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ABSTRACT

Visual DisplaysThe Continuing Investigations of the Highlighting Paradox

by

FrankTamborello

Previous research has suggested that making certain items visually salient; or high
lighting, can speed performance in a visual search task. But designers of interfaces cannot
always easily anticipate a u@taget, and highlighting items other than theytarcan be
associated with performance decremenhisee experiments were performed which dem
onstrated that peopkeferformance in a visual search task ifed#tially sensitive to
highlighting® predictiveness of tget locationThat sensitivity depends upon the prepor
tion of instances in which highlighting actually predictg¢adocationA cognitive
model constructed using tAT-R architecture inferred that people evaluate and adjust

their visual search behavior at a very small level of the task.
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INTRODUCTION

Certain properties of our visual processing system make it so that certain features, if
easily distinguishable from the rest of the visual field, can be especially sGhenvis
ual salience can be harnessed in the form of highlighting to make the visual search com
ponent of an information search task mofecieit. Yet it is not always easy for the-de
signers of visual interfaces to anticipate the particulgetaa user may be searching for
in a particular context, and it is not clear what the detriments of invalid highlighting may
be.The research proposed in this paper aims to examine issues of highlighting salidity®
effects on a visual search task, and how people respond to varying levels of highlighting
validity.

Most investigators agree that certain fundamental features of visual stimuli (such as
color, brightness, and movement) are processed in parallel relatively early in the visual
pathway of humans (€isman & Gelade, 198®Volfe, 1994). Given a visual search task,
the item that can be distinguished by one of those basic features tends to Opop outO from
the field of other stimuli. For example, when searching through a field of §@etne
time to find a red remains roughly the same no matter how many distractor @@en
are present. If, howevehe taget item can only be distinguished by a conjunction of fea
tures (such as a certain color and brightness combination), then visual search will be
slower and more &irtful.

Wolfe® Guided Search 2.0 (1994) theory of visual attention postulates a bottom-up
process which filters stimuli through broadly-tuned OcategoricalO channels. Each of these

channels processes a certain dimension of visual stimuli, such as color or orienkegion.



output of these channels, based on locédihces in the stimuli, is then integrated with
top-down task demands to compute a feature map for each stimulus dim&hsitop-
down commands to the feature maps activate locations possessing specific categorical
attributes relevant to task demands, such as Oactivatelfes@The weighted sum of
these feature maps forms the activation map, with the weightings being based upon task
demands.

Attention deploys limited capacity resources to locations in order of decreasing acti
vation.Visual salience, then, is this combination of bottom-up loctdréifice calcula
tions and top-down, task demand-driven commaWbidfe actually instantiated his
Guided Search 2.0 theory as a computational model of multiple types of visual search
tasks And although Guided Search 2.0 does take into account Otop-downO guidance of
visual search, it says nothing about learnifttat is, how might a human learn about the
relative helpfulness of visual cues, and how might that learning be reflected in human
performance?

Highlighting by color can be anfettive means to harness the computational power
of the visual system to aid visual search. FisherTamd(1989) performed two experi
ments assessing thdedts of highlighting types and validity on search times. Subjects
searched for a tget digit in a horizontal array of pve digits, one of which was tigetar
The taget was always the digit 1, 2, 3, or 4 (chosen at random), and the distractors were
always the digits 5 through 9. Experiment 1 had four highlighting conditions: control (no
highlighting), highlighting by colqrby reverse video, and by blinkingdditionally,
when highlighting was present, theger was highlighted on 50% of the trials, and one of

the distractors was highlighted the other 50% of the fithe.term OvalidityO will hence



forth be used to describe the proportion of trials on which the highlighting correctly indi
cated the tayet. Their experiment 2 was identical, except that highlighting was 100%
valid.

Fisher andran reported that highlighting by the modeefive means, colodid not
help participants bnd the ¢gat faster than they found it in control trials when highlight
ing validity was at 50% (highlighting by other means made subjects slofeeryhen
highlighting was 100% valid, subjects did bnd thgeadigit 192 ms faster in the color
condition than in the control condition. Furthermore, when highlighting validity was
100%, subjects were 90 ms faster on trials with valid color highlighting than they were on
trials with valid color highlighting at 50% validityhe authors speculated that theetif
ence in performance occurred because subjects did not always initially attend tothe high
lighted digit in Experiment 1, but did so in Experiment 2 when they saw that highlighting
was more predictive of the itens@tus as tget or distractorApparently participants
had been making estimates of the relative costs of attending to the highlighting-or disre
garding it. It was not clear from Fisher afah® results what would occur at other levels
of validity and so an experiment replicated and extended their results.

Given a paradigm like Fisher aiien® digit search task, people operate in an-envi
ronment with probabilistic cues. Shanksnney and McCarthy (2002) described prob
ability matching as a choice anomaly that is heavily context-depeMikat.they meant
is that probability matching is a case where people deviate from optimal models of choice
in the decisions that they make, and these deviations depend upon the probabHity struc
tures in their environment. People tend to match the probabilities of responding one way

or another to the probabilities of cues in their environmémiugh people are strongly



predisposed toward probability matching behgworen enough compulsion they can be
induced to behave optimalfWhat ShanksTunney and McCarthy showed was that both
outcome feedback and substantial reward are necessary to compel people to behave opti
mally. Sampling, even at a detriment to pdymftcome, seems to be a strongly-ingrained
behavior

In a task like Fisher anbBan® digit search task, subjects receive minimal feedback
and rewardAssuming a correct response, the only feedback and reward they receive for
attending to the highlighting when it is valid or ignoring it when it is invalid is a faster
time to complete the trial. Even so, slow trial completion times average approximately
1,200 ms while fast trial completion times average approximately 500hae</00 ms
that can be saved if the subject finds thgaton his or her first shift of visual attention
may not seem like much incentive, if it is even noticed by the subject at all. If the faster
trial completion time is not noticed by the subject, then there is no feedback for response
time at all because there is no overt feedback on trials in which the subject issues a cor
rect response.

There are several questions concerning the helpfulness of highlighting that could be
explored. How sensitive are people to highlighting validitg2vhat extent can people
adapt to changing validity level§?hat search strategies do people empdoygl how do
the answers to the previous two questions come to bear on the development and adoption
of those strategies? Fingliy would be informative to have a model of visual search with
highlighted displays that can make predictions about human perforndreceesearch

proposed in this thesis seeks to answer these questions.



EXPERIMENT 1A

Fisher andran® (1989) study only implemented two levels of highlighting valjdity
50% and 100%. It was useful to see that, overall, 50% validigyeaf no improvement in
visual search performance over no highlighting. But it would be more useful to derive a
predictive function of validityefect. We therefore wanted to test validigyébect at
more levels of validity such that we might derive such a predictive tool. Experimesit 1A
essentially a replication of Fisher afan® paradigm, except that only color highlighting
was examined and it was examined at additional levels of valldiieyefects of position
will not be a major focus since Fisher arah found, unsurprisinglyhat subjects were
fastest for tagets in the middle and roughly equally slow on both ends. Bear in mind that

subjects began each trial with a center fixation.

Method

Participants

One hundred Rice University undeaduates (62% female) participated to fulfilt ex
periment participation requirements for their psychology cla3$esparticipants had a

mean age of 19.2 years (1.Bhere were 20 subjects per condition.

Design

Experiment 1Aused a mixed design, with the same within-subject variable, trial type
(standard, valid highlighting, invalid highlighting) as in Fisher &ad® studyAddition-
ally, subjects were assigned to one of five validity proportion conditions: 50%, 67.5%,

75%, 82.5%, or 100% highlighting validity



Procedue

The subjects@sk was to, as quickly as possible without making any mistakes, find
the number in the display that was less than five and immediately press the corresponding
key on the number row at the top of the keyboatdhe start of the trial, subjects viewed
a crosshair for 500 ms at the intended fixation point, in the center of the computer screen.
They subsequently viewed a horizontal array of fiveed#int numeralsThe numerals
were printed in 14-poinfimes New Roman font on a 17-inch TBomputer monitor at a
resolution of 1024 by 768 pixels. One numeral from the potentgdtiaet, {1 2 3 4} was
chosen at random, while four distractors from the distractor set {5 6 7 8 9} were also
chosen at randonthe taget and distractors were sorted randorhe array would dis
appear upon the subjext@®y press, and one second later the next trial would begin. In
the event of an incorrect response, the computer beeped and paused the experiment for

two secondsThis time penalty discouraged simple guessing.

Results and Discussion

Experiment 1B was an extension of 1A, so results and discussion for both experi

ments will be presented together

EXPERIMENT 1B

Preliminary results from Experiment XAade it desirable to test additional levels of
validity such that the entire range of possibilities of 0% to 100% might be addressed by a
model.Therefore, Experiment 1B replicated &Acept that it used validity levels of 0%,

12.5%, 25%, and 37.5%.



Method

Participants

Eighty Rice University undgraduates (51% of whom were female) participated to
fulfill experiment participation requirements for their psychology clagdes partici

pants had a mean age of 19.2 years (TI#&re were 20 subjects per condition.

Results and Discussion

Outliers were removed prior to statistical analysis, and this was done both for single
trials and entire subject&n outlier trial was defined as a trial in which the response time
was more than three standard deviations from the subjma€all mearThose response
times were replaced with the subjeatt@an response time. Each subgectéan response
time per condition was similarly screened against the total mean response time for all
subjects, per conditioAny subject whose mean response time was more than three stan
dard deviations from the total mean response time for all subjects in more than one condi
tion was considered an outlier subject. Four such subjects were found, three-from ex
periment 1Aand one from experiment 1Bheir data were removed from further analy
Sis.

Figure 1 summarizes the means for each validity condition by trial Tyy@amean
response time for the 100% validity condition (640 ms) was 86 ms faster than the mean
of mean response times for all other conditions (726 ANQDVA with contrast revealed
that this efflect was reliablel-(1, 167) = 12.51p = 0.001. It is worth mentioning that sub

jects in the 0% validity condition were not reliably slower than subjects in the other con



ditions, contrask(1, 167) = 0.07p = 0.799. Excluding the 0% and 100% validity cendi
tions, omnibu®ANOVA yielded no d&ct of validity conditionfF(6, 129) = 1.24p =
0.292.

Subjects responded to trials with valid highlighting on average 51 ms faster than trials
with no highlighting, for which they were 75 ms faster than trials with invalid highlight
ing (linearF(1, 129) = 418.32» < 0.001). Furthermore, there was an interaction of trial
type and validity condition such that as validity increased, subjects became faster on valid
trials and slower on invalid trialg(12, 258) = 16.22) < 0.001 (see Figure 1). But there
was no main ééct of validity condition on response times for the standard trial (e,
129) = 1.14p = 0.341. One framework for understanding this validity by trial type-inter
action is the notion of sensitivjtgs reflected in response times, to the valid and invalid
trial types in the context of the validity proportion. Since subjects in the 100% validity
condition received no invalid trials, and vice versa for the 0% validity condition, further

analysis will exclude these two conditions.
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Subjects were digrentially sensitive to highlighting validitgepending upon which
validity condition they were in. Sensitivity was defined as the response time for invalid
trials minus the response time for valid trials. Note in Figure 1 how the lines for valid and
invalid trials divege going from the 0% validity condition to the 100% validity cendi
tion. Furthermore, participants sensitized within the first block of 64 trials. Figure 2 plots
the efect of block and validity condition on sensitivit/ithin block 1, subjects in the
87.5% validity condition were 201 ms more sensitive to trial validity than were subjects

in the 12.5% condition, an over fefold difference. One-waf\NOVA revealed an &fct
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of validity condition on sensitivityF (6, 129) = 7.91p < 0.001. Furthermore, linear con
trast indicated an increasindest of validity condition such that subjects were more sen
sitive to trial type the more often they encountered validly highlighted tFigls129) =
45.362,p < 0.001. Furthermore, this trend held for all trial blocks, lirkeél, 129) =

54.06,p < 0.001, though sensitivity did decline overall from block one to block six, linear

F (1, 129) = 12.90p < 0.001.
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Figure 2. Sensitivity as a function of block and validity condition.
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Subjects became faster overall with tifibe mean response time for block 6 (692
ms) was 65 ms faster than the mean response time for block 1 (7Z3WNG8JA with
contrast yielded a linearfett of block,F (1, 129) = 107.64p < 0.001. But the block by
validity condition interaction was not reliabl&30, 645) = 1.46p = 0.056.Thus there is
insufficient evidence to support the notion that subjects improved their performance at
different rates in diérent validity conditions.

Collapsing across validity conditions, response times for the valid trial type showed
very little practice dect (Figure 3)The control trial type showed some practideef
while the invalid trial type showed the most substantial practfeetedf all three trial
types. Note that the slope of the function of block for invalid trials drops more steeply
than the slope for valid trials in Figure 3. For trials with valid highlighting, the mean re
sponse time dropped by 47 ms from block 1 (698 ms) to block 6 (651 ms). Mean re
sponse times for standard trials fell by 63 ms from block 1 (758 ms) to block 6 (695 ms).
And for trials with invalid highlighting, that drop was 94 ms from block 1 (856 ms) to
block 6 (762 ms), linear by linear interactiofeef F(1, 129) = 19.70p < 0.001.This
linear by linear interaction fefct of block with trial type demonstrates that the change in
sensitivity over time referred to in Figure 3 is driven mostly by a drop in response time

for invalid trials.
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Figure 3. Block by trial type interaction.

It is interesting that the 100% validity condition was so much faster than the 87.5%
validity condition.This may speak to the sensitivity issue in that if subjects were sensi
tive to the highlighting always being valid in 100% validity condition, then they probably

used it exclusively and never engaged in a serial search forgeg tastead letting their
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preattentive processing of color do all the work. Similaflgerformance for the valid

trial types was subject to a floofedft because subjects initially relied upon preattentive
visual processing for their search for they&dy then there would be little room for a prac
tice efect.A floor effect for valid trial types would explain why the practickeef was
bigger in the invalid and standard conditions.

Analysis of response time for invalid trials as a function @feadistance from the
highlighted item shows that subjects took longer to respond as the distance between tar
get and highlighted item increased (8@pendixA). This indicates that subjects likely
processed the display serialattending one item at a time.

The analysis of subjectsénsitivity to highlighting indicates that subjects learned
fairly rapidly whether or not they could take advantage of highlighting in their visual
searchThe more valid the highlighting was, the more subjects used it and the faster their
response times for valid trials becameband this was true even in the first block. However
as validity increased, so did the cost of using highlighting on the occasions that it was
invalid. The results just presented indicate that people rapidly senseiflevels of
highlighting validity but what if that level change$Rerefore experiment 2 will be de

signed to assess how sensitive people may be to changes in highlighting. validity

EXPERIMENT2

Method

With the following exceptions, Experiment 2 was identical to ExperimentntlA

1B. The main change in Experiment 2 was its focus on examining the adaptation to
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changing levels of highlighting validitfhe validity levels therefore change during the

course of the experiment, rather than being static as in Experimeatsd1¥B.

Participants

One hundred nine Rice University ungiexduates participated to fulfill experiment

participation requirements for their psychology classes.

Design

Experiment 2 incorporated a mixed design utilizing two within-subjects variables,
block and trial type (standard, valid, and invalid), and three between-subjects variables:
magnitude of validity change, direction of validity change, and change onset timing.
Magnitude of validity change refers to by how many percentage points the highlighting
validity proportion changed, either 34% or 68%. Direction of validity change refers to
whether the highlighting became more valid or less valid. Firthkyexperiment was
divided into six blocks, &brding short rest periods for the subjects between each block.
The change in validity occurred with the onset of blocks three orTiiugs the total

number of between-subjects conditions was eight.

Procedue

Depending upon which condition a subject was assigned to, the initial validity they
encountered was 16%, 34%, 68%, or 84%. Blocks consisted of 60 trials, and with the on
set of the third or fifth block the validity level changed. Subjects assigned to the 16% ini

tial validity condition then received 84% validignd vice versa. Similaglgubjects as
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signed to the 34% initial validity condition then received 68% validityl vice versa.
The experiment required a little less than 30 minutes for subjects to complete.

Subjects were not told in the instructions that the highlighting validity rate would
change during the course of the experiment. It was thought this would be more-ecologi
cally valid than telling them that the validity would change. Given a real-world task of
searching through some visual displsych as a web page, the user is not informed a pri
ori about how useful visual cues will be. Upon completion of the experiment, subjects
were asked explicitly whether or not they noticed any change in highlighting validity and
if so, to characterize it.

Since subjects@nsitivity to changes in validity was assessed by changes in response
times, we attempted to avoid confounding with practiéeces. Therefore, subjects had a
full block of 60 practice trials before beginning the actual experiniéietimportant task
components to practice were searching the field to find thettand pressing the appro
priate button in responsallowing subjects to acclimatize to whatever level of highlight
ing validity they are assigned to before response times are actually recorded might prove
detrimental to the attempt to assess their sensitivity to the highlighting valiaéye

fore, practice trials were all of the standard type.

Results and Discussion

As in Experiments 1Aand 1B, outliers were removed prior to statistical analysis, and
this was done both for single trials and entire subjétts.same procedures were-fol
lowed for data from Experiment 2 as from ExperimentsahA 1B.Two such subjects

were found, and their data were removed from further analysis. Figure 4 depicts the mean
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sensitivity for each of the four conditions withdarvalidity proportion changes while

Figure 5 depicts those means for the four conditions with small validity proportion

changes.
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Figure 5. Mean sensitivities for small change conditions.

The slopes of the change in sensitivity for the block preceding change onset, the
block of the change onset, and the block after the change onset were exaimsed.
three blocks represent prior sensitivggnsitivity under adjustment, and posterior sensi
tivity, respectivelyand were therefore of most interest for analyzing changing sensitivity
in subjects as they adjusted to new highlighting validity proportions. Breaking-the ex
periment factors down into size of change, direction of change, and onset of change, only
direction had any significantfetct on slopeANOVA F(1,98) = 56.125p < 0.001. Figure

6 depicts slopes of change in sensitivity for each level of each factor from Experiment 2.
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Figure 6. Box plots of slope of sensitivity change for Experiment 2 factor levels.

There was a reliable interaction of size with directf(i,98) = 13.617p < 0.001.
All other F@ < 2,p@ ! 0.170.The direction by size interaction coupled with the main ef
fect of direction means that change direction matters, but it matters more when the
change is lage than small. Figure 7 plots the direction by size interaction for slope of

sensitivity change.
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change. Error bars indicate standard error of the means.

An interesting question is whether subjects in the decreasing validity conditions
changed their sensitivity faster in response to the changing validity than did subjects in

the increasing validity conditions. Presumably subjects would notice a drop in highlight
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ing validity faster than they would notice an increase in validity because of their greater
attention paid to a higher prior level of validigs suggested by the results of Experiment
1. Table 1 contains means and standard deviations for absolute slope of sensitivity change
for the two groups of subjects. Since the standard deviations for the two groups appeared
to be fairly dissimilaran independent sampletest was performed on the absolute de
viations of absolute slop#;104) = 1.631p = 0.106.Therefore there is no reason te be
lieve the variances of the two groups aréedént. Equal variances being assumeedst
of the absolute slope for the two groups failed to yield a relialflerelifce in degree of
sensitivity response to the changing validity in the two graip84) = 1.918p = 0.58.
The observed &ct size in this analysis was medium-small, Cahdr(.377, and the
power to detect an fefct of that size was 0.48he current evidence is therefore ineon
clusive as to whether the absolute rate of change in sensitivity ieredifdepending
upon whether subjects experienced increasing or decreasing validity

Table 1. Means and standard deviations for absolute slope of increasing and decreas

ing validity groups.

Direction Mean Standard Deviation
Decrease 82.596 78.734
Increase 56.785 58.704

It is perhaps somewhat surprising that no evidence forfact ®f onset timing was
found, that it does not matter how much prior experience with a certain proportion of
highlighting validity a subject hagvhat is less intuitive is the lack of a mairfeet of

size, and that size only matters in combination with direcTibis finding implies that
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people adjust equally quickly to changes in validity rates no matter the size of the change
in validity rate.This result could be a consequence of the small change condition being
confounded with relatively moderate levels of highlighting valjdityd likewise for laye
validity changes. Future experimentation might seek to determine whether a lack of main

effect for size holds when prior and posterior validity levels are disjoined.

THE ALGEBRAIC MODEL OF OPTIMALVISUAL SEARCH INA HIGHLIGHTED

DISPLAY

Fisher and colleagues (1989) constructed an algebraic model of visual search in an
attempt to determine average search time forgetam displays with or without high
lighted optionsThe model computes expected search times given total set size, high
lighted subset size, probability of thegat being in the highlighted or unhighlighted sub
sets, and probability that the subject searches brst in the highlighted or unhighlighted
subset (Equation 2J.he authors concluded that only a model that captures validity prob
ability can account for observed variance @fd® a function of highlighting validity
probability When the display consists of a set of discrete options, as in the Fishi@mand
(1989) paradigm, then the average display search time is a probability mixture of the time
to bnd the tayet when the highlighted options are searched brst and the time to bnd the
target when the unhighlighted options are searched Hrsir model assumes users ex

haustively search through one subset before searching the other
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Equation 2 states that the expected time to find tiget#&[T], given that the sub
ject searches first the highlighted set, is the sum of four quaniitiedirst quantity is
the product of the conditional expected search time given that ¢& tsupresent and
highlighted times the probability that thegat is present and highlighted. Note that in
both Experiment 1 and Experiment 2 this last term is equal to the probability that the tar
get is highlighted, since the probability that thgediis present in any trial is The see
ond quantity is the product of the conditional expected search time given thagétastar
present but not highlighted times the probability that thgetas present but not high
lighted.The third quantity is the product of the conditional expected search time given
that the taget is absent times the probability that thgeais abseniThe fourth quantity
is the expected response time, in other words, the time required for the subject to decide
to press a certain button and then to execute that physical mové&imeetpected re
sponse time when the unhighlighted options are searched first is similarly computed, as

shown in equation 3.
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Assuming the display consists of a set of discrete options, as it does in both experi
ments, then the average display search time can be derived. It is the probability of first
searching the highlighted subset times the expected time to finddkeitar is in the
highlighted subset plus the probability that thgeais in the unhighlighted subset times

the expected time to find the ¢@t if it is in the unhighlighted subset (Equation 4).

E[T]=pyE[TI+ AL py)EL[T] 4)
Fisher et alAssume thapn (probability that subjects search first throughhigg
lighted subset) should increase as the average time it takes to locatgehbytattend
ing first to the unhighlighted options grows proportionatelgdathan the average time it

takes to locate the @et by attending first to the highlighted options (i.e., as the ratio

E.[TI/ElT] increases). Equation 5 is the function thefgrothat satisfies that cen

straint.

p, =1! EXP{! 2.0(E, [T]/E,[T])} (5)
The present instantiation of the Fisher et al. model assumes 50 ms to decide to attend

highlighting at the beginning of a trial, 85 ms to shift visual attention, 100 ms to decide to

attend a new location, and 150 ms to issue a respbimsse latencies are basedAdiT-
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R® (Anderson et al., 2004) predictions of how long these actions should take. Figure 8
plots the predicted mearTRof Fisher et as@ptimal model of visual search in the 5 x 1
array paradigm for trials with valid and invalid highlightiddso shown is data collected
from human subjects. Note that the optimal model predicts a highlighting sensitivity in
excess of 300 ms for even the low validity percentage conditions, whereas the humans
showed sensitivity in these conditions more on the order of 40 or 50 ms. Note also how
the predicted Rs for valid trials are approximately 350 ms less than those obtained. Pre
dicted R's for invalid trials also were reliably less than those obtained from humans,
t(14) = 2.409p = 0.030, and the humarTRincreased at a faster rate as a function-of in
creasing validity levelANOVA with linear contrast on highlighting validif(1,14) =

5.803,p = 0.030.
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Figure 8. Predicted R of Fisher et as®@ptimal model and R from Experiment 1.
The optimal model computé;, the probability that the subject brst examines the
highlighted subseflable 2 listd for each level of highlighting validityVhen both the
total number of items and number of highlighted items is &satt is in this experiment,
Pn will always be high because the random chance of Pnding et tarany given posi
tion is high (20%)The highPH is what drives the model to predict such fast times for
valid trials, and it may be that subjects are not as fast in valid trials because they are not
so likely to search the highlighted item Prst.

Table 2.Values for R given highlighting validity

Validity Py

0.0% 0.785
12.5% 0.837
25.0% 0.882
37.5% 0.919
50.0% 0.949
62.5% 0.971
75.0% 0.986
87.5% 0.994
100.0% 0.998

Finally, Fisher et alsCalgebraic model does not take into consideration the possibility
that subjects may attend to some subset of the unhighlighted options, then attend to the
highlighted option, then if necessabnish searching the unhighlighted opticks shall
be shown with th&CT-R models, the ability to attend to the highlighting at any time

may be important for replicating the human data.
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What contributes to the adaptability of human visual search behavior in an environ
ment where cues have some probability of being helpful or hindering? Given a fairly
simple paradigm like the digit search in a 5 x 1 array used by Fish@aanthere are a
couple of decisions that could be made by the user at a varietyesédiftimes through
out the task. Users can potentially elect to attend or avoid the highlighting each time they
shift their visual attention, though they might not actually make that decision that often.
Then there are issues of self-evaluation of performance: do users evaluate their-own per
formance at the level of whole trials or some smaller level, such as individual shifts of
attention? Fisher et a.8lgebraic model has no answer tieofor these questions.

An ACT-R model can shed some light on the above questions, since it must be explic
itly programmed to attend or avoid highlighting either with every shift of attention or
only the Prst one. It could also evaluate its own performance at either a macro level (i.e.,
a full trial) or micro level (i.e., each shift of attentiomjvo ACT-R models were cen
structed to compare to Fisher etsaaf§ebraic model and to make inferences about peo

ple® search behavior in reference to the micro versus macro issues discussed above.

THEACT-R MODEL

A useful framework for considering the information search task outlined above is the
embodied cognition-task-artifact (BYtriad (Byrne, 2001)The central notion is that the
behavior and performance of a user interacting with some device is a function of the
properties of three things: the cognitive, perceptual and motor capabilities of the user
termed embodied cognition, the task the user is engaged in, and the artifact the user is

employing in order to perform the task. Cognitive modeling forces the analyst to consider
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all three pieces of the triad at once. For a simulation model to run that provides a descrip
tion of the capabilities and limitations of the ysemust be given both a task to perform

and a complete and detailed description of the artifact being used. Byrne constructed two
models of visual search using computer menu artifacts. He discovered that the model that
fit user data better used local, rather than global, search strategies. Furthermore, learning
played a role in the development of those strategies as the model weededexthiaef
strategies.

TheACT-R (Anderson et al., 2004) cognitive architecture was used to construct a de
tailed model of the data from Experiments 1A, 1B, anfl(ZI-R is a hybrid cognitive
architecture using a combination of a symbolic production system and subsymbalic com
putation with perceptual and motor modules that allow the cognitive system to interact
with the simulatior€butside worldThe symbolic production system uses a set of pro
duction rules, each of which specify under what circumstances that production may be
executed (known as the left-hand side of the production), and then what the model will do
when that production fires (right-hand side of the productibimg. subsymbolic compo
nent ofACT-R computes thresholds and latencies for certain operations, such as the re
trieval of information from long-term memo®CT-R is an ideal tool to explore the ef
fect of highlighting validity on performance in a visual search task because of its inclu
sion of perceptual-motor modules that can accurately simulate human response times in a
wide variety of tasks, as well as its subsymbolic evaluation of the utility of production

rules.



28

ACT-R@ visual system separates vision into two modules, Ovisual-location® and
Ovisual-objectO, each with an associatddrinderson et al., 2004\When a produc
tion makes a request of the visual-location module, the production specifies a series of

constraints, and the visual-location module returns information representing a location

meeting those constraints. Constraints are attribute-value pairs that can restrict the search

based on visual properties of the object (such as Ocolor: redO) or the spatial location of the

object (such as Overtical: topDiis is akin to preattentive visual processinge{@man &
Gelade, 1980) and supports visual pop-ofgaté. But to identify an objedACT-R must
make a request of the visual-object modAleequest to the visual-object module entails
providing information representing a visual location, which will cause the visual-object
module to shift visual attention to that location, process the object located there, and re
turn information representing the objeEhusACT-R can conduct feature-guided visual
search.

One ofACT-R@ learning mechanisms uses a competitive evaluation of production
rule utility. In any given cycle of computation, the left-hand side of multiple production
rules can match the state of thefbtg. ACT-R fires the competing production with the
highest utility These utilities are learned through experiencebeach time a production is
fired, ACT-R OremembersO the time cost of using that production, and whether the pro
duction helps the model to succeed or fail in meeting its goal.

Specifically ACT-R evaluates a production rusadility according to Equation 6,
whereP; is the expected probability that firing productionill lead to successful com

pletion of the objectivelThe objective is completed when a later production marked as a
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success or failure is executétl.is the expected cost of achieving the objective, in sec
onds, ands is the value of the objective, also in seconds (the default value is-20 sec
onds).ACT-R uses Equation 6 to compute the paramé&and Equation 7 to compute

the parametelC. Successes and Failures are the number of successes and failures experi
enced when using productiorand Eforts is the accumulated time over all the success

ful and failed applications of production ruleSuccesses, Failures, andd#fs can all be

set to simulate prior experience.

(6)

P= Successes

- SuccessesFailures
(7)

Efforts
C —

" SuccessesFailures
(8)

ACT-R uses the utility of a production to decide which production to fire out of a
set of competing productions (the conflict set) that match the conditions of the internal
state of the model and the state of the outside wobhle.probability that production

will be selected on the basis of its utility, out of conflict sej is calculated with Equa
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tion 9, wherd controls the noise in the utilities. Summation is over all competing produc

tions.

On any given trial with highlighting present, the model selected and Pred one of two
productions which caused it to attend to (Oattend-redO) or avoid the red item (Oavoid-
redO)At the start of each highlighted trial, both productions match the contents of the
buffers, which include a bfdr-stuffed red item. OAttend-redO made the model move vis
ual attention to the red item. @Ad-redO made it seek an unattended black item. If the
currently attended item was adat, the models output a press of the appropriatelkey
the item was a distractaa production, Ohighlighted-distractorO, Brhis production
was marked as a failure and it made the criticéihce for getting the model to dupli
cate the déct of validity condition on sensitivityf the red item was still unattended,
then the model still had the decision to make as to whether to attend to or avoid the high
lighting (Oavoided-red-distractbnd-redO and Oavoided-red-distraetat-blackO, re
spectively). In the case of control trials, the model simply bPxated unattended items until it

found the taget.
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Production priors were set asTiable 3.The priors for Oavoid-redO were set equal to
the random chance that thegiar was in either the highlighted or unhighlighted subset,
20% chance for the highlighted group since one item would be highlighted out of a total
of bve items in the displafriors for Oavoided-red-distractemd-redO and Oavoided-red-
distractorPnd-blackO were set equal to the random chance thaigéiewauld be in ei
ther highlighted or unhighlighted subset, given that one unhighlighted item was already
examined and found to be a distracldre probabilities for successes and failures for
Oattend-redO were originally set following the same rule, thus 20 successes and 80 fail
ures. But it was found that the model did not attend the highlighted item often enough to
generate a similarRpattern to the human data, so they were changed to 50 successes
and 50 failuresThis could imply that people may be inclined to check highlighted sub
sets at rates greater than chance.

Table 3. Production priors for tA&CT-R model.

Production Successes Failures Initial Utility
attend-red 50 50 9.95
avoid-red 80 20 15.90
avoided-red- 25 75 4.90
distractor-find-red

avoided-red- 75 25 14.90

distractor-find-black

One consequence of this set of priors is that the model will be slightly biased toward
examining an unhighlighted item Prst, but not as biased as if it were simply ignoring
highlighting altogether and checking each item randoA@f-R computes the utility of

every production using Equation 6, whef® is an estimate of the probability that if pro
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ductioni is chosen the current goal will be achiev@ds the value of that current goal,
andC; is an estimate of the cost (typically measured in time) to achieve that goal{Ander
son et al., 2004). Equation 7 compu®eandC; is the simulated time elapsed between
Pring production and bring another production that is marked as a suddess.
Oattend-reddility started at .5 * 20 - 0.05 = 9.95 versus 15.90 for Oavoid-red.O

This seems valid as a set of starting assumptions about the expectations about high
lighting subjects brought with them to the experiment given a lack of measurement of the
match between subjecisf@rmation search goals over the course of their lives and the
highlighted items they have encounter€lde priors were scaled to values between 10
and 100 such that the model would start a run with some biases in the productions it
chose, but not so biased as to be inf3exible to learning new utilities over the course of the
384 trials.

Figure 9 illustrates the mean response times for human and model data, per trial type,
per highlighting validity conditionThe model provided a good fit to the data, 0.982,
mean deviation = 67 m$he one flaw in the model is its poor prediction of response
times for valid trials in low validity conditions. Because it is too slow on such trials, the
model®invalid trials fail to show the kind of sensitivity to validity condition that the hu
man invalid trials doWhile we have determined that the model actually does actually
avoid red items all the way through invalid trials in the low validity conditions, it is not
apparent why the model generates such slow response times for thes&/driadgpe that
detailed examination of proportions of firings of Oattend-redO, Oavoid-redO, and their sub
sequent fixation counterparts will yield clues as to what the model is actually doing for

these trials.
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Figure 9. Human data from Experiments did 1B compared to model data.

Despite the major flaw described above, the medwifsitivity efect of validity pre
portion does closely mimic that of the human data (Figurer ¥0)957,p < 0.001.With

the model for Experiments 1#&nd 1B displaying such odd behayibseems unwise to

proceed to attempt to model Experiment 2 until the Experiment 1 model can more closely

simulate the human data for invalid trialis is especially true given that we hope that

an unaltered model of the first experiments will provide a good fit to ExperinsedaO
We hope one model will capture all the majdeets in both experiments because we

think that the same basic mechanisms are driving the sensitiaty ef validity propor
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tion in Experiments 1Aand 1B and the rate of change of that sensitivity in response to
changing validity in Experiment 2: decision-making at the sub-trial level and evaluation
of success and failure at the sub-trial leVés. think these mechanisms are important for
generating the discussedegits in this paradigm because the most successful model of
the first experiment does these two things. Models that did not incorporate both of these

features simply did not generate the sensitivity functions that the described model has.
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Figure 10. Mean sensitivity for model and human data.

TheACT-R model generally showed the same variances as humans related to high
lighting validity condition and trial typéppendix B contains histograms plotting num
ber of trials against 100 msI'Ains for humans and the model by validity condition and
by trial type.The modekddata appears more discrete in its distributions compared to hu

man data because it ran with most stochastic features tuffrfed thle sake of reducing
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time required for computatioithe lack of stochasticity in computations is also likely the
reason for the modsl@metimes lack of positive skew in if§ Bistributions relative to

the human data.

GENERALDISCUSSION

Fisher andran (1989) found that color highlighting at 50% validity led to response
times that were no faster than no highlighting at¥adt.the results from Experiments 1A
and 1B plainly contradict that: subjects were 74 ms faster on average with 50% valid
highlighting than with no highlighting. Calculating the expected response time shows
why. For standard trials, on average subjects are going to have to make 2.5 shifts of atten
tion to find the taget, since there is a total of five items in the disphdyapproximately
200 ms per attention shift, that means it will take 500 ms on average to findgtte tar
plus another 250 ms on average to press the button. Indeed, the mean response time for
standard trials in Experiments Bhd 1B was 751 ms. By comparison, highlighting is
still worthwhile even at 50%, because at that proportion a highlighted trial will only re
quire an average of two shifts of visual attention. If the highlighting is valid, then only
one attention shift is necessalfythe highlighting is invalid, then three attention shifts
are necessary on average. Since there is an equally likely chance of the highlighting being
valid or invalid, the overall average number of required attention shifts will be two.

People have demonstrated themselves to be sensitive to this kind of optionality
least they behave that wayhe model reveals that how they get there seems to be by the
use of micro-level decisions and feedback. Furthermore, the model posits an explicitly

endogenous locus of control for attending to the €he.model only attends to the red
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item when it selects and fires the production that causes it to OvoluntarilyO attend to that
stimuli. While it is possible that this completely explicit endogenous cuing might have
something to do with the model@rrent dificulties with invalid trials, it is diicult to

see how that may be. If invalid trials hurt performance because people involuntarily at
tend to the highlighting, then in the extreme case that cuing is entirely exogenous there
should be no sensitivity function of highlighting proportion at all because people should
be attending to the highlighting equally often in all validity proportion conditions. H peo
ple operate on some kind of mixed endogenous and exogenous cuing mechanism in this
paradigm, then there should still be some function of sensitivity because people are still
going to be able to exercise some degree of control over whether or not they attend to the
highlighting, and it is not clear how that couldeat the valid and invalid trials ddren

tially, as they are in the modé@b some degree, people are learning the probabilities with
which highlighting leads them to the dat, they are using that knowledge to exercise
control over where they look, and they are doing this at temporal levels on the order of

200 ms.
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APPENDIXA: HISTOGRAMS OF HUMAN RESPONSHEIME IN INVALID TRIALS

AS A FUNCTION OFTARGET DISTANCE FROM HIGHLIGHTED ITEM

All histograms plot number of trials on the y axis afdidts on the x axill dis-
tances are noted in terms of the number of item places in the display (e.g., Odistance = 10

indicates that the items are adjacent).
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Human Data: 75%alidity, Valid Trial Types
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Human Data: 87.5%alidity, Valid Trial Types
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Human Data: 87.5%alidity, Invalid Trial Types
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Human Data: 100%alidity, Valid Trial Types
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Experiment JACT-R Model: 0%Validity, Invalid Trial Type
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Experiment JACT-R Model, 20 model runs: 12.5%alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 12.5%alidity, Invalid Trial Type



91

| (000z'0067]
| (006T'008T]
[ (008T'00£T]
[ (0027°009T]
| (009T'005T]
| (0osT'007T]

(00¥T'00<T]

(00£T'002T]

(oozt'00TTI]

(00TT'000T]

(0o0T'006]

(006008l

(008‘00.]
(00.'009]

(009'00s]

(00s‘00v]
(oov'00¢l

(oog'o0z]

(0oz'00Tl
(oot'0]
0>

1000

950

900

850

800

750

700

650

600

550

500

450

400

350

300

250+

200+

150

100

50

Experiment JACT-R Model, 20 model runs: 254alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 25%alidity, Invalid Trial Type



93

| (000z'0067]
| (006T'008T]
[ (008T'00£T]
[ (0027°009T]
| (009T'005T]
| (0osT'007T]

(00¥T'00<T]

(00£T'002T]

(oozt'00TTI]

(00TT'000T]

(0o0T'006]

(006008l

(008‘00.]
(00.'009]

(009'00s]

(00s‘00v]
(oov'00¢l

(oog'o0z]

(0oz'00Tl
(oot'0]
0>

1000

950

900

850

800

750

700

650

600

550

500

450

400

350

300

250+

200+

150

100

50

Experiment JACT-R Model, 20 model runs: 37.5%alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 37.5%alidity, Invalid Trial Type
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Experiment JACT-R Model, 20 model runs: 504alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 504alidity, Invalid Trial Type
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Experiment JACT-R Model, 20 model runs: 62.5%alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 62.5%alidity, Invalid Trial Type
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Experiment JACT-R Model, 20 model runs: 754alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 754alidity, Invalid Trial Type
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Experiment JACT-R Model, 20 model runs: 87.5%alidity, Valid Trial Type
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Experiment JACT-R Model, 20 model runs: 87.5%alidity, Invalid Trial Type
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Experiment JACT-R Model, 20 model runs: 100%alidity, Valid Trial Type



