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INTRODUCTION

Technological improvements have led the computemgh from a heavy desk machine in the attic, to a
lightweight tablet in the briefcase or a telephonthe front side pocket of the pants. People hesd computers
anywhere at any moment throughout the day andesinteraction between human and computer has isetea
dramatically. For developers of computer interfateis a challenge to make this interaction as simas
possible by designing a user friendly interfaceatTthis is not always an easy task can be illustrdty the
ribbon-menu that Microsoft introduced in their @&i2007 packag®o you remember the frustration when you
were unable to relocate your toolbaré®cording an online survey (Kyd, 2009), experighasers’ productivity
dropped with an average of 20 percent becauseeohéiww menu and 55 percent of the responders ‘tiage’
ribbon-menu. This is a clear example of the effacggaphical user interface (GUI) can have on gability and
user experience of the product. No wonder the actesn between human and computer has becomergificie
area of high interest. One broadly used techniqugtudy this human-computer interaction (HCI) is Think
Aloud (TA) method (Nielsen, Clemmensen and Yssi@)2). In this research method tested subjectksp#a
their thoughts while executing a task, with as goafet insight in the cognitive process of thejeab In the
HCI field the TA method is used to reveal usabifitpblems in the designed interface. Currentlyreghe a lack

of conclusive research about the effects of thenfedhod on the users’ performance. Therefore theeptestudy
will focus on the effects of thinking aloud on therformance of the subject. This introduction Wit cover
the work of Ericsson and Simon (1980, 1997) able@tfA method, then the effects of thinking alowdloived

by the goal of the present study.

The Think Aloud Method

The TA method is a qualitative research method whises verbalized thoughts as data to study theitoas
process of a subject. As the subject speaks odtadtitthe information that comes into its mind, trexbalized
thoughts reflect the information that is attended-tthe ‘heeded’ information (Ericsson and Simd®8d) — at
that moment. When the subject thinks out loud whpéeforming a task, the verbal report reveals thgnitive
process needed for the task completion. The maa gbthe think aloud method is to get insight irhds
process. Two variants of the TA method can be miisished: concurrent think aloud — where the subjec
verbalizes its thoughts while performing a taskné eetrospective think aloud — where the subjedbaizes its
thoughts retrospective, often while it is viewingideo of its task performance. The present stedyricts itself

to the concurrent think aloud method.



Before the TA method raised in popularity, the mast¢d qualitative verbal research method to mapitiog
processes was introspection (Van Someren, Barnadd $andberg, 1994; Ericsson and Simon, 1997).
Introspection though, was questioned heavily orvitigdity, as people tend to have difficulties witkporting
their cognitive process and rather report judgmemts internal theories (Nisbett and Wilson, 19749. an
alternative to introspection Duncker (1945) introeld speaking out loud the thoughts while perfornonga
task. This was the first investigator who mentiofiddas a verbal research method (Nielseml, 2002), but it
was until the historical work of Ericsson and Sinm{@@80) before thinking aloud gained in popularity.their
widely cited review Ericsson and Simon (1980) cedeover a hundred studies to build a founded thedrmgre
thinking aloud got divided into three levels of balization. The general principle was that thinkalgud is the
verbalization of the short term memory. Their cos@gin was that ‘verbal reports, elicited with caned
interpreted with full understanding of the circuarstes under which they were obtained, are a vaduabdl
thoroughly reliable source of information about kibige processes’ (Ericsson and Simon, 1980, pp.24g the
work of Ericsson and Simon (1980, 1997) is of digant importance to the present study, the nectice will
explain the fundamental principles of their theory.
Thinking aloud can be performed at three distingaiide levels. It depends on the type of task wheskel is
required to verbalize the thoughts.

Level 1 verbalization is articulation of verbal estlinformation (read aloud). Because the infornmats

presented in verbal form, no additional cognitivegessing is required for the verbalization.

Level 2 verbalization is articulation of informatighat is not presented verbally. Recoding thermédion

into a verbal form requires some cognitive progagsbut no additional information has to get atthéor

the verbalization.

Level 3 verbalization requires scanning, filterimgtrieval of memory and processing before it can b

verbalized.
In contrast with level 1 and level 2 verbalizatitewel 3 verbalization does require heavy additigmmacessing
to recode the information into a verbal form. Besmof this processing the cognitive capacity abéldo the
execution of the primary task gets diminished. §&im and Simon explain this process by means of the
information processing theory.
This theory is based on a model first introducedAtkinson and Shiffrin (1968). The model dividesnian
memory in three components: the sensory memoryslioet term memory (STM) and the long term memory

(LTM). The sensory memory has a very limited catyaand holds the sensory input for a short times SAM



or working memory contains the attended informatiéra specific moment and is responsible for preicgs
this information. The LTM has a large capacity @desponsible for permanent memory storage. ASIH
contains the attended information and is respoaditt information processing, the content of thismmory
reflects the cognitive process that is needed &xwe a specific task. The goal of the TA methotb iextract
this information. So, how does that work? Accordiodericsson and Simon, thinking aloud is the attion of
the STM contents and results in a report of theoonggcognitive process. As level 1 verbalizatiomatisculation
of verbal presented information, the informatioresimot utilize the STM and henceforth the verb&ibnadoes
not alter the cognitive process nor slows it dolsevel 2 verbalization, however, does require STMcpssing
to recode the presented information into a verbahf This leads to a prolonged time to accomplisask and
the verbal report may be incomplete, but the cogniprocessing will not be altered by the verbaima At
level 3 verbalization, the additional processingdesl to verbalize takes place in the STM. The d¢ivgnioad of
level 3 verbalization is comparable with introspact(Nielsenet al, 2002) which changes the course and
structure of the process (Ericsson and Simon, 1989)he goal of the TA method is to get insightoime’s
cognitive process, it must leave the process urgdtrievel 1 and level 2 verbalization meet thigureement.
Level 3 verbalization does alter the cognitive gascand henceforth it would not be valid to stueydognitive

process with the TA method if the task requirecl&/verbalization.

Effects of thinking aloud

According the theory of Ericsson and Simon (19%%el 1 and level 2 leave the cognitive processhanged,
but level 2 verbalization does slow down the prsogkich results in longer response times. Longspabse
times are measured at making word puzzles and geonpeizzles, Raven’'s matrices (Rhenius and Deffner
1990; Fox and Charness, 2009), gambles and anagif@usso, Johnson and Stephens, 1989) and seeking
information on a website (Hertzum, Hansen and Aseler 2009), whereas the criteria of level 2 veratitbn
are met. The prolonged response time can be cdusdke ability to process visual information fastban
verbalize this information (Rayner, 1998, 2009)n@rsely, Van der Haak, De Jong and Schellens (2200)
did not find prolonged response times in informatseeking tasks in an online library cataloguethig study,
however, the subjects had the option to not corapthe tasks, which is a possible explanation fa th
nonexistence of prolonged response time. The titezaconcerning prolonged response times compiligs w

three-level model of verbalization of Ericsson &ichon (1980, 1997).



However, concerning the task performance the figgliare not so unanimous. Russal (1989) found that on a
numeral task subjects have a lower proportion cora@swers while thinking aloud, compared with lendi
control condition. On a mental multiply task, thbughe subjects had a higher proportion correctvarss than
the control condition. On the other two tasks (miel and verbally written) thinking aloud had néeet.
Although the tasks meet the requirements of lewgdalization, thinking aloud affects the taskfpenance of
some tasks. Russt al (1989) conclude, first, that the assumption alibatnonexistence of reactivity at the
think aloud method must be questioned and, sedbildifficult to determine a priori whether a kawill be
affected by thinking aloud or not. Van den Haalal (2003) also found that subjects experienced marblems
while thinking aloud. In their study the subjectadhto search for specific information in an onliiterary
catalogue, either concurrent thinking aloud oragpective thinking aloud. The test scores of thespective
thinking aloud condition are comparable with artileondition, as the subjects execute the taskstin settings
in silence. Even though the tasks met the critefitevel 1 and 2 verbalization, subjects in the @@ndition
were less successful in completing the tasks thhjests who executed the tasks in silence. VanHieaket al
(2003) concluded that the cognitive processing irequfor the task and the verbalization combinegaied
both the task performance and the articulationr@feevidence that a more demanding task makesdter for
the subject to think aloud (Branch, 2000; PreearsgeRs and Sharp, 2007), which would indicate ttuth tthe
primary task and the verbalization utilize the STiNbwever, in a succeeding study of Van den Hagll
(2004), they did not replicate the findings of thpieceding study (2003) and did not find a differe in the
amount of completed tasks between the TA conddiod silent condition, while the study setup wassame.
Hertzumet al (2009) asked to search for information on a weles well. Each participant had to think aloud at
half of the tasks and execute the other half insé. There was no difference in the proportiomemranswers
between the two conditions. These findings are ngerg with the theory of Ericsson and Simon (19B297)
and other studies (Rhenius and Deffner, 1990; Bsveerd Snyder, 1990). The results of Fox and Charnes
(2009) however reveal, that thinking aloud can iower the test performance as well. In their studgenty
people scored better on the Raven’s matrices i§ there thinking aloud, compared to the silent cointr
condition. These fluctuating results indicate e effect of thinking aloud is a delicate mat#s. Russoet al
(1989) concluded; it hard to tell a priori whetlaetask is reactive with thinking aloud or not. CGlgathough, the
nonexistence of reactivity as stated by Ericss@h@imon (1997) is contradicted by several studies.

Another way to investigate whether thinking alodgbrs the cognitive processing is using eye moveman

variable. Earlier studies that used eye movemeantsvestigate the think aloud method found 80% &90



2010) till 98% (Rhenius and Deffner, 1990) overtegtween the gazes of the subject and its verbalt.eps the
eye movements correspond strongly with the attenidéormation (Geiselman, 1977), the verbal reports
produced with thinking aloud reflect the attendefbimation. This makes eye movements interesting fo
studying the reactivity of thinking aloud. Hertzhal (2009) recorded the eye movements of the subyeute
they were seeking information on a website. Thgesuib executed half of the tasks in silence andther half
while thinking aloud. They looked at the fixaticate (fixation per second), fixation time, saccadeation and
saccade length and found no difference in any e$¢hvariables between the silence condition andhiné
aloud condition. This would indicate that theran@sdifference in heeded information between exagua task
while thinking aloud and executing a task in sikendowever, this result is based on a relative stesi group
(N = 8) and the study used websites as stimuli. Uaimgebsite consists for 58% out of reading (Co@4,0),
which is level 1 verbalization. As stated befoia, fost tasks in the usability research level Dbakzation is
required. At this moment there is a lack of studiest focus on the difference in eye movements siilgject
performing a task that requires level 2 verbal@ativhile thinking aloud and while in silence. Thesent study
aims to fill in this gap by using pictorial tasksdameasure the eye movements of the subject induottiitions.
The main research question is:
RQ: What is the difference in the subject’'s eye mogets between the think aloud condition and thentile
condition?
This will be investigated by letting subjects extectasks first in silence and second while thinkahgud. The
first two hypotheses concerning the test scorepased on the theory of Ericsson and Simon (19897t
H1: The response time in the think aloud conditiolorgyer than in the silence condition.
H2: There is no difference in proportion correct aasabetween the TA condition and the silent coaditi
Hertzumet al (2009) found no difference in both fixation rateldixation time, as they did not find a difference
in saccade duration between the two conditions]emtie RT in the TA condition was longer. This wbul
indicate that the number of fixations is highertlie TA condition. In line with these findings, tif@lowing
hypotheses concerning the eye movements are fotedula
H3: There is no difference in fixation rate betwelea TA condition and the silence condition.
H4: There is no difference in fixation time betweba TA condition and the silence condition.

H5: There is no difference saccade length betweei #heondition and the silence condition.



METHODS

Design and variables

The goal of the present study was to investigatethdr a difference in the dependent variables éseqnt
between the think aloud (TA) condition and sileahdition. The design was within subject 2 x 10:hesgbject
was exposed to both conditions; first they were=git0 silent trials followed by 10 TA trials. Thepkndent
variables are divided into response variables aywl movement variables. The response variables tare t
response time (RT) — which is the time between dtimulus onset and the subject's response — and the
proportion correct answers. Concerning the eye maves, both the temporal and the spatial aspewts heen
taken into account. The temporal aspects are thauof fixations, fixation rate (fixations per sed) and the
average fixation time (FT). The spatial aspectsranpath length (sum of the saccades) and avesagade
length. All these variables are calculated for gveial, each trial falling within either the TA nodition or the
silent condition.

Subjects

In present study 21 women participated, who wdrstatlying a master’s degree or were graduatedmaster’s
degree. None of the subjects had severe visualilitteband they all had normal or corrected tomat sight.
They were allowed to wear their glasses or contéatecessary.

Stimuli

The stimuli consisted of 24 multiple choice tagkisjded into four categories: cubicles which werdalded (4
answer possibilities); logical series (4 answersnlities); virtual jigsaw puzzles (4 answer pdsifies) and
visual series (5 answer possibilities). The taslerewmainly pictorial and meet the criteria of lexal
verbalization. See Appendix C for an overview & thsks. The tasks were allocated to two blockBOdtrials
each (block A and B), both blocks had two practics. Each block was randomized for every pgrtait and
the blocks were presented in different sequendesfitst subject had the sequence AB, the secobgcuhad
the sequence BA and so on.

Test setup

The trials were presented on a 1ifif¢] monitor with a resolution of 1280 x 1024 pixedstefresh rate of 60 Hz
and a colour depth ofrffo]. The eye movements were measured by an EasyGazé&acker, developed by
Design Interactive. This eye tracker measuredfegéguency of 50 Hz and was connected with a firewzable

to a PC. The PC was suited with an Intefd processdrwith 12 gigabyte DDRipfo] RAM and had Windows



XP as operating system. The PC recorded both tbengywements and the subject’s responses, which were
entered on an American keyboard.

The monitor and keyboard where mounted in a woanldgical of approximately 80 cm in all directionsitiw
the inside painted black. The front side of theicalbwas open, where a head rest was mounted. Tibéewest
setup was shut off from daylight by a curtain teyamt interference from IR-light from outside tleup. There
was a small light mounted within the cubical.

Think aloud

All the subjects were asked to think aloud, thattésspeak out all their thoughts that came intadniThe
experimenter did not intervene while the test wasning. If the subjects stopped talking during th
condition, the experimenter asked the subject lga'se think aloud’.

Procedure

For all subjects the experiment followed the samme@dure. The first block they had to make the M€ks in
silence, the second block they had to think alobdenexecuting the tasks. The blocks were organaedtated
before; half of the subjects began with block Adaled by block B; the other half of the subjectgdne with
block B, followed by block A. Every block was preles by two practice trials and introduced by anruttion
screen. All trials were preceded by a fixation srobhe subjects had to fixate on the cross and phess the
spacebar to proceed to the MC-task. They couldr ¢hér answer any moment, by pressing the cormedipg
key on the keyboard. Each trial had a time limiflg0 seconds. This was mentioned to the subjegtshb time
was not presented during the trials. If the tinmitligot exceeded, the subject automatically proeded the
next trial, without having entered an answer. Thbjects were instructed to make the MC-tasks asl g0
possible. To collect qualitative good eye trackilaga, it was important that the subjects did novertheir head
during the experiment. To help them keeping themdfixed, they were requested to position theirdhia the

headrest..



RESULTS

To investigate whether there is a difference indbpendent variables between the TA and silentitondthe
TA trials are compared with the silent trials irethext section. First the response variables wllcbvered,
followed by the temporal aspects and the spatj@ets of the eye movements. At last the effectbetifferent
task types will be examined.

The data of three subjects was excluded from the a@l@alyses as a result of a measure-error (seentippB1
for an example of the measure error). As a resutaalibration-error the exact fixation pointstbé remaining
subjects could not be determined. The data-analgsisaled that the fixation points were clusterédaa
particular distance of the point of interest, goaition where nothing was to be seen. See foxample of this
deviation Appendix B2. Each trial this deviatiordreadifferent amplitude and direction and withicle#rial the
deviation differed between the left and the righesof the screen. Henceforth a correction of theaaould not
be made. As a result, the analysis of the spasig¢ets of the eye movements is limited to the smidniength
and saccade length.

The reason of this deviation became clear aftemtkasurements of the present study were condudia
result of this deviation Hooge (internal paper)ided to test what effect the stimuli background ikemnce had
on the accuracy of the eye tracker. In his studyetye tracker was first calibrated with a greylralion screen.
The subjects were then asked to follow a specifittepn with their gaze. This was repeated by dfier
background luminance (along the grey-scale). Inttls with a low-luminance background the eyechte
measurement was quite accurate, but with a highAamce background there was a deviation between the
pattern and the measured fixation points. Hoogdaéxgd this effect by the smaller pupil dilatiorusad by the
high luminance of the background. The directioraafmaller pupil seems harder to measure, whicHtseisu
less accuracy. As the backgrounds of the stimuthefpresent study were white, the same effectethtise
deviation in the eye movement-data.

Response time and proportion correct

The response time (RT) in the TA conditiovl € 43.22,SD = 21.86) is longer than in the silent conditidvh £
26.83,SD=14.51),t(358) = -8.379p< .001 (see Table 1 and Figure 2). In the TA coodifM = .79,SD= .41)
the proportion correct answers is larger than éngifent conditionN1 = .67,SD = .47),t(358) = -2.623p = .009
(see Table 1, figure 2). Clearly the subject speditBs more time to solve the task and respond 18% mo
correctly in the TA condition. Figure 1 visualizé® RT (lines) and proportion correct (bars) offbodnditions

for each task. Two tasks are answered correct@84l6f the trials and thus have no distinguishablétg Of



Table 1: Response time (RT) and proportion correct answersin the silent condition and TA condition.

Silent TA
Mean SD Mean SD Significance
RT (s) 26.83 1451 43.22 21.86 p<.001
Prop. correct 0.67 0.47 0.79 0.41 p<.01

the other 18 tasks, 14 tasks are answered morectigrin the TA condition, while the subjects towmlore time
to come to an answer. As the RT and proportionecbrpoth increase, it might be that these diffeesnmesult
from a speed-accuracy tradeoff. The correlatiomwben RT and proportion correc{18) = .60,p = .005) points

in this direction as well.

Eye Movements: Temporal aspects

The temporal aspects of the eye movements are nusfifixations, fixation rate and fixation time. Wh the
number of fixations of the two conditions is congmirthe trials in the TA conditioM = 77.97,SD = 41.42)
have a significant larger number of fixations thlaa trials in the silent conditio®(= 54.44,SD = 31.63)t(355)

= -6.029,p< .001 (Figure 4). The subjects have more fixatiamen thinking aloud. But as the number of
fixations is affected by the RT, the fixation radlects the fixations corrected for the RT. In & condition
(M = 1.85,SD = .45) the fixation rate is smaller than in thiersi condition 1 =2.09,SD = .52),t(355) = 4,817,
p< .001 (Figure 5). This reveals that, if correctedthe RT, the subject has fewer fixations in T#e condition
than in the silent condition. The fixation time (F$ significantly longer in the TA conditiod( = 538.03SD =
166.15) than in the silent conditiokl (= 470.67 SD= 125.10)}(355) = -4.326p < .001 (Figure 6). The fixation
rate and fixation time are related in such way Hraincrease in fixation time leads to a decredgsheofixation
rate.

Eye movements. Spatial aspects

The spatial aspects of the eye movements are stalepgyth and saccade length. When the scanpagjthlexf
the TA condition i1 = 18980.40SD = 10294.83) is compared to the scanpath lengtheo$ilent conditionNl =
13295.01SD = 7526.85), it is longer in the TA conditici(355) = -5.954p< .001(Table 3). This indicates that

the subject’'s gaze covers a larger distance iff fheondition than in the silent condition. The sade length

Table 2: temporal aspects - difference in number of fixations, fixation rate and fixation time (FT) between the silent and
the TA condition

Silent TA
Mean SD Mean SD Significance
Number of fixations 54.44 31.63 77.97 41.42 p<.001
Fixation rate 2.09 0.52 1.85 0.45 p<.001
FT (ms) 470.67 125.1 538.03 166.15 p<.001
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Table 3: differencein scanpath length (SPL) and mean saccade length SL between the silent and the TA condition

Silent TA
Mean SD Mean SD Significance
SPL (pixels) 13295.01 7526.85 18980.4 10294.83 p <.001
Saccade length (pixels) 255.09 57.09 248.57 52.41 n.s.

does not differ between the TA conditidd £ 248.57,SD = 52.41) and the silent conditioN (= 255.09,SD =
57.09),1(355) = 1.124p = .262. As the scanpath length is larger in thecbAdition while the saccade length
does not differ between the two conditions, in T condition the subject's gaze appears to covéarger
distance, but with the same deviation as in trensitondition. This would indicate that subject hilesthinking
aloud — fixates at the same points of interestfigates more often at the same point.

Effects of the task type

The tasks used for this study can be divided iotar tategories; cubicles which are unfolded; loggsies;
virtual jigsaw puzzles and visual series. To te#itére is an effect of the type of task on theatefent variables,
several ANOVA's were conducted. The full resultstofse ANOVA's and the results of the Temhane post-
tests are displayed in Table Al in Appendix A. igufes 7-9 is visualized how the task type affabts eye
movements. Probably the eye movements are afféstede tasks’ visual layout. As the logical seasks and
the visual serie-tasks both have a sequence tlsatohbe discovered, the subject’'s gaze seems lmnfahe
sequence, which results in relatively small sacsafike fixation time of the logical serie-taskshs highest and
of the visual serie-tasks the lowest, which wouldi¢ate that the fixations points of the logicafisdasks
contain the most information and the fixation psiof the visual serie-tasks the least (Hendersoeek& and
Hollingworth 1999). The figures of the logical setasks are indeed more complex. For the cubislstand
puzzle-tasks the large saccade length indicatesger distance between the points of interest, lwhideed is
the case at the layout of these tasks.

By means of several t-tests the effects of thinkitogid are examined per task type. See for thedalilts of the
t-tests Table A2 in Appendix A. For most of theightes, there are no differences between the sffeficTA on
the individual tasks and the effects of TA on tlenplete test battery. Some effects are not sigmifithough,

which is most likely caused by the decrease indatt by selecting one test type.
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Figure 1: Responsetime (RT, line) plotted with proportion correct (bars) for each task. Thisvisualizesthat the tasks with a high proportion correct have a shorter RT.

12



w »
T 2

Mean RT (s)

w
2

25

sillent TA
Condition

Figure 2: mean response time (RT) in both
the silent and TA condition. Difference is
significant p< .001.

540

a
N
2

500

Mean FT (ms)

480

si[lent TA
Condition

Figure 6: mean fixation time (FT) in both the
silent and TA condition. Difference is significant
p< .001.

0.800-

0.7757

0.750-

0.7257

0.700-

Mean proportion correct

0.675-

sillent TA
Condition

Figure 3: mean proportion correct in both the
slent and TA condition. Difference is
significant p< .05.

2207

.
=)
1

2.00

Mean fixation rate

1.907

T T T T
cubicles logical series  puzzle  visual series

Task type

Figure 7: mean fixation rate per task type

3 & 3 ]
2 1 2 z

Mean number of fixations
o
o
1

50

silent TA
Condition

Figure 4: mean number of fixations in the
slent and TA condition. Difference is
significant p< .001.

550

a1
N
b

Mean FT (ms)
2

4757

450

T T T T
cubicles logical series  puzzle  visual series

Task type

Figure 8:mean fixation time (FT) per task type

2.201

2157

2

Mean fixation rate
~ N '
o o
2 9

1.957

1.90

silent TA
Condition

Figure 5: mean fixation rate in the silent and
TA condition. Difference is significant p< .001.

N

@©

=]
1

260

240

Mean saccade length (pixels)

220

T T T T
cubicles logical series  puzzle visual series

Task type

Figure 9: mean saccade length per task type



DISCUSSION

The present study shows that there are differebeeseen the TA condition and the silent conditibinst, the
RT in the TA condition is longer than in the sil@aindition, which confirms the first hypothesis.eBe results
are consistent with the theory of Ericsson and &init980, 1997), as the tasks required mainly el
verbalization. In line with the findings of the pemt study, other studies with pictorial tasks (ftle and
Deffner, 1990; Fox and harness, 2009) also foumtido RT in the TA condition compared with the dilen
condition. The same effect is found in other ta@ksssoet al, 1989; Hertzuret al, 2009). Obviously thinking
aloud causes a prolonged RT. The responsible mirhafor this effect will be explained later in this
discussion.

Second, the proportion correct is higher in the dohdition than in the silent condition. This iseamarkable
result and it rejects the second hypothesis (H&) titere would be no difference in proportion cotrfgetween
the two conditions. These findings contradict theory of Ericsson and Simon (1997), since theyciui the
presence of reactivity. Ericsson and Simon poirtetthat if the criteria of level 2 verbalizatioreamet, the
cognitive process will not be altered. However, ltigher proportion correct indicates that the ctigaiprocess
is affected by TA in such way that the subject pemied better on the tasks. Although there are aégéudies
indicating the presence of reactivity, only Russ@(1989) and Fox and Charness (2010) found an inerigas
test score in some conditions. Rus$al (1989) conducted 4 types of tests, each test Wadridls and silent
trials. The task where the subject had to choosedsm two simple gambles, the proportion correct 2a%
higher in the TA condition than in the silent cdi@h. The other tasks had either no differencerimpprtion
correct or a lower proportion correct (numeric Jagdthough at one of the 4 tasks the differencgrioportion
correct was comparable with the findings of thespre study, this gamble task is very dissimilathi tasks of
present study. Russt al (1989) concluded that the effects of TA vary betwéssks and that it is difficult to
determine a priori whether a task is reactive. Bod Charness (2010) used Raven’s matrices, wheimare
alike to the tasks of the present study. But tlmynél only a higher proportion correct at the elgdedults who
participated in the study, while the young adults ribt show this effect. Therefore, results of thiisdy cannot
be generalized to the present study. In the exgerimf Van den Haaét al (2003) the subject experienced more
problems with seeking information at a websitehia TA condition. This effect is opposite to theeetfof the
present study. In both studies there was reactibity whereas in the present study TA led to adrigioportion

correct, in Van den Haadt al (2003) it led to more problems experienced bydhkject. Van den Haadt al
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(2003) concluded that the added cognitive loadhimking aloud had a negative effect on the perfarea This
indicates that both thinking aloud and executing phimary task are utilizing the STM (Van Somestral,
1994). However, in the present study TA appeaimfwove the performance, what contradicts this tgsion.
Clearly there are several studies that found réigtiwhich is in contradiction with the theory &ficsson and
Simon (1997), but none of those studies can explarhigher proportion correct answers found bygiresent
study.

Third, concerning the temporal aspects of the epgament behavior, the fixation rate is lower, theation
time is longer and the number of fixations is highlrethe TA condition. This rejects the third hypesis (H3)
that there is no difference in fixation rate and fourth hypothesis (H4) that there is no diffeeimt fixation
time. Hertzumet al (2009) did not find difference in fixation rate arftkation time between the two
conditions.They did not mention the number of fimas, but as they found a higher RT with the saixatibn
rate, it is plausible that the number of fixatioasahigher as well. This effect would be secondaoygh: the RT
is a covariate for the number of fixations. Thainisine with the findings of the present study,es the higher
number of fixation is a result of a longer RT. Tdi#ferent findings in fixation rate and fixatiomie between
Hertzumet al (2009) and the present study can be a resulteofatsks. In the study of Hertzugh al the subject
had to search information on a website, whereadasles of the present study consisted of solvimpictorial
task.There are large differences in eye movemeetwden the two studies; Hertzuet al having a higher
fixation rate and a shorter fixation time than ginesent study. Using a website — that consistthfotargest part
out of reading (Cooke, 2010) — affects the eye mmms in another way than a pictorial task. Agdiappears
that the effects of thinking aloud differ stronglong the task types (Russb al1989). The outcomes of the
present study point out, however, that the subjjasta lower fixation rate and a longer fixationdiim the TA
condition. These outcomes are related: as theidixaime increases, there will automatically be devixations
per second.

Fourth, concerning the spatial aspects of the egeement behavior, there is no difference in sacdadgth
between the TA condition and the silent conditidhis finding confirms the fifth (H5) hypothesis aiwdin line
with Hertzumet al (2009). This indicates that thinking aloud doesailtdr the distribution of the fixation points.
Unfortunately, as a result of the calibration errmthing can be said about the location of thatfbn points.
Effect of task type

The four task types had distinguishable effectdheneye movements of the subject. The differencean eye

movements within the task types are effected byibeal layout of the tasks. Shifting attention otlee points
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of interests is reflected in the fixation pointsdasaccades (Geiselman, 1977). The visual layothestimulus
clearly affects the eye movements. Possibly, eask tiype requires a specific problem solving stpatend this
is reflected in the eye movements. This is beybiedstope of the present study though.

Thinking aloud does not have different effects @the of the four task types. Although there are bmal
differences and some effects lack significanceeneral the effects of TA on each task matches thiareffects
of the whole test battery. In the study of Russa@l (1989) the reactivity varied over the differentk®sThe
contrast between their study and the present studhpst likely caused by the similarity of the taslsed by the
present study.

Putting it together

In the TA condition the RT is longer, the proponticorrect is higher, the fixation rate is lower ahd fixation
time is longer than in the control condition. Tleesade length does not vary between the two conditiWwhat
is the relation between these variables? The vasichdifference between the TA condition and tHensi
control condition is the articulation of the heedefibrmation. Whereas the fixation time in the stleondition
reflects the amount of time needed to procesifoemation in a particular visual area (Hendersbial, 1999;
Rayner, 1998; 2009), the fixation time in the TAddion reflects the time needed to articulateitifermation
in a particular visual area (Geiselman, 1977). @fedhe articulation causes longer fixation timethe TA
condition (see for the same effect in reading aldayner, 1998; 2009). Longer fixation time resuita lower
fixation rate.

Further there is a higher number of fixations ie fhA condition, while the saccade length does ratyv
between the two conditions. This indicates thatdhigject fixates at the same points more oftenenthinking
aloud. This could imply that the subject was logkfar more information to come to a solution foe tlask. This
hypothesis is in line with the correlation betwd®h and proportion correct. It seems justified tmadade that
the subjects of the present study took more timgather information — which effects a higher numbér
fixations with the same deviation — trying to answerrectly in the TA condition. Indeed this regdtin a
higher proportion correct answers. It is plaustbiat the subjects were more motivated to give secdoranswer
because their reasoning was overheard by the expetér. Subjects that know on forehand that thdlyget
examined about their test results, tend to scaghehion these tests (Tetlock and Kim, 1987). Ireothords,
while thinking aloud, people move along the speetlieacy tradeoff to more accurate, which diministies

speed and results in longer RT'’s and higher pragodorrect answers.
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Conclusion and implication

Getting back to the research question — what iglifierence in eye movements between the TA coowligind
the silent condition — only one variable is differdetween the two conditions as result of thinkahgud: the
fixation time. The fixation time is longer in theATcondition because of the time needed to artieula¢ heeded
information. Other differences found are secondsdfgcts that are not a result of thinking aloud;, duesult of
another variable: lower fixation rate as resultaofonger fixation time; higher number of fixatiolmnger
scanpath length and higher proportion correct asltref a longer RT. Possibly the longer RT is suteof a
motivation shift of the subject, which could beeafied by the fact that the subject’s reasoningogetheard by
the experimenter.

The longer fixation time in the TA condition dodsif the theory of Ericsson and Simon (1980, 1997 their
theory they have not included eye movements, arbbonged fixation time as a result of the artitiola does
not contradict in any way with the three-level mloafeverbalization. In the very basics, the lon&ar is also in
line with the theory. Ericsson and Simon state thatlonger RT is a result of processing the infaiion into
verbal form and that this processing slows dowrstiigect, but does not alter the cognitive proc€ke. present
study, however, concludes that the prolonged Rarissult of a motivational shift. This leads teedtion of the
cognitive process in such way that it improves thst score. Thinking aloud does affect the sulgect’
performance, but it is a secondary effect.

With the findings of the present study in mindséems that the validity of the think aloud meth®dependent
on the goal of the study. If the investigator isefested in the cognitive process in which no sesire is
involved — that is, the subject cannot do it rightwrong — the think aloud method might be a gobdice.
However, if there are test scores involved, thigkadoud tents to motivate subjects to perform betidich
leads to unrepresentative test outcomes.

Limitationsand future studies

The present study has two major limitations. Thset fissue is the inexperience of the subjects. uigects
never participated in a think aloud setting beftiney had their first encounter with this resear@thod during
the present study. This resulted in an awkward Bspee, a wrong way of speaking out their thoudhtsre
like introspection) and lack of verbalization. Thack of verbalization is the second limitation.was not
monitored at what moments and how many times tihgests stopped talking, how long the silence moment
were and how often the experimenter had to askubgct to think out load. As a more demanding taalis to
verbalization difficulties (Preece, 2007), the silenoments reflect an interesting cognitive proc@sge silent

moments in the verbal reports can be an interestigect for a future study. Last the uncertairttpu the
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effects of motivational shift and experimenter pree: The design of the present study makes itssipke to —
first — test whether motivational shift indeed affl the RT and — second — whether the motivatishiéil was

affected by the experimenter overhearing the stibJdese would be fascinating questions for fuitglies.
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APPENDIX A: Tables

Table Al: Effects of tasktype on responsetime (RT), proportion correct answers, number of fixations, fixationsrate, fixation time (FT) and saccade length. Significant
differences are flagged with a star (*).

cubicles logical series puzzles visual series
Mean SD Mean SD Mean SD Mean SD ANOVA Significance
RT (s 35.85 24.09 36.77 20.55 29.55 14.76 39.80 21.37 F(3,356) = 4.386, p = .005 p<.01
cubicles - n.s. n.s. n.s.
logical series n.s. - 7.22* -10.25*
puzzles n.s. -7.22* - n.s.
visual series n.s. 10.25* n.s. -
Proportion correct 0.79 0.41 0.64 0.48 0.76 0.43 0.75 0.44 F(3,356) = 2.186, p = .089 n.s.
cubicles - n.s. n.s. n.s.
logical series n.s. - n.s. n.s.
puzzles n.s. n.s. - n.s.
visual series n.s. n.s. n.s. -
Number of fixations 68.21 45.97 65.05 36.07 53.80 25.92 84.38 43.40 F(3,353) =9.700 p < .001 p <.001
cubicles - n.s. n.s. n.s.
logical series n.s. - n.s. -19.57*
puzzles n.s. n.s. - -30.57*
visual series n.s. 19.57* 30.57* -
Fixation rate 195 0.41 1.88 0.59 192 0.39 221 0.50 F(3,353) =8.658 p<.001 p <.001
cubicles - n.s. n.s. -.26*
logical series n.s. - n.s. -.33*
puzzles n.s. n.s. - -.29*
visual series .26* .33* .29* -
FT (ms) 496.61  112.77 553.30 203.93 503.16 11591 440.75  105.05 F(3,353) =7.661 p<.001 p <.001
cubicles - n.s. n.s. 55.86*
logical series n.s. - n.s. 112.55*
puzzles n.s. n.s. - 62.40*
visual series -55.86* -112.55* -62.40* -
Saccade length (pixels) 265.15 45.81 228.34 53.26 285.62 47.95 22412 42.68 F(3,353) = 35.611 p < .001 p<.001
cubicles - -36.81* -20.47* 41.03*
logical series 36.81* - -57.28* n.s.
puzzles 20.47* 57.28* - 61.50*
visual series -41.03* n.s. -61.50* -
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APPENDIX A: Tables

Table A2: differencein response time (RT), proportion correct answers, fixation rate, fixation time (FT) and saccade Ingth for each tasktype. Tested for significance

with t-tests.
Silent TA
Mean SD Mean SD t-test Significance
Cubicles RT (s) 25.03 17.09 46.67 25.39 t(70) = -4.241p < .001 p<.001
Proportion correct 0.72 0.45 0.86 0.35 t(70) = -1.452p = .151 n.s.
Fixation rate 2.10 0.40 1.79 0.36 t(69) = 3.450p < .001 p<.001
FT (ms) 45513  97.10 536.94 113.51 t(69) = -3.259p = .002 p<.01
Saccade length (pixels) 278.31  48.66 252.35  39.44 t(69) = -2.473p = .016 n.s.
Logical Series RT (s) 27.72 14.95 45.81 21.50 t(106) = -5.075p < .001 p<.001
Proportion correct 0.61 0.49 0.67 0.48 t(106) = -0.596p = .552 n.s.
Fixation rate 2.10 0.60 1.66 0.49 t(106) = 4.205p < .001 p<.001
FT (ms) 481.12  148.39 625.48 226.54  t(106) = -3.917p <.001 p<.001
Saccade length (pixels) 230.15 52.14 22653  54.78 t(106) = -.946p = .726 n.s.
Puzzles RT (s) 24.81 13.69 34.29 14.38 t(106) = -3.507p < .001 p<.001
Proportion correct 0.67 0.48 0.85 0.36 t(106) = -2.284p = .024 p<.05
Fixation rate 1.93 0.44 1.90 0.35 t(104) = .385p = .701 n.s.
FT (ms) 504.10 120.97 502.21  111.77 t(104) = .083p = .934 n.s.
Saccade length (pixels) 288.29 5381 282.95  41.62 t(104) = .571p = .569 n.s.
Visual Series RT (s) 30.32 11.77 49.27 24.56 t(70) = -4.176p < .001 p<.001
Proportion correct 0.69 0.47 0.81 0.40 t(70) = -1.082p = .283 n.s.
Fixation rate 2.31 0.54 2.10 0.45 t(70) = 1.779p = .008 p<.01
FT (ms) 420.86 101.21 460.65 106.42 t(70) = -1.626p = .109 n.s.
Saccade length (pixels) 221.03  37.48 22721 4765 1(70) = -.611p = .543 n.s.
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APPENDI X B1: Example of the eyetracker measureerror




APPENDI X B2: Example of the eyetracker calibration error
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