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Abstract the visual world paradigm in order to assess visual attantio
This paper reports experimental results on the Index of Gogn ~ @nd cognitive load simultaneously without confounding the
tive Activity (ICA), a recent micro-level measure in pupith- cognitive load measure due to the eye-movements.

etry which relates processing load to the frequency of rapid : .
small variations in pupil diameter. We collected pupil size To the best of our knowledge, the present paper is the first

data during three language processing tasks (German subjec to evaluate the ICA on single-task language processing. In
vs. object relativellclaus\ﬁs, agfatThm?,tiC?| ger:;jer Vitcﬂailiﬂg the following, we report three bench-mark experiments: a
(S:e()rggi?it\llce:aic?{\?i?yﬁé?]an%lﬂ%%%rprO%eI;SSiI’"]gsfliJng 2?10wetr?axet)r(1 relative clause gxperiment, a ;emantic anomaly gxperiment
ICAis responsive to all of our manipulations. We also corepar ~ and a gender mismatch experiment. These experiments were
the ICA results to O\f/efa” pupil digilyr%]fltam(j) Sglzﬁatche:gge of chosen because reliable effects of these manipulatiors hav
the ?gAaarQ%%Spngeg P oy pupillo)r/ﬁetry seems promis  Previously been shown in the literature such that we would
ing, as our data provide initial evidence that the ICA may be expect large effects; see e.g., (Bader & Meng, 1999) for
a faster anq more fine-grained measure of cognitive load than the German relative clause asymmetry, (Friederici, Pfeffe
Everall Zul_o'l dgatlc.nun. v Ind ¢ Coanitive Activit Hahne, 1993) for semantic anomaly processing and (Hagoort
Rt S(':Iauslél?l gg?fe-prg’cedn rg)z;di(r)]g, I(_)gr?éa/:ge, Caam ntic & Brown, 1999) for grammatical gender mismatch. Failure
Anomaly, German of the ICA to reflect the manipulations would allow us to con-
] clude that the ICA is not a suitable measure for capturing ef-
Introduction fects of linguistic processing difficulty.
The size of the pupil has long been known to reflect arousal
(Hess & Polt, 1960) and cognitive load in a variety of differ- The Index of Cognitive Activity
ent contexts such as arithmetic problems (Hess & Polt, 1964)
digit recall (Kahneman & Beatty, 1966), attention (Beatty, The Index of Cognitive Activity is a patented measure of
1982) as well as language complexity (Schluroff, 1982; Jusgognitive load which has only been evaluated (in published
& Carpenter’ 1993; Hyona, Tommola, & A|aja’ 1995)’ gram-WOfk) on a small range of tasks (MarSha”, 2000, 2002, 2007;
matical violations (Gutiérrez & Shapiro, 2010), and comte Schwalm, Keinath, & Zimmer, 2008), including digit span
integration effects (Engelhardt, Ferreira, & Patsenkd,d0 tasks and a simulated driving task. The underlying assump-
All of these studies have looked at the macro-level effect ofion behind using the ICA as a measure of cognitive process-
the overall dilation of the pupil as response to a stimulusing is the observation that pupil size can be affected by two
Recently, a novel micro-level measure of pupil dilation hasdifferent processes: lighting conditions and cognitivivaty.
been proposed, called the “Index of Cognitive Activity” or For overall pUle dilation, these two effects are confouhde
ICA (Marshall, 2000, 2002, 2007), which does not relate pro-because there is a so-called light reflex even in steady, light
cessing load to the overall changes in size of the pupil, bufneaning that the pupil oscillates irregularly and contltyua
instead counts the frequency of rapid small pupil size variaThe pupil dilation is controlled by two groups of muscles:
tions, which are usually discarded as pupillary hippus t§ea the circular ones, which make the pupil contract, and radial
& Lucero-Wagoner’ 2000) The ICA has been argued to bénUSdeS, which make the pUp|| dilate. Because the activatio
robust to Changes in ambient ||gh'[ and eye movements an@nd inhibition processes are different for reactions dlllgm
can therefore be hoped to be more reliable and robust tha@nd reactions due to cognitive activity, there is a diffeesim
traditional pupil dilation. Furthermore, as it does not ttee  the patterns observed: dilations due to cognitive actiary
overall dilation of the pupil, which can vary as a function of very shortand abrupt. The idea behind the ICA is therefore to
||ght|ng and individual, the frequency of the rapid pupd6| perform a wavelet analySiS on the pupll dilation record to re
changes is argued to be comparable across tasks and subjegVve all large oscillations and retain only the very shodt an
If it reliably reflects processing load, the ICA would be a rapid events larger than a specified threshold, which can be
convenient method to assess processing load using an ey&itributed to the effect of cognitive activity.
tracker in environments where lighting cannot be held con- To obtain a continuous measure, blinks are factored out
stant or where eye or head movements cannot be avoidelly linear interpolation of adjacent events. The ICA events
The Index of Cognitive Activity could thus complement the per second are counted, divided by the number of expected
range of experimental paradigms currently in use. For examiCA events per second (30), and the resulting number is then
ple, the ICA might be an interesting measure to use withirtransformed using the hyperbolic tangent function, in orde



to obtain a number between zero and Jon‘é/hen USing the Self-paced reading times Relative Clause Experiment
EyeTracking.Inc software, an ICA value per second is pro-

duced. To obtain finer granularity, we also calculated a ICA | | — sre B

value per 100msec from the ICA events (i.e. the rapid ditio £ § - °F¢

events). Due to the short time span, we could not interpolaté: | 3 R

for blinks (which take about 100msec) and therefore simply® | 0. ®62vso0c 4

excluded time frames during which a blink or partial blink B T T T T \
occurred from our analysis. -15 -10 -5 0 5 10

word number (0 = hat / haben)

Experimental Setup

We conducted our experiments with 24 participants (18 feFigure 1: Self-paced reading results for the RC Experiment.
male, 6 male; average age 23.8), who received course credit
forthe|rpar_t|C|pat|on. . s opposed to the subject relative clause. The effect on

All materials were presented in a self-paced word-by-wor . . .

i , . . he following word is likely a spill-over effect. No other

presentation mode in the middle of the screen in order tg. = ..

ST significant effects were found.
minimize eye-movements. Each sentence was followed by
a question asking whether the sentence had been gramma@uestion Answer Accuracy After each sentence, we asked
cal and made sense. Participants responded yes or no usipgrticipants to judge whether the sentence had made sense.
a response pad. Answers were balanced so that “yes” wal of the relative clauses were grammatically correct and
the correct answer half of the time. Experiment duration wasemantically acceptable. However, participants respdbnde
20-30 minutes. We created randomized lists such that eachith “no” significantly more often after an object relative
participant saw only one condition of each item and saw thelause than following a subject relative clause (answen-acc
items in random order. Each of the lists included 24 stimuliracy ORC: 63.8%, answer accuracy SRC: 92.3%, difference
per experiment as well as 72 fillers. significant atp < 0.0001 in a two-sided binomial test).

We recorded pupil dilations on both eyes using the head; . - . i
mounted SRI EyeLink Il eyetracker at 250 Hz. Index of Cognitive Activity For the ICA regression anal

yses, we chose a window from 250msec till 1150msec after
Relative Clause Experiment the word of the critical region first appears on the screem Th
rationale behind this time window is that it takes a short mo-
ment for the word to be perceived and processed before we
%an expect to see a first reaction in the pupil. As we were us-

he relati | nadie Id be initially i q aitng self-paced reading, we cannot control when the next word
the relative clause startingaewould be initially interprete appears on the screen, so we decided for a fixed time window

as a subject RC, and only disambiguated to an object RC iﬂ1d dent of wheth ticinants h Iread beed t
one of the conditions at the venlaben These ORC sentences b ependent otwnerner participants have aready pre

h hard The i | Vb éjtton to go to the next word or not. Note that the average
are thus very hard to process. The items were loosely basg ading time of the disambiguating region in the SRC case is
on (Bader & Meng, 1999), see Example (1).

) g - . 960msec, while for the ORC case it is 1789msec. For the
@ D'?‘ Naﬁhgarm, fiesg norrvlflcc e'”'geﬂégowacc der Mieter  gRC data, the next word may thus just have appeared for
z:f s?cch Sezpesrirfna}izAr\:gélise?msgl eNpilrelative clause  some subjects during the first second after the criticabregi
“The neighbor, [whom some of the tenants sued for damage&hile for ORC sentences, subjects would typically not yet

/' who sued some of the tenants for damagesle clause ~ have pressed the space bar during the time period for which
met Angelika yesterday.” we evaluate the ICA.

Data Analysis and Results Pupil dilation was recorded for both eyes, and the ICA is

Data was analysed using the R Ime4 (Baayen, Davidson, é)y definition calculated for both eyes independently.
Bates, 2008) and mgcv (Wood, 2001) packages. After re- _ _ _
moving blinks and partial blinks, we centered and normalize L&ft Eye We ran a linear mixed effects regression model

pupil area and removed outliers. We aligned the data for th#ith the left-eye ICA data aggregated per 100msec as a re-
onsets of critical regions. sponse variable. We included the relative clause type as a

] ] . predictor, random intercepts for subjects and items, aad-a r
Self-paced reading Self-paced reading is a well- 4om glope for relative clause type by both subject and item.
established method for measuring linguistic processingrpese random slopes did not significantly improve model
difficulty. As Figure 1 shows, we find the expected signifi- it and we found thatel ative cl ause type=subj ect RC

cantly longer reading times in the disambiguating region agyas g significant negative predictor in models with and with-
well as in the following word for the object relative clause 4t random slopes, Table 1.

1The method is patented, and the analysis program has to be li- 10 get a better intuition of what the ICA data looks like,
censed from EyeTracking, Inc., San Diego, CA. we also plotted a spline plot (smoothed fitting showing how



Table 1: Linear mixed effects model with the ICA as a re-
sponse variable and item type as a predictor; response va
able is ICA for the left eye. Model includes random intersept
and random slopes for item type under both subject and ite

Pupil Dilation Next, we test whether the more traditional
measure of overall pupil dilation (centered and normalized
for each subject) is in line with our findings for the ICA.
We know that pupil dilation can be expected to peak approxi-
n?‘hately 1.2 seconds after the stimulus. We therefore indlude

left eye ICA Estimate Std. Error tvalue  Signif our regressions a 2 second time window starting at 250 msec

(Intercept) 0.831987  0.008271 100.60 ™ after the disambiguating word first appears on the screen. We

SubjectRC | -0.013866  0.006414  -2.16 here focus on the rate of dilation as opposed to comparing

right eyeICA | Estimate Std. Error tvalue  Signif pupil sizes directly (Engelhardt et al., 2010). Our regass

(Tntercept) 0.821605 0.009070 90.58 FEE ini i

Subject RC 0008202 0005510  -149 models again !nclude random intercepts, as v_veII as random
slopes of relative clause type by subject and item. (Models
including random slopes for the interaction of relativeusia

left ICA SRC left ICA ORC
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type and time did not converge.)

Left Eye Figure 3 shows that the overall pupil dilation rises
after the disambiguating region in both conditions, but tha
the rise is much faster in the ORC condition than in the SRC
condition. We calculated linear mixed effects models with
normalized left eye pupil area as a response variable and the
relative clause type, time, and the interaction betweemthe
as explanatory variables. Théme variable measures how
much time has gone by since the disambiguating word first
appeared on the screen. Table 2 shows no main effect of rela-
tive clause type, but a significant positive effect of time.(i

the pupil dilates following the disambiguating region irtbo
conditions) and a significant negative interaction betweén
ative clause type and time. This interaction reveals that th
pupil dilates significantly less quickly in the subject tala

clause condition than in the object relative clause coojti
Figure 2: Spline plot k=30 for subject relative clause dataas observed in top plots of Figure 3.
(left) and object relative clause data (right) for the ICA fo
each eye, time point 0 shows the onset of the disambiguating

region "hat” / "haben”. left pupil diameter SRC

left pupil diameter ORC

20
|
0.20
|

the ICA evolves across an item), time-locked for the onsets ° -
of the disambiguating region, see top plots in Figure 2. We§
can also clearly see the difference between the ICA in the:
subject vs. object relative clause conditions in this ptbe §,
ICA values rise sharply during the first second after the dis-
ambiguating region in the ORC case, which is not observable
in the SRC case. This plot also is confirming evidence that
we should expect an effect of the ICA during the first second
of the critical region. In the subject relative clause case,
also see slightly elevated ICA during the ambiguous region
but it falls again right after the ambiguity is resolved.
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Right Eye We ran the same regression analysis for the ICA$
of the right eye. We found the same tendency, but no signif-
icant effect, see Table 1 (again, this result is independent
whether we include random slopes for relative clause type by
subject or not). This result is consistent with the splinat pl
of the right eye ICA shown in bottom plots of Figure 2: while
there is a small tendency to an effect similar to the one fer th
left eye, it is much smaller for the right eye.

- aben
I I I I I I I
-6000 -2000 2000 6000

B " hat
L T
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Figure 3: Overall pupil dilation for the left eye. Time 0 =
onset of disambiguating region.



Table 2: A linear mixed effects model shows that pupil di- Self-paced reading times Semantic Experiment

lates significantly more slowly in the subject relative dau S
.. . . . < | — MATCH
condition than in the object relative clause. g = | — MmISmATCH
left pupil area | Estimate  Std. Error  tvalue  Sign > 8 |
(Tntercept) 4.407e-03 2.584e-02  0.171 5 o
Subject RC -8.353e-03 1.770e-02 -0.472 2 o |
Time 7.397e-05 8.398e-06 8.809 ¥ 3 : : : : : :
SRC:Time -3.136e-05 1.181e-05 -2.654 *x
-4 -2 0 2 4 6
word number (0 = match / mismatch)
Table 3: Linear mixed effects model for right pupil area. ) )
right pupil area | Estimate  Std. Error  tvalue  Sign Figure 4: Self-paced reading for the semantic anomaly mate-
(Intercept) 3.309e-03  2.637e-02  0.125 rials. Semantic Anomaly is located at word number O.
Subject RC -1.565e-02 1.812e-02 -0.863
Time 8.285e-05 8.370e-06  9.898  ***
SRC:Time -3.159e-05 1.178e-05 -2.683 *x

Table 4: ICA mixed effects regression results for semantic
fit study, for period of 250msec — 1150msec after onset of
Right Eye For the right eye pupil area, we observe almostcritical region.

identical effects as for the left eye (see Fig. 3 and Table 3). _left eyeICA Estimate Std. Error  tvalue Sign
(Tntercept) 0.817823 0.008072 101.32 ***

Discussion semantic violation| 0.014805  0.005985 2.47 *
_ ; ; ; _right eye ICA Estimate  Std. Error tvalue Sign

All of our measures (self-paced reading times, question re (Intercept) 0819330007654 107 04—

sponse accuracy, Index of Cognitive Activity, and overall gegmantic violation| 0.004450  0.005691 0.78
pupil dilation) were consistent in that we found statidtica

significant evidence that the object relative clause waddrar

to process than the subject relative clause. Interestimgly Data Analysis and Results

found a significant effect of the ICA only in the left eye, but

not in the right eye, while both eyes showed a significant efyye use the same regression analysis methods as in theeelativ
fect of overall dilation. This is particularly interestiigcon-  ¢jause experiment.

junction with results from a dual-task experiment whichduse Sdlf-paced reading  We used linear mixed effects models to

the same stimuli (but presented aurally) and came to the SaMEst for significance at each word (items were aligned with re
result (Engonopoulos, Sayeed, & Demberg, 2013). Addition- 9 9

ally, in that dual task experiment, we found that the rightSpeCt to the critical region), and found a significant défece

eye ICA reflected the primary task (driving) better than theﬁr?gsesvlrceozgIaﬁir;gtllrelcélg er] ft:res((:arrlr?;?ii(::\ﬁIog;wc:rig?:)rl;s
left eye’s ICA. Taken together, these findings may point to a 9 y long y

brain-hemispheric difference which is reflected in the ICA. direct c_)bjects than for _s;emgntlca_llly fitting ones. The difie
ences in average reading times in later parts of the sentence

Semantic Violation Experiment (see words number 3 and 4 in Figure 4) were not significant.

) _In this experiment, we did not observe the spill-over to the

The second experiment tests whether the results concernifgy g after the critical region which we observed in the rela-
the sensitivity of the ICA to linguistic load can be repliedt tjye clause experiment.

in an experiment with semantic violations. . . -
P Question Answer Accuracy We once again asked partici-

M aterials pants to judge whether the sentence had made sense. Ques-
. . S ion answer racy w % correct for th nten with-

We created 24 items that contained a semantic violation sucth0 answer accuracy was 99% correct for the sentences .t
. . . out semantic violations and 96% correct for sentences with
that the direct object argument of the verb did not match the . . o .
. ey . Semantic anomalies. This indicates that the items from our
selectional restriction of the verb, as shown in (2). We con-

S . semantic experiment were easier to process than the eelativ
trasted this with a version of the sentence where the verb wag . . .
! . . .~ _Clauses from the previous experiment, which may also ex-
chosen to fit the direct object and measured the semantic MiSi-in the lack of spill-over in self-naced readin
match effect on the direct object (marked in bold in our exam? o P o P 9: _
ple item). Once again, we mixed these items with 72 fillers,| ndex of Cognitive Activity = Forthe left eye's ICA, we find
and each person only saw one version of each item (12 sema@-Significant effect of the semantic anomaly, showing signif
tically anomalous ones and 12 good ones). We made sure thigantly more ICA events compared to the semantically nor-

the critical region was not sentence final to avoid confusioral condition, see Table 4. As in the first experiment, the
with sentence wrap-up effects. linear model compares ICA values for the time span from

@) Max singt / arbeitet alsRechtsanwalt bei einer groRen 250msec till 1150msec after the critical word first appeared
Firma. on the screen. Again, the main effect is stable irrespeofive
“Max is singing / working as a lawyer for a large company.” the inclusion of random slopes for condition by subject and



Table 5: Pupil area mixed effects regression results for se- Self-paced reading times Gender Match Experiment

mantic violation study, for period of 350msec — 1s afteréonse g [ ATeH
of critical region. 2 = | wismatcH
left pupil area Estimate Std. Error tvalue Sign o 8
(Intercept) -4.775e-02  2.477e-02 -1.928 5 9 g
semantic violation| -2.709e-02  3.316e-02 -0.817 2 o |
time 3.105e-05 8.251e-06 3.766  *** 3 : : : : ‘ : :
sem violation:time| 4.588e-05 1.152e-05  3.982  ***
-6 -4 -2 0 2 4 6
right pupil area Estimate Std. Error tvalue Sign word number (0 = match / mismatch)
(Intercept) -4.199e-02 2.518e-02 -1.668
ﬁ(rann;antlc violation '}13821228% g:ggjg:gé ggézll «  Figure 5: Self-paced reading results for grammatical gende
sem violation:time| 3.800e-05 1.148e-05 3.309 ***  violation experiment. Critical region at word number O.

item. Very interestingly, the lack of effect (but tendentytie  the gender mismatch happens. The effect is more local than
expected direction) of our linguistic manipulationontight  for the relative clause experiment: there is no spill-over e
eye’s ICA is also replicated, see bottom of Table 4. The refect to the following word. We do however see a large facil-
sults of our semantic fit study are hence very consistent withation effect for the mismatch condition as compared to the
the results of the relative clause study. grammatically correct condition towards the end of the sen-

Pupil Dilation  In our linear mixed effects model analysis of t€nce. We hypothesize that this effect is due to our question
the overall pupil area in the two seconds following the onsefn Whether the sentence is grammatical and makes sense: Af-
of the critical region, we find a main effect of pupil dilation t€r the gender mismatch, subjects know they will be able to
in both eyes as well as a significant interaction of time ancnSwer the question with “no” and stop paying attention to
our semantic condition. The pupil dilates more quickly ia th the end of the sentence.

semantic violation condition than in the semantically narm Question Answer Accuracy Once again, participants were
sentences, see Table 5. These findings are consistent wiisked whether the given sentence had made sense. Answer
the ICA analysis of the semantic violation experiment, withaccuracy was identical (96% correct) for both conditions.

the data from the relative clause experiment, and withexarli

Do " Index of Cognitive Activity Similar to the relative clause
reports on pupil dilation as a measure of cognitive load.

experiment, we find a significant effect of condition on the
Gender Mismatch Experiment ICA of the Ieft_eye: d_u_rlng the_secor_1d following the_crltlcal

) ) ) ) _word, the ICA is significantly higher in the gender mismatch
Our third experlment alms.to test Whethe_r the ICAis sersitiv -y dition than in the gender-correct condition, see Table 6
to grammatical gender mismatch. Again, we used Germagye find, however, that the effect seems to start slightlyfate
mater!als. All analysis methods are identical to the presio \yhen we include random slopes under subject and items, the
experiments. main effect for condition only reaches significance startin

M aterials from 350msec after the critical word first appeared on the
creen. A spline plot (not included here for space reasons)

i , , , S
The materials for the gender mismatch experiment InCIude@onﬁrmsthe impression that the effect seems to start 100mse

24 items, each participant saw 12 grammatically corremtste 540, Note though that this might be due to the different na-
and 12 grammatically incorrectitems, where the gender®f thy e of the experiment: the gender mismatch is not possible
determiner and adjective did not match the grammatical geny expect (as the disambiguating region in the relativeseiu

der of the noun (see Example (?,’)_' with the nounin bold face)y i he only ungrammatical material (except fillers) ia th
We again made sure that the critical region was not Semenc%’xperiment

final VOi nfusion with sentence wrap- ff . . . : . .
al to avoid confusion with sentence wrap-up effects Another difference with the relative clause experiment is

(3)  Simone hatte eine(n) schreckliche(yaum und  that we do find a significant effect of gender mismatch on the

keine Lust zum Weiterschlafen. right eye’s ICA as well (see Table 6).
“Simone had gasg fenj NOIiblemasy fenj dream and

didn't feel like sleeping any longer.” Pupil Dilation For pupil dilations, we again find that the

pupil dilates during the critical region and that it dilatig-
Data Analysis and Results nificantly more quickly in the gender mismatch condition

We expected to find an effect at the critical word. Note thatthan in the gender matching sentences (Table 7).

this is the only experiment of the ones reported in this study ) i )
which uses an ungrammatical condition. Overall Discussion and Conclusions

Self-paced reading For self-paced reading, we found sig- These three first language experiments using the Index of
nificantly longer reading times on the critical region whereCognitive Activity yielded remarkably consistent resufisr
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