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ABSTRACT
This paper shows that fine-grained linguistic complexity has
measurable effects on cognitive load with consequences for
the design of in-car spoken dialogue systems. We used syn-
thesized German sentences with grammatical ambiguities to
test the additional workload caused by human sentence pro-
cessing during driving. For the driving task, we used the
Continuous Tracking and Reaction (ConTRe) task, which
we believe is suitable for the measurement of the fine-grained
effects of linguistically-related workload phenomena in auto-
motive environments, as it provides millisecond-level driving
deviation measurements on a continuous course. We applied
the task in an eye-tracking environment, using a pupillomet-
ric measure of cognitive workload called the Index of Cog-
nitive Activity (ICA).

Categories and Subject Descriptors
H.4 [Information Systems Applications]: Miscellaneous;
D.2.8 [Software Engineering]: Metrics—complexity mea-
sures, performance measures

General Terms
Methods

Keywords
simulated driving, index of cognitive activity, pupillometry,
cognitive load, tracking task, steering, language processing,
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Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee. Request permissions from Permissions@acm.org.
AutomotiveUI ’13, October 28 - 30 2013, Eindhoven, Netherlands
Copyright 2013 ACM 978-1-4503-2478-6/13/10 ...$15.00.
http://dx.doi.org/10.1145/2516540.2516546

1. INTRODUCTION
As the development of hands-free and in-car user inter-

faces continues apace, engineers and regulators are increas-
ingly confronted with the problem of assessing the burden
of attention of these systems in the context of driver multi-
tasking. As these newer technologies become more capable
of performing complex user tasks, the need for a way to de-
sign interfaces that actively manage the level of cognitive
workload they require increases [5].

A prerequisite to designing such interfaces is to be able to
measure the effect of secondary tasks on the indispensable
primary driving task. Examples of secondary tasks involving
processing and responding to complex information include
driving directions, restaurant and flight bookings, calendar
management, etc. The rationale behind this is the obser-
vation that systems increasingly rely on vocal/auditory in-
teraction (e.g. Apple’s Siri), which is particularly significant
in the driving environment where the primary task already
consumes the user’s visual resources.

In this work, we used synthesized German sentences with
grammatical ambiguities to test the additional workload due
to human sentence processing during driving. We show that
fine-grained linguistic complexity has measurable effects on
cognitive load with consequences for the design of such in-
car spoken dialogue systems.

For our driving task, we used the Continuous Tracking and
Reaction (ConTRe) task [15], which we believe is suitable for
the measurement of the fine-grained effects of linguistically-
related workload phenomena in automotive environments
as it provides millisecond-level driving deviation measure-
ments on a continuous course. We applied the task in an
eye-tracking environment, using a pupillometric measure of
cognitive workload called the Index of Cognitive Activity
(ICA) [16], which is a measure derived from pupil diameter
that has been shown to reflect changes in mental workload at
a sub-second level. Our experiment shows a relationship be-
tween ICA level, driving difficulty, and driving performance,
the presence of a language task having a tandem effect on
both steering deviation and ICA.



2. THE CONTRE TASK
Driving tasks in simulators need to be selected accord-

ing to the specific requirements of the experiment at hand.
Depending on the underlying scientific or engineering ques-
tions, they need to be either more realistic or more con-
trolled. For example, if we want to measure the driver’s
strategy of avoiding traffic jams on her daily commute to
work, we need to design a highly realistic scene in the ex-
act city or area. However, such a task comes with so many
degrees of freedom that fine-grained measurement of perfor-
mance is rather difficult. The ConTRe task [15] is designed
to be on the opposite side of this spectrum: it is highly con-
trolled and therefore less natural. ConTRe is derived from
two well-known psychological tasks which have been used in
numerous dual-task experiments: 1) the tracking task (also
”perceptuomotor tracking task”), letting the subjects trace
a moving object on the computer screen with a pointing de-
vice and continuously measuring the deviation (distance of
pointer to object); 2) the reaction task, requiring the sub-
jects to react on discrete visual stimuli by pressing a button
[23]. Tracking is realized as steering in ConTRe. Turning
the steering wheel simultaneously influences the lateral po-
sition of the vehicle/viewpoint and the lateral position of
a blue vertical bar, the ’steering bar’ (pointer). This bar
is located at a constant longitudinal distance of 30 meters
ahead and will always be at the same lateral position as the
driver’s point of view, i.e. at the center of the screen. A
second vertical bar, the ’reference bar’ (object), is colored
yellow and is located at the same longitudinal distance as
the steering bar. The reference bar moves autonomously
to random lateral positions on the road holding there for 2
seconds before moving on.

The movements of the reference bar are neither controlled
nor predictable by the user. The only exception is that
lateral movement of both bars is limited by the solid side
markings of the traveled way, which lie 8 meters apart. This
prevents the driver from leaving the road. The driver’s task
is to control the lateral position of the blue bar via the steer-
ing wheel, keeping it overlapping with the reference bar as
much as possible. As the maximum speed of the steering
bar is about twice as high as that of the reference bar, half
of the maximum steering wheel displacement is sufficient to
keep the steering bar following the reference bar at the same
speed. In ConTRe, reaction is furthermore implemented as
a signal light placed on top of the reference bar, showing one
of two lights from time to time. The upper red light requires
an immediate brake reaction with the brake pedal, whereas
the lower green light indicates that an immediate accelera-
tor pedal action is necessary. However, in the experiment
reported here, only the steering part of the task was used,
as we will explain in Section 3.

The car moves autonomously at a constant speed along a
predefined route on a unidirectional straight road consisting
of two lanes per direction. Figure 1 shows the setup of the
ConTRe steering task used in our experiment. Even though
motion in the ConTRe task feels rather like a video clip,
this task of continuous manual control based on continuous
visual input and pedal responses upon discrete visual events
effectively corresponds to a task where the user has to fol-
low a curvy road. Even more important, it is absolutely
controlled and leads to less user-dependent variability in the
interpretation of instructions. Furthermore, the task allows
for manipulation of task difficulty at run time. For this ex-

Figure 1: Screen shot of the driving task scene (ConTRe
steering only).

easy difficult
speed of reference bar (m/sec) 1.0 2.5
max. speed of steering bar (m/sec) 2.0 4.0
longitudinal speed (km/h) 40 70

Table 1: Levels of difficulty

periment, we created two difficulty settings (easy, difficult,
for parameters, see Table 1. During the task, deviation from
perfect bar overlap (blue bar covers yellow bar) and other
relevant data are continuously recorded in a database.

The ConTRe task is a driving task“plug-in” for OpenDS1.

3. EXPERIMENTAL DESIGN
Our experiments involved language use in a dual-task set-

ting. The participants were required to complete a driving
simulation task, described above, while simultaneously ac-
complishing a speech comprehension task in German. Our
experimental results contain data from 24 participants (aged
20-34; 10 female; all native speakers of German).

The spoken comprehension task consisted of listening to
a sentence containing a relative clause, followed by two the-
matically related ‘filler’ sentences and a comprehension ques-
tion, which we asked in order to make sure that participants
were listing to our stimuli. The question was always polar
(yes-no) and could be either directly related to the content
of the relative clause (50% of the stimuli) or to the filler
sentences. All sentences and questions were in German and
were synthesized prior to the experiment using the MARY
text-to-speech synthesis system [20]. We used synthesized
speech (as opposed to recorded natural speech) in order to
manipulate features of the produced speech, e.g., the dura-
tion of the critical regions, which would be impossible to do
with a human speaker.

At the beginning of the experiment, the participants filled
in a consent form and read the instructions. After that,
the experimenter placed the eye tracker on the participant’s
head and performed the required calibration. The calibra-
tion was followed by a short training phase of around 3
minutes, which included 1.5 minutes of driving on the easy
setting without language, followed by 3 training items and
items which were of similar construction but unrelated to
our actual stimuli.

After training, the main experiment started. There were

1Download available at http://www.opends.eu



4 recording phases, each of which lasted about 6 minutes.
Each phase was composed of a driving-only phase of 2 min-
utes, followed by a driving + language phase of approxi-
mately 4 minutes, during which 10 of the items were played,
each followed by the respective comprehension question. Par-
ticipant answers were recorded by the experimenter using a
response pad. In the first and the third phase, the driving
difficulty was set to “easy”, while in the second and fourth
phase it was set to “difficult”.

We used German locally ambiguous subject relative clauses
(SRC) vs. object relative clauses (ORC) based on the mate-
rials by [2]. The object relative clause is known to be much
harder to process than the subject relative clause. In (1),
we see one example of our materials.

(1) Die Nachbarin, [diesg, nom/acc einigepl, nom/acc der
Mieter auf Schadensersatz verklagt hatsg/ habenpl]RC ,
traf sich gestern mit Angelika.
“The neighbor, [whom some of the tenants sued for
damages / who sued some of the tenants for damages]RC ,
met Angelika yesterday.”

When reading such a sentence, people will usually inter-
pret the relative pronoun die as the subject of the relative
clause, and the following noun phrase einige der Mieter as
the object. This interpretation is compatible with the em-
bedded verb hat, which has singular marking, at the end of
the relative clause. If, however, participants encounter the
verb haben, which has plural marking, they will encounter
some processing difficulty: in order to make sense of the rel-
ative clause, they need to re-interpret the relative pronoun
die as the object of the relative clause and the following
noun phrase einige der Mieter as its subject; such a re-
interpretation is known to cause difficulties. (Note that the
sentences are all grammatical, as the nouns are chosen such
that they are ambiguous between nominative and accusative
case marking.)

4. BEHAVIORAL MEASURES
Our first behavioral measure, steering deviation, directly

reflects the performance on the ConTRe task. Steering de-
viation was calculated as the distance between the refer-
ence bar and the steering bar. We furthermore calculated
derivative measures such as steering deviation acceleration,
i.e., how quickly steering deviation increases or decreases.

During the driving task, we collected pupil size measure-
ments using the head-mounted EyeLink II eyetracker at 250Hz
on both eyes. From these recordings, we could calculate
changes in overall pupil dilation (large pupil dilation is known
to be associated with cognitive load, see e.g., [10, 9]), blink
rate (cognitive load has been related to more blinks, see
e.g., [18]), as well as the frequency of rapid small dilations
of the pupil (Index of Cognitive Activity, ICA). The ICA2

has been suggested as a robust and fast measure of cognitive
load which has previously been evaluated on a small range
of tasks including digit span tasks, language comprehension
tasks and a simulated driving task [17, 4]. Compared to
pupil dilation, the ICA has the advantage of being able to
disentangle activation and inhibition patterns for reaction
to light and reaction to cognitive activity.

2The method is patented, and the analysis program has to
be licensed from EyeTracking, Inc., San Diego, CA. For de-
tails see [16].

5. DATA ANALYSIS METHODS
We calculated time-series analyses, spline models, and lin-

ear mixed effects regression models using R (packages mgcv
and lme4). The data streams collected during the exper-
iment were time series of different measurements at some
interval (e.g., every 100msec). Autocorrelation (AC) refers
to the correlation of a time series with its own past and fu-
ture values, revealing whether it changes very dynamically
(low AC) or is “persistent” (high AC). AC analyses can also
reveal periodicity in a time series.

We can also measure how one time series is correlated with
another time series by shifting their alignment by increas-
ing intervals. This analysis is also referred to as the cross-
correlation (CC) of two time-series. CC analyses are par-
ticularly useful for exploratory analyses, for example, when
we do not yet know at what latency to expect participants’
steering movements as a reaction to the reference bar or at
what latency to expect an effect on other cognitive measures
such as the pupil size or ICA measure (see Section 4).

Spline models fit a smooth curve to a set of noisy obser-
vations using piece-wise polynomial functions with a high
degree of smoothness at the points where the polynomial
pieces connect. Spline plots are useful for getting a visual
impression of the shape of a function or time series.

We also used linear mixed effects models (LME, [19]) to
test whether our linguistic manipulations are predictive of
driving performance and our cognitive measures. These
models can be seen as a generalization of linear regression
models that allow inclusion of random factors (such as par-
ticipants or items) as well as fixed factors (e.g., reference bar
velocity). When reporting mixed models, we give the esti-
mates of the coefficients β of the included fixed factors; these
can be interpreted as the weights of the factors in the model
(though only coefficients of factors on the same scale can be
compared directly). In addition, each coefficient is associ-
ated with a standard error (SE), which expresses amount of
variation in the estimate of that coefficient, and a t-value,
which indicates whether the coefficient is significantly differ-
ent from zero. For the model as a whole, we can measure
the log-likelihood ll , which is an indicator of how well the
model fits the data. Two models can be compared by testing
whether their log-likelihood values are significantly different.

In the LME models reported in this paper, we treat the
participant as a random factor, which means that our models
contain an intercept term for each participant. In a model
with steering deviation as a response variable, the random
factor for participant allows the model to represent how well
each the individual steers. Furthermore, we include a ran-
dom slope for the predictor of interest (e.g., our linguistic
manipulation), essentially accounting for idiosyncrasies of a
participant with respect to the predictor of interest, such
that only the part of the variance that is common to all
participants and can be attributed to the main effect of the
predictor. For models that test the effect of our linguistic
manipulation, we furthermore include a random intercept
and random slopes for items.

6. BEHAVIORAL EFFECT OF DRIVING
TASK

Figure 2a shows the cross-correlation of the velocity of
the reference bar and the steering bar at different time lags.
We can see that the speed of the reference bar was most



(a) easy driving (b) easy driving

(c) difficult driving (d) difficult driving

Figure 2: Correlation analysis in time series for steering bar
velocity (a,c) and steering deviation (b,d) with respect to
reference bar velocity.

strongly correlated with the speed of the steering bar at a
time lag of about 800 msec. Hence, the average time it took
the subjects to get the steering bar up to the speed of the
reference bar (or accordingly, slow it down) was 800 msec.

The correlation is highly significant; the 95% confidence
interval is indicated by the double dashed line close to 0—all
values outside the area between the dashed lines are signif-
icantly different from 0 (no correlation) at p < 0.05. The
overall periodicity in Figures 2 is due to the periodicity of
the reference bar movement. Figure 2b shows the cross-
correlation between the speed of the reference bar and the
steering deviation. The speed of the reference bar was most
strongly correlated with the steering deviation at around
400msec. This indicates that the subjects reacted to the
movement of the target bar with a latency of about 400msec
on average. Note that the high correlation at 400msec la-
tency cannot be explained by the periodicity of the reference
bar movement, which would yield a longer latency; addition-
ally, we would then see different correlation latencies for the
easy vs. difficult driving conditions. Figures 2c and 2d show
analogous relationships for the difficult driving setting. We
can see from the cross-correlation plots that the reaction
times were identical between the two driving conditions.

Figure 3 displays the auto-correlation analyses for the ICA
and for pupil area. The fast-declining self-correlation of the
ICA (Figure 3a) demonstrates an important and advanta-
geous property of the ICA over pupil area: it is highly dy-
namic in that the ICA value measured at a certain point
in time is largely independent of the ICA measured a few
hundred msecs earlier. As Figure 3b shows, pupil area has a

(a) ICA (left eye) (b) pupil area (left eye)

Figure 3: Auto-correlation function (ACF) for ICA and
pupil area time series. (The 95% confidence interval is so
close to 0 that it is hardly visible in the figures.)

(a) easy driving (b) difficult driving

Figure 4: Cross-correlation analysis for ICA and steering
bar velocity. We find the same patterns for the ICA of the
right eye.

much stronger self-correlation and is thus not a similarly dy-
namic measure. Figure 4 shows that there was a significant
positive correlation at a time lag of about 500msec. Hence,
when the driver moved the steering wheel, we saw a reac-
tion in terms of the frequency of rapid dilations in the eye
about 500msec later. Figure 4b shows that this relationship
was more prominent in the difficult driving condition. On
the other hand, when we run a cross-correlation analysis for
pupil area and steering bar velocity, we find no significant
positive correlation.

We conclude that the ConTRe steering task invokes a
measurable cognitive load, which we can pick up with the
ICA measure but not with traditional pupil dilation mea-
sures. The cross-correlation analysis furthermore indicates
the delay with which to expect an effect on the ICA. The
delay peaked at approximately 500msec with respect to the
steering bar and with a lag of approximately 1sec with re-
spect to the reference bar stimulus.

We also collected information about participants’ age, video
gaming experience and gender. As all belonged to the same
age group (20–34 years), we did not find any significant ef-
fect of age on steering performance. Video gaming experi-
ence was not found to be a significant predictor of steering
performance. Gender=male is a significant negative predic-
tor of steering deviation (β = −0.055; sdev = 0.0217; t =
−2.55; p < 0.5). We furthermore analyzed the reaction la-



β sdev t val signif
(Intercept) 0.660 0.0196 33.64 ***
easy driving -0.305 0.0150 -20.33 ***
language 0.056 0.0112 5.00 ***
easy:lang -0.024 0.0035 -6.98 ***

Table 2: The language task leads to decreased steering per-
formance.

tencies for steering on an individual bases using a cross-
correlation analysis for each individual and determining the
delay at which the largest correlation was measured. Reac-
tion time varied with a correlation maximum between 300
and 500msec delay (mean = 379msec, sdev = 58msec).
Gender was a significant predictor of reaction times, with
males having shorter time delays for maximal correlation
between reference bar and steering deviation, while video
gaming experience and age were not significant predictors.
Maximum correlation between reference bar and steering bar
(avgcor = 0.8, sdev = 0.055) was reached with a delay of
700msec to 1 sec (mean = 8125msec, sdev = 850msec).

The individual differences were larger with respect driv-
ing task effect on the ICA measure. For one third of the
individuals, we do not find a significant correlation between
the ICA and the steering task at any time lag. These in-
dividual differences were not explained by age, gender or
video gaming experience. We find, however, that there was
a correlation between steering performance and the size of
the ICA effect; the correlation of steering bar movement and
the ICA was larger for those individuals who showed largest
correlations for the steering bar velocity vs. target bar ve-
locity and had the smallest steering deviations. This means
that our measure of cognitive load works best for those peo-
ple that performed best at the steering task.

7. SECONDARY TASK (LANGUAGE COM-
PREHENSION)

Table 2 shows main effects of driving difficulty and the
linguistic task on steering performance: Using linear mixed
effects models with a random intercept and random slopes
by subject, we found a large significant main effect of driv-
ing difficulty (β = 0.3; t = 20.33; p < 0.001), showing that
steering was less accurate when driving was more difficult.
This reveals that the difficulty manipulation setting in the
steering task was effective. We also found a significant pos-
itive main effect of whether we are in a language phase
(β = −0.05; t = −5.00; p < 0.001; steering is worse when
people are listening to language, see also Table 2), as well
as a significant interaction between driving difficulty and
the language phase, indicating that the effect of language
was more burdensome in the difficult driving condition (β =
−0.024; t = −6.98; p < 0.001). To confirm whether the ef-
fect of language is significant in both driving conditions, we
also split the data into two subsets, easy driving and difficult
driving, and found that the effect of language was statisti-
cally significant in both linear mixed effects models.

Each experimental phase consisted of 2 minutes of single-
task driving, followed by 4 minutes of driving with a simulta-
neous linguistic task. Spline plots in Figure 5 show that all of
our behavioral measures pick up on the dual task condition.
The plots in Figure 5(a,c,d) show smoothed splines and their
95% confidence intervals aggregated by phase. Plot 5(a)

Figure 5: Presence of the language task is reflected in be-
havioral measures as well as steering performance.

shows that the level of steering deviation was much higher
during the dual task phase than during the single task phase
in accordance with the data in Table 2.

For pupil area (Figure 5(c)), we see that the pupil was
initially large, but it contracted as the participant got used
to the task. When the dual task condition started, the pupil
dilated significantly and remained at a higher dilation level
than in the single task condition. We furthermore recorded
a higher blink rate during the dual task condition, shown
in the histogram in Figure 5(b), consistent with the liter-
ature [18]. Finally, Figure 5(d) shows that the ICA levels
were consistently lower during the dual task setting than
in the single task condition. It is possible that the lower
ICA level is due to “downsampling” both tasks (we also see
that performance in driving is much worse than in a single
task setting). It also shows that the ICA as a measure is
not equivalent to overall pupil size. Interestingly, we also
observe 10 distinct peaks in the ICA during the dual task
period of the experiment, which we find correspond exactly
to our 10 linguistic stimuli. We will investigate the relation-
ship between the ICA and our linguistic manipulations in
more detail below.

We calculated a mixed effects regression model for the crit-
ical region (200-1200msec after onset of hat / haben) with
steering deviation as a response variable. The time period
200-1200msec was chosen to start at the point where the
sound of hat starts differing from haben, which includes the
next two words of the linguistic input, during which peo-
ple may still be processing the information from the ORC.
Equivalent results are obtained for similar time windows
within the first 2 seconds following hat/haben. We found
significant main effects of the binary predictor easy driving
(which is set to 1 in the easy driving condition and 0 other-
wise) relative to the difficult driving setting, the speed of the
reference bar target velocity, and phase time (i.e., how
far along we are within an experimental phase). The predic-
tor variable target velocity was shifted by 400msec with
respect to steering deviation, so that we correlate with the
speed of the target bar 400msec earlier, since we know from
cross-correlation analysis that the steering deviation most
strongly reflects movements in the target bar that happened



Table 3: Mixed effects regression analysis with steering de-
viation as response variable, for region of 200ms till 1200ms
after onset of the critical region.

β sdev t-val signif
(Intercept) 3.680e-01 3.868e-02 9.51 ***
time since onset 1.402e-05 2.183e-05 0.64
subject RC 4.779e-02 3.229e-02 1.48
phase time 1.247e-07 5.221e-08 2.39 *
easy driving -2.478e-01 7.150e-03 -34.67 ***
target velocity 3.586e-01 3.879e-03 92.44 ***
timeOnset:SRC -5.915e-05 2.219e-05 -2.67 **

400msec earlier (Figures 2b and 2d). The model includes
random effects for participant and item as well as random
slopes of relative clause type and time since onset of the
disambiguating region as random slopes under both partic-
ipant and item. These explanatory variables all exhibit the
expected effects: steering deviation was significantly smaller
in the easy driving setting than in the difficult driving set-
ting (β = −0.247; sd = 0.00715; t = −34.67; p < 0.0001),
the speed of the reference bar is a significant positive pre-
dictor of steering deviation (β = −0.3586; sd = 0.00389; t =
92.44; p < 0.0001), and there is a small effect of phase time
(β = 1.247e−7; sd = 5.221e−8; t = 2.39; p < 0.05), pre-
sumably reflecting some effect of fatigue. Interestingly, we
also find a significant interaction (β = −5.915e−5; sd =
2.219e−5; t = −2.67; p < 0.01) of relative clause type and
the time gone by since the onset of hat / haben. This in-
teraction means that steering deviation was getting smaller
following the less difficult word hat compared to the more
difficult haben. In summary, we find evidence for an effect
of our linguistic manipulation on steering: steering perfor-
mance got worse during the time period following haben,
the word that designates the relative clause to be an object
relative clause.

The finding that steering deviation was high during the
disambiguating region and decreased in the easy condition,
may also be a hint for a learning effect during the exper-
iment, i.e., participants paying increasing attention to the
disambiguating region (despite the use of fillers (67%) in the
experiment). Indications for learning and increased atten-
tion on the disambiguating region also came from people’s
self-report, answer accuracy on the comprehension questions
(correctness did not differ between questions about subject
and object relative clauses), and ICA effects on the disam-
biguating region (discussed below).

If people did indeed pay extra attention to the disam-
biguating region, we should also see an effect of larger steer-
ing deviation during the disambiguating region compared
to the regions before and after that critical region. To test
this, we compare steering accuracy at the time of the dis-
ambiguating region (0msec to 650msec after the onset of hat
/ haben) with steering accuracy during the two seconds be-
fore onset and after offset of hat / haben. We use linear
mixed effects regression modeling with a random intercept
for participant and a random slope for our predictor criti-
cal region under participant. critical region is a binary
predictor which is 1 for all measurements during the hat /
haben region and 0 otherwise.

Further predictors in the model include the continuous
predictor phase time, i.e., indicating how far along the sub-
jects were in the experiment, and the continuous predic-

Table 4: Mixed effects regression analysis with steering de-
viation as response variable, for region of 2s before the onset
till 2s after end of the critical region.

β t-value signif
(Intercept) 3.562e-01 17.07 ***
phase time 8.459e-08 3.44 ***
target velocity 3.832e-01 205.08 ***
critical region 1.396e-02 2.88 **
easy driving -2.248e-01 -64.91 ***
target acceleration -2.680e-02 -5.90 ***

tor reference bar velocity. We furthermore include as
a continuous predictor target bar acceleration, a mea-
sure derived from target bar speed, which we also shift by
400msec3, and binary predictor easy driving. We find that
steering deviation was significantly larger during the disam-
biguating region (β = 0.0139; t = 2.88; p < 0.01) than before
or after; see also Table 4. This supports our hypothesis that
focussing attention on the linguistic task during the disam-
biguating region led to decreased steering performance. The
other predictors also behave as expected: steering deviation
increased during the course of the experimental phase, the
velocity of the target bar is a highly significant positive pre-
dictor of steering deviation, and there was significantly less
steering deviation during the easy driving condition com-
pared to difficult driving. This analysis thus shows that
steering performance was worse during the disambiguating
region of the relative clause, when people presumably paid
additional attention to the linguistic task.

Finally, we test whether the ICA is sensitive to fine-grained
linguistic complexity effects. We isolate the subset of the
data which fell within the 1800msec following the onset of
the critical region hat / haben. We chose an interval of 1800
msec to capture the duration of the disambiguating region
(650msec) and expected delay of effect in the ICA mea-
sure, peaking at about 1 second after stimulus, cf. Fig. 4.
The duration of this critical region at hat / haben was 650
ms in both conditions, which we imposed by manipulating
the duration of the phrase boundary pause during synthe-
sis. On this subset of the data, we build two LME models
(one for each eye) with the ICA measure as the response
variable, random intercept for participants, and the rela-
tive clause type (subject RC) as a fixed effect. Additional
predictors in the model are phase time, steering velocity
shifted by 400msec (based on cross-correlation results in Fig-
ure 4b) steering velocity, and steering acceleration

(also with a 400msec lag). Furthermore, we include the
variable time wrt. onset, which is a continuous variable
encoding the time gone by since the onset of the critical re-
gion hat / haben. Our models also include the random slope
of relative clause type under participant.

The results of this analysis are shown in Table 5. We can
see that there was a negative effect for the SRC type both for
the left ICA and the right ICA, although only the result for
the left eye is significant (β = −0.0354; t = −2.12; p < 0.05);
the larger effect on the left eye is consistent with single task
language processing tasks findings [4] and may reflect hemi-
spheral differences in the brain regions related to activation
of the muscles that control pupil size. The interpretation

3The predictor target bar acceleration was also initially in-
cluded in the model shown in Table 3, but did not signifi-
cantly improve model fit.



Table 5: Mixed effects regression analysis with left and right
ICA as response variable, 200–1800msec after critical region
onset. (Critical region duration: 0-650msec)

left ICA right ICA
β t-value β t-value

(Intercept) 0.7504 35.71 *** 0.736 37.82 ***
subject RC -0.0354 -2.12 *
phase time -1.16×10−7 -2.59 *
time wrt. onset -2.78×10−5 -6.38 *** -1.84×10−5 -4.36 ***
steering veloc 0.0257 5.37 *** 0.0226 4.88 ***
steering accel 0.0108 2.00 *
SRC:phase time 1.34×10−7 2.12 *

of the negative coefficient is that SRCs tend to occur with
smaller values of ICA than ORCs, as expected based on
single task results [4]. This result provides evidence that
the ICA is picking up on our manipulation even in the dual
task setting and is in line with our findings of effects on
steering deviation. We also see a learning effect, however,
evident in the significant interaction of relative clause type
and phase time SRC:phase time. As the experimental phase
proceeded, the ICA difference between subject and object
relative clause conditions got smaller.

8. DISCUSSION AND RELATED WORK
We have presented a number of results from an exploratory

analysis of an experiment in simulated driving and language.
As the paradigms used are novel and little explored, fu-
ture work will have to test replication of the effects iden-
tified here. The analyses we used allowed us to measure
the characteristics of the ConTRe steering task (section 6).
We found that expected user behavior in terms of reaction
times is borne out by the task, including comparable reac-
tion times for the easy and difficult driving settings. This
strengthens the case for the steering task as a way of mea-
suring cognitive load.

We then proceeded to evaluate pupillometric measures;
the observation that the self-correlation of ICA over time is
lower than that of pupil area allows us to suggest that ICA is
the more dynamic and hence more suitable measure for con-
tinuous tasks. This leaves us the question of whether or not
the ICA actually reflected the workload of the task, and sub-
ject to the reaction times of the experimental participants,
we found that it did.

With this background, we were then able to show not only
the predictiveness of language input in steering deviation
and pupillometric measures under both our conditions but
also the effect of moment-to-moment grammatical process-
ing; we could identify a disambiguating region in locally am-
biguous German relative clauses with effects both on driving
performance and pupil behavior. This leaves us with an im-
portant question: what is it about language that interacts
with overall mental workload to produce these effects?

To our knowledge, this question has not been closely ex-
amined until very recently. There is indeed a rich literature
on language use while driving a car, but it focuses on a much
more coarse-grained level. For instance, there is work that
shows that speaking on the telephone has a negative effect
on driving performance [12, 13].

We would argue that the construction of automotive user
interfaces needs to take into account the moment-to-moment
burden of linguistic cognition in the design of new systems,

particularly hands-free systems based on spoken dialogue.
We know from earlier studies that conversations with re-
mote conversational partners during driving (be it via mobile
phone or via hands-free device) has a negative effect on driv-
ing performance, while conversations with an in-car passen-
ger are less problematic [21, 6]. It appears that passengers
adapt their conversation to the traffic situation, leaving the
driver more resources to deal with demands of the driving
task when driving becomes difficult [6, 3, 22]. By contrast,
remote conversational partners cannot adapt their speech,
so that the driver may reach the point of high cognitive load
more easily and thus commit driving errors. However, these
lines of research have not taken into account how the fine-
grained details of linguistic complexity affect cognitive load
and driving task performance.

Where else can we turn for guidance on linguistic complex-
ity and workload? There are multiple models that explain
dual-task cognitive load [1, 24, 11].

Specific to language, there is a very rich literature on lin-
guistic processing difficulty in single tasks using brain imag-
ing, ERPs, and reading time studies, as well as a number of
dual task experiments generally showing that performance
on the linguistic task deteriorates with increased complex-
ity in the other task [10]. This study expands on this lit-
erature in testing different methods for assessing cognitive
load and the effect of one particular linguistic structure—
incrementally ambiguous relative clauses—on driving per-
formance in a simplified but controllable and continuous
driving task.

Further insight comes from a study by [12], who conducted
a dual task fMRI study where people were driving a simula-
tor while performing a language task (judging sentences to
be true or false). Driving is a task that appears to draw on
separate areas of the cerebral cortex from the areas occupied
by language. They found that both the driving-associated
cortical areas and the language-associated cortical areas are
activated simultaneously, confirming that this type of dual-
task arrangement can be used to experiment with cognitive
load in simultaneous attention environments. The results
also showed however that the overall neural activation levels
of two simultaneous tasks were less than the sum of each
tasks’ activation individually. Furthermore, [12] observed a
degradation in the performance of the driving task given the
dual task presentation.

So what is it about grammatical constructions like subject
and object relative clause disambiguation that might lead to
cognitive load? Various psycholinguistic models have been
developed in recent years, which can explain many of the
attested effects of linguistically induced processing difficulty
(e.g., surprisal [8, 14], DLT [7]). If we can relate these mea-
sures in a manner time-locked to driving performance or to
in-automotive eye-tracker data, it will potentially point the
way towards spoken dialogue systems that dynamically re-
spond to the user’s mental burden by adopting more or less
compressed information delivery varying with driving needs.

9. CONCLUSIONS
In this paper, we showed that fine-grained linguistic com-

plexity has measurable effects on cognitive load. We de-
signed the tasks in our experiment to require continuous at-
tention. The language task clearly affected performance on
the primary steering task: we saw the effect of the secondary
task in all of our measures. Furthermore, we found effects of



linguistic ambiguity and complexity in our measures of cog-
nitive load: during the disambiguating region, we observed
significantly higher steering deviation, which indicated that
people are allocating more mental resources to the linguistic
task, hence impeding steering performance. We also found
evidence for a measurable effect of linguistic complexity in
our pupillometric measure ICA: the ICA was significantly
higher during the disambiguating region and the following
second for the ORC condition compared to SRC.

This experiment has provided early support for both the
ConTRe steering task and the ICA as useful measures for
the assessment of language-induced cognitive load. We have
shown several aspects of the suitability of the ConTRe steer-
ing task for measuring the fine-grained effects of cognitive
load in a smooth, continuous driving environment. A key
characteristic of the task is that is uses a continuous measure
instead of turns or abrupt stimuli, making it suitable for use
with tasks that require careful synchronization, such as mea-
suring the workload that accrues to particular grammatical
turns. It extends the assortment of solutions available for
measuring driver distraction in simulator environments and
was created to compensate certain drawbacks of other driv-
ing tasks. In summary, we successfully demonstrated that
a more sensitive task is able to reveal more subtle effects
on driving performance. A more fine-grained evaluation of
driving performance enhances the possibilities to investigate
cognitive workload and the effect of secondary tasks on cog-
nitive workload.
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