., multiplying pairs of one-
digit numbers; Ahern & Beatty, 1979 Apparatus

The purpose of this study was to investigate the time course oPupillary responses were recorded from the left eye using a Mi-
resource-demanding masking mechanisms by using pupillary resromeasurements System 1200 infrared corneal-reflection-pupil-
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center pupillometer. A video camera sensitive to infrared light anddisplayed at 2.01 and 2.97 degrees of visual angle with luminance
an infrared light source were positioned 20 cm from the partici-measured at 5.7 and 6.1 lux, respectively.

pant’s eye. Participants were seated comfortably in a lighted room At the beginning of each trial, a green fixation squéde35 X
(background luminances 486 lux) with their chin and forehead 0.85 cm, 0.63 degrees of visual angle, and 7 lu&s presented in
stabilized in a headrest. The headrest was used to reduce mowviise center of the monitawith a black screen backgroundlong
ment artifact and maintain a distance of 77 cm between the pamwith a high-pitched ton€1500 Hz for 500 ms The fixation square
ticipants’ eyes and the computer monitor. Pupil diameter wasand tone served as visual and auditory cues to warn the participant
sampled at 60 Hz, digitized, and saved for offline analysis. Ato prepare for the trial’'s target stimulus. When the participant’s left
two-button joystick provided the “Right” and “Left” response but- pupil was detected as fixating on the green square for at least
tons. A 14-inch Super Video Graphics Adapt&/GA) monitor 200 ms, evidenced by a calibratigprior to testing of participant-
controlled by a Dell 38633 MHz microcomputer was used to pupillometer agreement on the center of the visual field, the pro-
administer the backward masking task. This computer and thgram would terminate the fixation square and administer the target
pupillometer computer were networked to allow precise time lock-stimulus. Instructions were given to press either the right or left
ing of pupillary responses with visual backward masking stimulusresponse buttons to indicate which of the two test lines was longer.

and response events. Both detection accuracy and speed were emphasized in the instruc-
tions. Three seconds after the onset of the target stimulus, a low-
Visual Backward Masking Stimuli and Procedure pitched tone(800 Hz for 500 msfunctioned as an auditory cue

A computer prograngwritten by S.P.\i was used to administer the signaling the end of the trial. The intertrial interval was 3 s. Par-
visual backward masking task, which consisted of 30 pretest trialsiicipants were asked to refrain from blinking during the trial period
120 test trials, and 30 posttest trials. The reason for the inclusiobetween the two auditory signals marking the beginning and end-
of pre- and posttest trials was twofoldL) to provide for a “cog-  ing of the trial(i.e., high and low tones respectivglyf the par-
nitive no-load” condition, as participants were asked to simplyticipant did not respond with a button press within 3 s, a warning
view the stimuli without responding during pretest and posttestsound(alternating 1500- and 800-Hz tonggompted the partici-
trials, and(2) to investigate whether habituation of the pupillary pant to make a response.
response would be observed over the course of the testing session. Before the test portion of the task, the participant was given 24
The test trials constituted a “cognitive load” condition in which the practice trials. The practice trials began with the easiest interstim-
participants were asked to identify which of two target lines wasulus interval conditions, namely, two no-mask trials followed by
longer(i.e., forced-choice paradigniThe target stimulus consisted two 300-ms interstimulus interval trials. The interstimulus interval
of two adjacent vertical lines presented in the center of the screemurations of the remaining 20 trials were blocked randomly. For
1.7 cm apart. For every trial, one of the two lifeght or leff) was  the first half of the practice, computer-automated feedback was
longer than the othe2.7 vs. 2 cmiand offset vertically in height  provided regarding correctness of participant’s response. Feedback
in one of six different target configurations. The upper endpoint ofwas not provided during the test phase of the study. Because the
the “short” line could be higher, equal, or lower than the uppercomputer required time to periodically save strings of data, par-
endpoint of the “long” line, and the short line could be either theticipants were prompted to blink or rest their eyes after each pre-
right or left line. Also, only one endpoirfupper or lowey of one  sentation of six trials before continuing with the next set. In addition,
target line could be in alignment with the same endpoints of theparticipants were allowed time to regtarticipant determined the
masking lines. In this manner, the effects of apparent movement dength of resting timghalfway through the test. The entire task
flicker as a mask-breaking cue may be redu¢étexander &  (i.e., instructions, practice, pretest, test, and pogttesk typically
Mackenzie, 1992 The long and short lines were blocked ran- less than 35 min, with the test portion taking about 20 min.
domly in series of 12 trial§so that each of the six offset config-
urations was presented twice in every sequence of 12)triiie = Data Reduction
masking stimulus was comprised of two 4-cm long, parallel linesGraphic displays of raw pupil diameter data were first inspected
that completely replacetpatially the target stimulus lines. visually for gross artifacts by a trained technician. Six partici-
The target and masking stimuli were separated by intervals opants were excluded from all the analyses because of excessive
17, 33, 50, 100, or 300 ms, and a no-mask condition was includedyeblink artifacts(n = 1), technical difficulties(n = 2), or ab-
as a control. These interstimulus intervals, comprising a typicahormal tonic(resting diametern = 2) or phasic(event changes
range in the backward masking literature, were bounded by théen diameter;n = 1) pupil measurementsoutliers > 2 SD).
60-Hz refresh rate of the monitor and were timed to display inAcross all 31 remaining participants, fewer than 7.1% of the test
accordance with the top of the refresh cycle. In the test conditioririals, 4.8% of the pretest trials, and 5.6% of the posttest trials
(i.e., cognitive loadl the six interstimulus interval conditions were were discarded due to major artifacts or excessive blinking. A
presented in blocks of five trials in the following counterbalancedcomputer algorithm was used to remove eye blinks and other
sequence: 100, 33, 50, 300, no-mask, 17, 100, no-mask, 300, 1iinor artifacts from other trials by linear interpolation. A 7-point
50, 33, 17, no-mask, 50, 300, 33,100, 300, 17, 33, no-mask, 10@moothing filter was then passed over the data. For each par-
50 ms. For the pre- and posttest conditighe., cognitive no- ticipant, an average pupillary response was then calculated for
load), the six interstimulus intervals were presented in blocks ofthe artifact-free trials of each interstimulus interval condition
five trials each for a total of 30 trials; the pretest sequence was 17&yithin the cognitive load and no-load conditions.
no-mask, 50, 300, 33, 100 ms, and the posttest sequence was 100, Typically, pupillary responses to cognitive tasks with visual
33, 300, 50, no-mask, and 17 ms. In this study, the target and magkisplays, such as the visual backward masking task, exhibit a bi-
had equal duratioil7 ms; one 60-Hz screen refresh ja@nd the  modal waveform consisting of an initial constriction response to
relationship between interstimulus interval and stimulus onset asyrthe increased display luminance and a subsequent dilation re-
chrony is simply interstimulus intervat stimulus onset asyn- sponse under cognitive load. Cognitive load can both reduce the
chrony+ 17 ms. The target stimulus and masking stimulus weremagnitude of the initial peak constriction phase and increase peak
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dilation in the later phase. The pattern of pupil response across thes the difference between baseline and the largest pupil diameter
whole of the 3-s trial was chosen as the primary measure becausecurring between 500 and 2,000 ms after trial ong@tPeak-to-
(1) it is based on 180 recorded samples, providing greater reliapeak dilation response was defined as the difference in amplitude
bility and less variability than a peak measuf®) it provides a  from the peak constriction to the peak dilation. Our a priori hy-
better index of sustained resource allocation, which is not reflectegpotheses require a comparison of adjacent interstimulus intervals
in a single peak value, an@®) it incorporates resource allocation and a comparison of each of the masked interstimulus interval
effects on the peak constriction of the pupillary light reflex, which conditions with the no-mask condition. To accomplish these com-
can be reduced when recorded under cognitive load relative tparisons, a one-way multivariate analysis of varia/d&NOVA )
no-load conditiongGavriysky, 1991 The total pupil response, was used to investigate detection accuracy and total pupil response
therefore, is a better index of total resource allocation, because #cross all interstimulus interval conditions, and planned contrasts
reflects the total duration of resource allocation and resource altFisher LSD test, two-tailedy = .05 compared each interstimulus
location effects on both peak constriction and peak dilation. Noneinterval condition with the other intervals, as well as with the
theless, we examined peak constriction amplitude, peak dilatiomo-mask(i.e., standargdcondition.
amplitude, and peak-to-peak measures for comparability with pre-
vious pupillary response studies and to examine the effects of light
and cognitive load on these different components. Results

Six dependent measures were calculated for each interstimulus
interval and the no-mask conditiofil) Detection accuracy was Detection Accuracy
defined as the percentage correct out of 20 trials for each interFigure 1 presents detection accuracy for the five interstimulus
stimulus interval condition(2) Baseline pupil size was defined as interval masking conditions and the no-mask condition. A one-way
the average of five samples of pupil diameter recorded 100 m81ANOVA conducted on the percentage of correct responses showed
prior to each trial onset3) Total pupil response was defined as the a significant main effect of interstimulus intervl(5, 26) = 74.35,
difference between pupil diameter at baseline and the average @f < .001, with an effect sizey?, of .93. Detection accuracy was
all pupil samples recorded f8 s after display onset4) Peak  significantly higher in the no-mask condition than in all interstim-
constriction amplitude was defined as the difference between basedus interval conditiongFisher’'s LSD;p at least< .05) and all
line and the smallest pupil diameter occurring between 200 anather pairwise comparisons were also signifidgnat least< .01),
1,500 ms after trial onset5) Peak dilation amplitude was defined except for 17 versus 33 mi > .05).

100

Detection Accuracy (%)

40 T T T T T H
17 33 50 100 300 No Mask
Interstimulus Intervals (ms)

Figure 1. Percentage of correct responses for the five interstimulus interval and no-mask conditions in the cognitive load condition.
Error bars aret 1 SE *p < .05 versus the no-mask condition.



80 S.P. Verney, E. Granholm, and D.P. Dionisio

Pupillary Response Cognitive load vs. no-load conditiorkigure 2A presents the
Cognitive no-load conditionA 2 (pretest vs. posttesk 6 (inter- average pupillary response across participants for the six inter-
stimulus interval MANOVA on total pupillary response scores was stimulus intervals in the cognitive load and no-load conditions.
conducted to investigate possible differences between the cognitivEypical for pupillary responses during cognitive tasks with visual
no-load conditions. The main effect for interstimulus interval wasdisplays, Figure 2A shows bimodal pupillary response waveforms
not significantF (5,26 = 1.23,ns, nor was the interaction between consisting of an early very small peak constriction response to the
test condition and interstimulus interval significalRt5, 26 = .60, low luminance of the display followed by a peak dilation response
ns Surprisingly, there was no evidence of habituation of pupillaryto cognitive load. Consistent with the study hypotheses, dilation
responses over time in the testing session. In contrast, pupillary rexppeared to be greater in the cognitive load relative to the no-load
sponses were significantly greater in the posttbst= 0.046 mm;  condition and appeared to be greatest in the 300-ms interstimulus
SD=.121 mn) relative to pretestM = 0.022 mm SD= .105 mn) interval in the cognitive load condition.

condition,F (1,30 = 4.56,p < .05,2 = .54. This finding suggests These observations were confirmed in &Bgnitive load vs.
that, despite instructions to just passively view the stimuli, partici-no-load X 6 (interstimulus interval MANOVA carried out on the
pants appeared to continue to engage in the task in the posttest cdistal pupil response scores. The main effect for cognitive load
dition to a greater extent than they did before they had experienceersus no-load conditions was significaR{1,30 = 81.84,p <

with the task in the pretest conditions. Therefore, only pretest trials001, »? = 1.00, and the interaction between test condition and

were used to constitute a cognitive no-load condition. interstimulus interval was significanE(5,26) = 2.99,p < .05,
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Figure 2. Pupillary responses for the five interstimulus interval and no-mask conditidnsaw pupillary responsesnm) within the
cognitive no-load and cognitive load conditiori8) total pupillary responsémm) in the cognitive load condition. Error bars ate
1 SE *p < .05 versus the no-mask condition.
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1% = .77, but the main effect for interstimulus intervek5,26 = peak dilation amplitude than any other condition; 17 versus 300 ms,
1.75,ns was not significant. t(30) = —3.95,p < .001; 33 versus 300 ms30) = —4.49,p <
.001; 50 versus 300 mg4(30) = —2.29, p < .05; 100 versus
Effect of interstimulus interval on pupillary responsédig- 300 ms,t(30) = —2.34,p < .05; and a trend for 300 versus

ure 2B presents the total pupillary responses for all interstimulu$10-mask;t(30) = 1.88,p < .10. An interesting pattern was also
intervals in the cognitive load condition. A one-way repeated-noted in the 50-ms interstimulus interval condition, with this con-
measures MANOVA conducted in the cognitive load condition ondition eliciting greater peak dilation responses than the 17-ms
total pupillary response resulted in a significant effect for inter-condition, t(30) = —3.35, p < .05 and the 33-ms condition,
stimulus intervalF (5,26 = 6.73,p < .001,12 = .56. Pupillary ~ t(30) = —2.72,p < .05. The no-mask condition also elicited
responses elicited in the 300-ms interstimulus interval conditiordreater peak dilation responses than the 17-ms condition,
were significantly largexFisher’s LSD than most other condi- t(30 = —2.17,p < .05.
tions, 17 versus 300 ms$(30) = —3.85, p < .001; 33 versus A one-way repeated-measures MANOVA on peak constriction
300 mst(30) = —3.70,p < .001; 100 versus 300 mg30) = —2.58, amplitude in the cognitive load condition resulted in a significant
p < .05; and 300 ms versus no-masi30) = 2.08,p < .05; with effect for interstimulus intervaF (5,26 = 3.66,p < .05,12% = .41.
the only exception being in the 50-ms interval condition, 50 versusihe 50-ms interstimulus interval condition showed significantly
300 mst(30) = —1.52,ns Greater total pupillary responses were less constriction than most other interstimulus interval conditions
also found in the 50-ms condition than in the two earlier inter-2as follows(Fisher's LSD: 17 versus 50 mg(30) = 2.17,p < .05;
stimulus interval conditions: 17 versus 50 @&0) = —3.44,p < 33 versus 50 mg(30) = 3.81,p < .001; 50 versus 100 my30) =
.01; 33 versus 50 ms$(30) = —2.66,p < .05 (with a statistical  2:68,p < .05; 50 versus 300 ms$(30) = 2.50,p < .05; with a
trend for 50 vs. 100 ms$(30) = 1.96,p < .10). Lastly, the no-mask  trend for 50 ms versus no-mask30) = —1.65,p < .10.
condition was found to have greater total pupil responses than the A one-way repeated-measures MANOVA was conducted in the
17-ms condition, 17 versus no-mask30) = —2.04,p < .05. cognitive load condition on the peak-to-peak pupil response, which
A one-way repeated-measures MANOVA was also calculated€moves the constriction component from peak dilation. This analy-
for the cognitive no-load condition on total pupil response. Thesis resulted in a significant effect for interstimulus inter#db, 26) =
main effect for interstimulus interval was not significafts,26 =  6.38,p < .001,7% = .55. Pupillary responses in the 300-ms in-
1.69,ns indicating that all interstimulus intervals elicited a similar terstimulus interval condition were again greater than in any other

amount of total pupil response when participants were instructegondition(Fisher's LSD; 17 versus 300 m(30) = —3.19,p <
to view the stimuli passively. .01; 33 versus 300 m§(30) = —4.52,p < .001; 50 versus 300 ms,

t(80) = —3.71,p < .001; 100 versus 300 mg30) = —1.88,p <
.10 (trend; 300 ms versus no-mask30) = 2.04,p < .05. No

Other pupillometric measure3o provide information for com- ther comparisons amond the interstimulus interval conditions wer
parison with other published pupillary response experiments, sey2, 1€f comparisons among the Interstimuiius interval conaitions were
ignificant. Thus, consistent with the study hypothesis, signifi-

eral other common pupillary response variables were explored iriantl more cognitive resources were allocated in the 300-ms con
the cognitive load condition: baseline pupil size, peak dilation y 9

amplitude, peak constriction amplitude, and peak-to-peak meac_:lltlon than in the other interstimulus interval conditions.

sures(see Table 1 No significant differences were found in a
one-way repeated-measures MANOVA for baseline pupil size acrosgjscyssion
the six interstimulus interval conditions in the cognitive load con-
dition, F(5,26) = .93,ns Consistent with numerous other studiesg., reviewed in Beatty,
A one-way repeated-measures MANOVA on peak dilation am-1982, pupillary dilation responses were significantly larger under
plitude in the cognitive load condition resulted in a significant cognitive load than during passive viewing of the stim(glbgni-
effect of interstimulus intervalf(5,26 = 6.88,p < .001,7? = tive no-load. This finding provides further validation of pupillary
.57. Consistent with the total pupillary response measures, theesponse as a measure of controlled processing resource allocation.
300-ms interstimulus interval condition elicited significantly greater Consistent with our prediction, pupillary responses were signifi-

Table 1. Pupillary Response Variables for the Five Interstimulus Intervals and No Mask Condition in the Cognitive
Load Condition

Interstimulus intervalms)

Dependent Measure 17 33 50 100 300 No mask
Baseline pupil sizémm) 5.20 5.20 5.18 5.22 5.18 5.20
(1.03 (1.02 (1.03 (2.0 (1.09 (1.03

Peak dilation amplitudémm) 234 232 .262 .250 .283 .259
(.120 (.153 (.129 (.129 (.140 (.113

Peak constriction amplitudgnm) —.058 —.060 —.036 —.059 —.049 —.049
(.069 (.066) (.057) (.076 (.052 (.062

Peak-to-peak dilation amplitudenm) .293 .293 .298 .309 .332 .308
(134 (145 (117 (132 (.14 (117

Note: Values given as means, wiDs in parentheses.
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cantly larger in the 300-ms interstimulus interval condition than inations were required. This deduction may suggest a more periph-
the no-mask condition. This finding suggests that the mask deeral mechanism related to interference with the light reflex by light
manded additional processing resources in the 300-ms conditiostimuli with this onset asynchrony. These speculations about the
Moreover, the peak-to-peak measure, which removes constrictiofindings in the 50-ms condition should be viewed with caution,
amplitude from peak dilation, showed a stepwise increase in pupibecause these are post hoc interpretations of a finding that may be
dilation for the 300-ms condition, whereby dilation was signifi- due to chance.
cantly greater in the 300-ms condition than in any other interstim-  Surprisingly few resources were allocated in the 17-ms inter-
ulus condition. This pattern of results cannot be explained by onlystimulus condition. In this condition, there was a clear dissociation
a two-factor account of maskin@reitmeyer & Ganz, 1976at between level of performance and pupillary respor(sesource
longer interstimulus intervals. Rather, these results are consisteatlocation to the task. Detection accuracy was poorest in this
with a shifting and sharing of resources between the target andondition, suggesting greatest task difficulty, but pupillary re-
mask at longer interstimulus intervalslichaels & Turvey, 1979;  sponses were smallest in this condition, suggesting lowest resource
Phillips, 1974. demands. Poor detection accuracy in this condition suggests that
One assumption underlying attentional shifting in current mask-the target icon was severely degraded. It is logical to hypothesize
ing models is that shifting occurs only after the mask stimulusthat a more severely degraded icon should have placed higher
becomes sulfficiently distinct from the target, at which time re- demands on stimulus identification resources. However, severely
sources are allocated to evaluate the mask as a separate percefggraded icons in shorter interstimulus intervals demanded fewer
This hypothesis could be tested in a two-pulse temporal resolutionesourcegsmaller pupillary responsgthan clearer icons in longer
task, in which two stimuli are presented with varying interstimulusintervals. It is possible that so little information was provided by
intervals and participants report whether they saw one or twdhe fused target-mask stimulus in the 17-ms condition that few
stimuli. Greater resource allocatigpupillary dilation should be  processing resources were devoted to identifying these stimuli. As
found in interstimulus interval conditions in which participants more target information became available in longer interstimulus
report separate percepts. Further, if the mechanism of interferendstervals, more resources were devoted to target identification.
between the target and mask is the amount of stimulus identificaPupillary responses were greater in the 17-ms cognitive load con-
tion resources attracted away from the target by the mask, thedition than in the 17-ms no-load condition, suggesting that even
manipulations that increase the information load and processinthe 17-ms condition did demand some resources. Although it is
demands of the masle.g., words vs. nonsense stimushould  possible that this increased dilation in the cognitive load condition
interfere more with target detectiésee Michaels & Turvey, 1979  was due to the processing demands of having to decipher a de-
and should result in greater resource allocatjmupillary responses  graded icon, this effect also might be due to resource demand
We found some evidence of resource allocation at shorter inassociated with response organization and rapid motor responding
terstimulus intervals. In the 50-ms condition, greater total pupilin the cognitive load condition, which was not required in the
response, greater peak dilation amplitude, and smaller constrictiono-load condition.
amplitude were found relative to shorter interstimulus intervals.  Pupillography methods may be a useful tool to test hypotheses
These results might indicate attentional shifting or some othemabout the relative processing demands and processing mechanisms
form of resource allocation even in early stages of visual informa-underlying different task conditions, as well as normal individual
tion processing. Indeed, recent studies have reported that top-dowdifferences and abnormal breakdown in specific cognitive pro-
resource allocation functions can modulate early backward maskeesses. For example, the visual backward masking task has been
ing effects(Ramachandran & Cobb, 1993 he 50-ms conditionis used extensively to examine the information processing impair-
in the middle of the interstimulus interval range when interruptionments of patients with schizophrenia, who show impaired detec-
is thought to maximally degrade the target iddviichaels & Tur-  tion accuracy relative to nonpsychiatric comparison participants at
vey, 1979. Thus, the increased dilation found at this interval might interstimulus intervals between 100 and 500 ms. It has been hy-
result from the increased processing load that is imposed on stinpothesized that this visual backward masking deficit may be due to
ulus identification resources by having to decipher a degradedlowed or reduced resource allocation during post-iconic identifi-
icon. However, dilation in the 50-ms condition was not greatercation of stimulus meanin¢Braff et al., 1991; Green, Nuechter-
than the no-mask condition, which suggests that identifying a delein, & Mintz, 1994). This hypothesis could be tested using this
graded target icon in the early interstimulus interval conditionspupillography paradigm. Such resource allocation impairments in
was not more resource demanding than identifying a clear targgtatients with schizophrenia should be evidenced by smaller pupil-
icon in the no-mask condition. lary responses in patients relative to controls in 100-500-ms in-
Another possibility is some type of psychophysical interferenceterstimulus interval conditions.
with the light reflex when two light stimuli onset with a 50-ms Finally, this study illustrates one of the strengths of using
interstimulus latency. The increased dilation in the 50-ms condiboth behavioral(e.g., accuragyand psychophysiologicale.g.,
tion was present in the early constriction component of the pupilpupillary responsemeasures to investigate information process-
lary response but not in the dilation component when constrictioring models. In this study, processing resource allocation and
was removed from peak dilation in the peak-to-peak analysis. Thisask difficulty level could be separated in a theoretically mean-
finding suggests that the larger total pupillary response found iringful way. The accuracy data suggested that the 300-ms and
the 50-ms condition was due to inhibition of the pupillary light no-mask conditions were psychometrically easier than the other
constriction reflex, rather than the later peak dilation componentinterstimulus interval conditions and, yet, these conditions had
Larger dilation due to inhibition of the light reflex was also ob- greater resource demands. Difficulty measures and psychophys-
servable(Figure 2 in the cognitive no-load conditiofelthough iological measures of resource allocation do not always yield the
not statistically significant Taken together, these findings suggest same pattern of results across processing load conditions. In the
that the larger total pupil dilation found in the 50-ms condition waspresent study, resource demands were highest in conditions in
due to inhibition of the light reflex even when no cognitive oper- which performance levels were also highest. In addition, differ-
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ent amounts of resources may be allocated by different particimechanisms. The data we present confirm prior expectations about
pants or in different conditions to achieve the same level ofthe time course of resource-dependent mechanisms in early vi-
performance. Thus, more direct measures of resource allocatiosual information processing using pupillary responses as a more

should be used to address questions regarding resource-dependdinect measure of resource allocation.
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