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l'upillary .H.'Vidence of Mental ... ."a tigue 

Human beings are capable of performing a wide variety 

of tasks .i1his ability presupposes, in the minds oi' many 

researchers, the existence of a human information processing 

system. Such a system would contain the resources necessary 

to perform different tasks. It would also regulate the al

location of resources and coordinate the performance of the 

processes. 

l'loray (1967) describes this system as a "limited capacity 

central processor. "1.ihis )rocessor may be thought of as a 

central resource pool which is divided among different tasks 

and used in di.fferent ways. Uorman and Bobrow (1975) agree 

that the total amount of processing resources is limited and 

add that many tasks or processes can compete for these resources. 

dhern and Beatty (1979) concur: "Cognitive processing places 

demands on a limited supply of resources or capacity" (p .12.'lD.j • 

.ticcordinz to Norman and Bobrow (1975), resources are then 

allocated on a priority ba.sis. Attempting to ovor-allocate 

res ources results in deter'iora tion of performance. 

Beatty (1982b), citin3 studies which show the asymmet

rical eTfects 01' di.fferent task interactions, argues that 

multiple capacity mOdels are r:1,)re lilcely representations 

or the hurnan p.cocessinc system. AccordinG to these models, 

l~ather than a central pool o.L' resources, separate and quali-



tatively different resources are allocated among different 

tasks. Norman and Bobrow (1975) hypothesize that mental 

capacities such as effort, memory, and communication channels 

are the SUbstance of processing resources. 

ifhe information processing system requires input and 

consumes resources. The results of processing are limited 

2 

by the nature of available data and the amount of resources 

used. In many cases, an improvement in the quality of data 

and/or an increase in the amount of resources used will result 

in better performance. 

This assumption implies that the human organism is at 

least in. partial control of how many and in what way its 

resources will be allocated, or, in more common terms, how 

much effort will be expended on a task. "Effort", in this 

usage, has been defined more narrowly by Kahnman and others 

(Beatty, 1982b; Kahneman & ~eavler, 1969) as processing load. 

'l'hE~ concept of processing load is plagued by problems 

of definition (Carver, 1971). Carver points out the diffi

culty of' discriminating among such terms as processing load, 

mental E,ffort, anxiety and emoti on. 

l'rocessing load is very often confused with arousal. 

Although Kahneman (1973) admits that "transient variations 

of arousal during the performance of a mental task correspond 

to transient changes in the demands of the task," he adds 

that "the manifestations of arousal are not specific to 

effort" (p. 27). 
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Kahneman and ~eavler (1969) define the difference between 

the two constructs in this ways 

Arousal is often constructed as an essentially 
autonomic reaction to significant or overwhelm
ing stimuli, whereas processing load refers to 
the demands imposed by activities in which S 
engages, often voluntarily. (p. 31") 

According to Beatty (1982b), processing load is a 

reflection of the total amount of resources being used in 

the performance of a cognitive task. Information processing 

load also depends on the amount of information available 

and necessary i'or processing (carver, 1971). 

Kahneman proposed that any physiological measure of 

processing load should satisfy three criteria: 

It should be sensitive to within-task variations 
in task demands .•• ; it should reflect between
task differences in processing load ••• ; finally, 
it should capture between-individual differences 
in processing load as individuals of' different 
abilities perform a fixed set of cognitive opera
tions. (Beatty, 1982b, p. 276) 

Beginning in the late 1960' sand 00 ntinuing through 

the 1980's, (ll'esearch in the field of pupillometry has exper-

ienced a surge of renewed interest. l.)aniel Kahneman and 

Jackson Beatty, among others, have led the movement in connect-

ing variations in task-evoked pupillary responses to momentary 

changes i::1 processin,; load. 'J.lhey have found that the tas~-

evoked pupillary response satisfies the three criteria mentioned 

above. 

Changes in central nervous system activity that are 
systematically related to cognitive processing may 
be extracted 1'rom the raw pupillary record by per
fonning time-locked averaging with respect to criti
cal events in the information-processing task. 
(Beatty, 1982b, p. 276) 



For example, Kahneman and Beatty (1966) and Beatty (1982b), 

used task-evoked pupillary diameters to demonstrate what they 

called a "loading-loading" function in a short-term memory 

task. Pupil diameter increased with presentation of each 

digit of a three to seven digit string. ~eak diameters, 

occuring in the pause be.fore report" increased with the inc

reasing length of the string. In the unloading phase, 

diameters decreased with each digit reported. This loading

unloading function is evidence of changes over time in pro

cessing demands within a short-term memory task. "Critical 

events" in processing, i. e., in,formation presentation and 

report, are reflected by the task-evoked pupillary response. 

'f,he Kahneman and Beatty (1966) study also demonstrates 

how mani:;mlations of task difficulty can affect the pupillary 

response. Lon6 er strings were shown to elicit greater peak 

diameters. Two tasks with greater item difficulty, word 

recall and digit strin.::: transformation, elicited greater 

peak diameters than recall of' four-digit strinGS. A digit 

string transformation task produced greater ~eak diametern 

than a si:nple diei t recall task (Kahneman, l'eavler 6c unus ka, 

1968) • 

Kahneman and Beatty (1967) demonstrated that increasing 

the difficulty of a pitch discrimination task aff,;:!cts the 

pupillary response. 'ilhile the magnitude of the pupillary 

response to a constant standard tone decreased over the course 

of the experiment, the mae;nitude of pupil dilation occuring 



after presentation of the comparison tone increased as dis

crimination difficulty increased. 

Hess and i-'ult (1964) found si'1ilar effects using multi

plication problems of different difficulty levels. r.iore 

difficult multiplication problems elicited larger pupillary 

diameters than less difficult problems . 

.slshtain and 3chaefer (1968) manipulated word frequency 

and average storage load in a short-term memory task. Pupil

lary dilation was greatest for low frequency words at the 

greatest average storage load. Changes in average storage 

load, and presli..rnably information processing load, were thus 

reflected in the pupillary measure. 

Another within-task variable affecting information pro

cessing load, presentation rate, has been observed to affect 

the pupillary response. f oock (1973) presented a four-al ter

native forced choice task to subjects at .50i~' 75/~, and lOO(~ 

of their maximum capacity. Subjects' average pupil diameter 

increased as the rate of presentation increased. 

Simpson and laivio (1966; 1968) have studied the effects 

of abstract vs. concrete Vlord imagery. 'l.lhey have concluded 

that "pupillary dilation is reliably associated with attempts 

to Generate images to words and this dilation is consistemtly 

greater to abstract than to conerete words" (1966, p.L;06). 

,(ehearsal style wi thin a short-term memory task was 

demonst:C'a ted by Kahneman, Onuska, and Vlolman (1968) to affect 

the pupillary response. A nine-digit string was presented 

in two ways--ungrouped and in three groups of three digits 
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each. .Pupil diameter rose steadily over the presentation 

time in the ungrouped condition. Grouped presentation 

resulted in a more scalloped curve reflecting. according 

to Kahnmnan et al., a burst of rehearsal for that group and 

then a brief relaxation period. A steeper rise in diameter 

at the end of the grouped presentation was described as 

denoting the effort required to pull the three groups to-

gether for report. 

Beatty (1982b) found support for the idea that the task-

evoked pupillary response can reflect between-task differences 

in procE3ssing load. He compared absolute peak pupillary 

responses to different tasks reported from different labor-

atories. In dividing the tasles into four catagories, memory, 

language, reasoning, and perception, he found differences 

both within and between the catagories. Difficult multipli-

cation problems resulted in the greatest peak dilations 

while perceptual tasks evoked the smallest responses in 

accordance with their minimal processing load values. 

Beatty concludes: 

'rask-evo}ced pupillary responses associated with cog
nitive function ••. provide a co.mmon metric for the 
assessment and comparison of information-processing 
load in tasks that differ substantially in their 
functional characteristics. (p. 284) 

Ahern and Beatty (1979) have published a study showing 

between-individual differences in processing load and 

pupillary response. In their study, subjects were divided 

into two groups based on whether their Scholastic Aptitude 

Test scores were high or low and thus whether they could be 
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considered of high or low intelligence. Subjects' task-evoked 

pupillary responses were observed as they did multiplication 

problems of varying difficulty. 

The authors hypothesized two ways in which intelligence 

and pupi.llary response might be found to interact. On one 

hand, persons of high intelligence (those who score high on 

psychometric tests of intelligence) may put more effort into 

a task than persons of lower intelligence. If this hypothesis 

were true, Ahern and Beatty expected to find higher pupillary 

values for more intelligent subjects. 

On the Gther hand, it might be that intelligent people 

use their cognitive capacity more efficiently. Persons of 

7 

higher intelligence may have learned some tasks more thoroughly 

so that they require less capacity to perform, and therefore 

evoke a smaller pupillary response. If this were true, highly 

intelligent subjects should show a smaller pupillary response 

than less intelligent subjects . 

. '\hE:rn and Beatty f'ound that more intelligent subjects 

showed smaller dilations at all levels of problem difficulty. 

They concluded that their second hypothesis was supported. 

l\'iore intelligent individuals, rather than applying more effort 

to a cognitive task, process tasks more efficiently. 

Kahneman's three criteria have been met. The task-

evoked pupillary response 

provides a reliable and sensitive indication of 
within-task variations in processing load. It 
generates a reasonable and orderly index of between
task variations in processing load. It reflects 
differences in processing load between individuals 



who differ in psychometric ability when performing 
the same objective task. L"or these reasons, the 
task-evoked pupillary response provides a powerful 
analytical tool for the experimental study of pro
cessing load and the structure of processing re
sources. (Beatty, 1982b, p. 291) 

uther researchers have questioned the validity of the 

task-evoked pupillary response as an accurate index of pro

cessing load. 'llwo major variables that some claim affect 
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the pupillary response are emotion and overt response require

ments. Several studies examining these variables have been 

done, with mixed results. 

Incentive level, an emotion-like state, was manipulated 

by Kahneman, Peavler, and unuska (1968) wi thin a $'llfyl task. 

Subjects were presented with digit strings and were asked 

either to repeat the string or to add one to each digit. 

Subjects were divided into two groups and rewarded either 

2¢ or lO¢ for each correct trial and penalized the same amount 

for each incorrect trial. 

Kahneman et ale found that subjects who were rewarded 

and penalized lO¢ showed a slightly increased pupillary 

response to the straight recall task. He reasoned that high-

risk trials cause the subject to try harder. This increase in 

effort is reflected in increased pupillary diameter. Although 

the digit transformation task is already at the upper level of 

capacity, the digit recall task can be performed with more 

or less effort, depending on the subject's incentive. 

Peavler (1974) examined the role emotion plays in an 

information overload condition. He presented female subjects 

wi th short, medium, and long digit strings in a .:3'1'1Ii task and 
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hypothesized that pupillary diameter would increase when a 

subject realized she was in an overload condition (presentation 

of the eighth or ninth digit of a long l3-digit string). 

Instead, Peavler found a t'leveling-off" of pupil diameters 

beginnin3 at the eighth or ninth digit. He inferred from this 

data that the subject may have suspended processing of further 

digits in order to maintain digits already stored. 

Beatty (1982b) has three arguments against critics' claims 

that emotionality is involved in the task-evol{ed pupillary 

response. 

1. Emotion is a factor that is poorly and intuitively 

defined. ~iha t is usually meant is "anxiety", which is assumed 

to raise subjects' arousal levels. 

2. Emotionality cannot be the only factor resulting 

in pupillary responding. Pupillary responses have been found 

to tasks in which emotional involvement is unlikely. 

3. Emotional responses cannot be presumed to occur at 

the high speeds necessary to affect the task-evoked pupillary 

response. 

There is much more evidence available to suggest that an 

overt response requirement affects the pupillary response. 

Overt responding has taken such forms as. button-pressing and 

verbalization. 

Bradshaw (1968) and Simpson and Hale (1969) conducted 

studies in which pupillary diameters were greatest at the 

moment of overt responding. Simpson and Paivio (1968) found 

that dilation was enhanced during an imagery task when a motor 

-~---------" ,------_ ..• ------



response was required. They also found that the pupillary 

responSE to an imagery task was diminished when a motor 

response contingency was removed (Simpson & Paivio, 1966). 
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Sil:;pson and laivia (1968) offer four possible explanations 

for these effects. 

1. A motor response requirement demands a specific 

decision on the part of the subject and thereby arousal level 

is increased. 

2. ~otor feedback in anticipation of making the response 

causes increased activati6n. 

J. The motor response directly increases arousal level. 

L~. The subject's arousal level is increased in antici

pation of his overt response being evaluated. 

Goldwater (1972) suggests that the subject may be influ

enced to perform a task more conscientiously when he is re

quired to overtly signal its completion. 

Kahneman, Peavler, and :,)nuska (1968) investigated the 

contribution of verbal responding to the task-evoked pupillary 

response in a Sn:i task. Subjects were presented with a four

digit string which they were either to recall or to transpose 

by adding one to each digit. Subjects were then instructed 

to either think the digits and then say them or to say the 

digit string twice in a time-locked procedure. 'l'he transform

ation condition elicited the greatest pupillary response in 

both cases. Verbalization caused its greatest effects on 

the pupillary response the first time it was done. l-1epeating 

a string that had already been said aloud once caused minimal 

effects, even though motor involvement was the same in both 
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instances. 

Kahneman et ale analyzed these results in terms 01' 

processine:; load. He hypothesized that organizing a motor act 

requires a. demand on the information processing capacity • 

• \1 ternatively, a task performed with and without an overt 

response requirement may actually be two different tasks. 

Subjects may use a different strategy and put forth more 

effort on a task with a response contingency. 

ilhatever the mechanism behand it, the motor response 

effect, as demonstrated by the Kahneman et ale study, does 

not :ceplace that ei'l'ect 01' informa tion processin~~ load on 

the task-evoked pupillary response. 

In spite of criticism, the task-evoked pupillary response 

has been demonstrated to be a valid indication of inl'ormaticn 

processing load. If a quantity of processing resources is 

required for cognitive processing, it follows that there 

would be a depletion of resources after intense cognitive 

activity. This depletion would be indicated by a decrease 

in pupil diameter. Clark, No.rmandin, and Otto (1983) have 

defined this momentary depletion of processing capacity as 

fatigue. 

Geacintov and Peavler (1974) have found evidence for this 

idea in a study 01' telephone operators at work. l'hey found 

that pu~il diameters of subjects were smaller at the end of 

a full day's work than they had been in the morning. .Lowen

stein, ieinberg, and .Loewen.feld (1963) were among the i'irst 

to o1;>serve a decrease in pupil diameter in fatigued subjects. 

Bradshaw (1967) wrote of a tendency for baseline diameter 



values to decrease over the course of an experiment. Juris 

and Velden (1977) attribute this baseline "down-drift" to a 

fall in activation level. 
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Although Beatty (1982a) stated that "changes in pupillary 

diameter have been related to changes in general alertness 

and fatigue" (p. 168), he did not find a change in tonic 

diameter over the course of a vi~ilance task lasting 48 minutes. 

However, dividing the session into nine segments of 5 minutes, 

20 seconds each may have mimicked the effect of switching tasks, 

which Bradshaw (1967) found counteracted the baseline down ... 

drift. 

Decreases in )upillary diameter have also been found 

immediately following periods of cognitive activity. Hess 

and Folt (1961}) observed an immediate drop in pupil diameter 

and a steady, slow decrease to baseline level after subjects' 

responding. Clark and Christie (1981) also found this effect 

following a mental multiplication task but later Clark, 

Normandin, and ott) (1983) failed to observe it in a similar 

study. 

The present study employs a mental imagery task developed 

by deber (.Ieber .]; Jastleman, 1970) called the \'1eber "~lphabet 

.i1ask in a form adopted from ,:)tearns (1980). .:>ubjects rated 

the.ipl.'.i: as moderately fatiguinc;--J.2 on a 5-point scale 

(deber & Castleman, 1970). H' pupil diameter reflects proces

sing load, then we expect to find a momentary decrease in pupil 

diameter reflect in; the momentary depletion of processing 

capacity following performance of thedeber Alphabet Tas}\:. 



MEIIHOD 

Sub.iects 

~wenty-two Ball state University students, 16 female 

and 6 nale, participated in the experiment. Subjects were 

required to have at least 20/35 uncorrected vision. Twelve 

subjects were eliminated on the basis of missing pupillary 

data and difficulty in recording pupil diameter, leaving 

seven females and three males for whom usable pupillary data 

were recorded. Computer programming considerations forced 

the deletion of another subject's data because of missing 

data points. Subjects received extra credit points for par

ticipating. 

APparatus 

A ;:mellen eye chart was used to determine visual acuity. 

~icroswitches were used as response buttons in order to avoid 

excess movement. An apparatus with chin and forehead rests 

was used in conjunction vii th a 'llV pupillometer (il.pplied 

Sciences lwlodel 10(0). }'upillary and response data Viere re

corded by solid state LVii. programming equipment and a Narco 

Bio-Systems chart recorder. Pupil diameter was ::--ecorded at 

lOA actual diameter. Paper speed was 5 mm/sec .Iihi te noise 

was presented biaurally at 68-70 dB (SPL). '.Clhe light level 

was 1.79 candelas/m2 . '.£lhe subj ect was tested in a separate 

room from the recording equipment. 

f'rocedure 

lor each triel, the subject was given a letter by the 

experimenter via the headphones after a lO-second pre-task 
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baselinE! was rec orded. ~l'he sub j ect was instructed to press 

the button marked "Y~S" if the letter measured one vertical 

space, e.g., £, m, 2, ~, and the button marked "NO" if the 

letter measured more than one vertical space, e.g., b, ~, I, 

£, Y..- 'J:'he letter i was considered to measure two spaces. 

The sub~iect ViaS then to mentally ima~e and resp) nd in this 

manner i'or each letter of the alphabet, beginning with the 

letter given him and concluding with the letter just before 

14 

the one he was given. iihen the sub j ect had finished responding, 

a lO-seeond post-task baseline was recorded and the subject 

was given a rest period of 5 to 10 seconds during which no 

white noise was presented. 'l'he sub j ect was asked to fixate 

on a given point in fz'ont 01' him during the trials and to try 

to blink as little as possible as long as the white noise was 

being presented. 

'i'he subject r:Toceeded at his own pace for 1:5 trials in 

the rnanner described above _ l;'or four subjects, the 1'irst 

five trials were used for practice and no pupillary data 

were reGarded. l"or the remaining six subjects, pupillary 

data were recorded on all 15 trials. The letters in the order 

presented by the experimenter were ~, g, 1, ill, ~, b, ~, i, f, 

~lliS U .ur s 

'rirfle samples of pupillary diameter were made at I-second 

intervals_ 

.c'igure 1 shows the pre- and post-task baseline values 

averaged across subjects. The upper two curves illustrate the 



functions for the six subjects who completed the first five 

"warm-up" trials. Only these five trials were used in con"'; . 

structing the curves for these subjects. 
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The lower two curves are averaged from the last 10 trials 

completed by nine subjects. The difference in average diameter 

between the upper and lower groups is assumed to be due to a 

habituation effect or to the small samples involved. 

A. 2 x 10 f'actorial analysis of variance with repeated 

measures was performed on the data. rrhe first factor was 

ubservation .Periods with two conditionsl pre- and post-task. 

l'he second factor was 'rime Samples with 10 levels. 

'.rime Samples were significant, i,' • 6.28; df • 9, 72; 

J2. ~ • OU4,?, for the lO-trial group. Pupillary diameters dropped 

tVlO seconds a,::t~ter the task was completed v'lhile pre-task measures 

did not shovr such a constL~icting trend. 

This difference between pre- and post-task baselines is 

demonstrated by s:ignificant Jbse:.'vation Periods x 'J'ime Samples 

interacti:ms for both the live-trial, .1.
7' • 2.99; df = 9, :'~'5; 

and the lO-trial .C;l.~')UPs, K = 5.43; df' = 9, 72; 

.uinear t~cend~; were found for all baseline averaGe curves. 

'l'he Huyn-.I.·'eldt cOlTection VIas used for all values. 

DISGUS.;)I0N 

The results of this study support the hypothesis that 

a decrease in pupillary diameter follows a period of cogni

tive activity. 1:'he interaction of pre- and .J:)ost-taslc obser-

vation periods with time samples shows that the pupillary 

------------------
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constriction is a result of factors occurlng after information 

processing, including cognitive fatigue. 

'llhsse results support those of Clark and Christie (1981) 

but do not seem to support the results of Clark, Normandin, 

and otto (1983) and Beatty (1982a). It is puzzling that 

Clark et al. found opposing results using very sinilar 

methods. 

JnEl very simple explanation of why Beatty and Clark et 

al. found results contradicting those of this study is that, 

by using less frequent time samples over a longer sampling 

period (three minutes), they found no changes in tonic 

diameter. fhe present study utilized time samples at one 

second intervals and found a decrease in phasic diameter within 

10 seconds following completion of a cognitive task. Tonic 

diameter changes are those which occur gradua11;¥: ~)Ver l:mg 

periods of time. Tonic changes have been associated with 

drowsinE~ss (Lowenstein, ,,'einberg, & Loewenfeld, 1963). 

Phasic diameter changes occur more rapidly than tonic 

changes. The decrease in diameter found following the ~AT 

is related to within-task Tluctuations in phasic pupil 

diameter discussed earlier. The same resource-energy flux 

that pr::>duces within-task changes in task-evoked pupillary 

diameter occurs after completion of a task also. 

The human information processing system, if it is to 

have a -basis in brain functioning, must be constructed as 

an ener:s;!-consuming system. If energy is consumed in one 

moment of information processing, there must be an energy 
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depletion in the next moment. This resource-energy depletion 

is reflected in pupillary constriction follwing the WAT. Not 

only is depletion of resources indicated, but also the time 

needecl tc' replace the energy used. l'his depletion/replacement 

period following cognitive processing may provide a more 

exact definition of mental fatigue. 

Ii' this view of mental fatigue is accurate, then grea ter 

constriction in pu~il diameter should be found following more 

difficult tasks. rinother possible finding is that a large 

amplitude task-evoked response will be followed ey a large 

drop in pupil diameter . 

.1"''Ur~cher research is needed to determine if pupillary 

constriction reliably and immediately follows processing of 

other tasks and if it occu.cs to a greater degree following 

more dif::icul t tasks. 1'his effect must be distinguished 

from the fall in activation level that occurs during habi

tuation to the experimental situation. Larger samples should 

certainly be employed to ensur~ more reliable data. 

In :3ummary, a decrease in pupil diameter over a 10 

second j,) '3riod following completion o:f the iieber Alphabet 

~ask may be related to depletion of processing resources. 

The depletion of resource-energy and the time needed to 

replenish the energy supply is perhaps what is meant by mental 

fatigue. 
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