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ABSTRACT: Numerous studies demonstrate the negative effects of cognitively 
loading secondary tasks on driving performance. We assume that this effect is 
caused by interference between these secondary tasks and central executive 
functions of working memory that serve to keep the driver’s situation model of 
the current traffic situation updated. In this experiment 48 drivers had to drive in 
a high fidelity driving simulator on a rural road while performing no secondary 
task, or a working memory task (auditive monitoring) that should not interfere 
with situation awareness, or a working memory task (memory updating) that 
should interfere with the comprehension and prediction function of situation 
awareness. While driving, participants had to react to events that were either 
announced by a warning signal or not. We hypothesized that participants will 
benefit least from the warning signal when they had to perform the memory 
updating task. The results generally support this hypothesis indicating that 
central executive functions of working memory are highly involved in situation 
awareness processes. 

1 Introduction 
There are numerous studies demonstrating the negative effects of cognitive 
tasks on driving performance (e.g., [1-9]). These studies generally find an 
increase in response latencies of drivers performing cognitively loading tasks, a 
decrement in lane keeping performance, or a loss of situation awareness. But 
these studies seldom link their findings to underlying cognitive processes. The 
aim of this experiment is to examine whether the effect of cognitively loading 
tasks on driving behaviour can be partly attributed to interference between the 
loading task and situation awareness processes. According to [10] situation 
awareness serves three functions: the perception of elements of a situation, the 
comprehension of these elements and their relation to the situation as a whole, 
and the prediction of the future development of the situation. Especially the 
comprehension and the prediction function draw on working memory resources. 
To accomplish these functions perceived information has to be associated with 
information stored in long-term memory to construct a knowledge network that 
represents the meaning of the current situation, the situation model. We will use 
this term synonymously to situation awareness. For this construction process 
knowledge has to be retrieved from long-term memory in order to be available 
for the associative processes. [11] assume that the prediction function is 
integrated within this comprehension process as in most cases a given situation 
is not only connected to knowledge that determines its meaning but also to 
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expectations about its future development. These expectations are also 
retrieved and become part of the situation model. In non-routine situations 
additional attention-demanding processes are necessary to make predictions 
about the further development of the situation. In this case information has to be 
kept in working memory to be available for these processes. 

Imposing cognitive load on the driver withdraws resources necessary for the 
comprehension of the current situation and the prediction of future development 
of the situation. The looked-but-did-not-see phenomenon [12] is an example of 
the interference of cognitive load with situation awareness. In this case the 
cognitive load by an additional task leads to an incomplete comprehension of 
one or more situation elements. This then might lead to an inappropriate action 
selection of the driver. 

According to [13, 14] working memory is not a single structure but consists of 
different parts: a phonological buffer with an articulatory loop, a visuo-spatial 
buffer, and the central executive. Recent studies [14-16] indicate that the central 
executive serves different functions that seem to be highly relevant for the 
comprehension and projection processes of situation awareness as described 
above. One of these central executive functions is the retrieval of information 
from memory, a process essential in the comprehension process of situation 
awareness. Another is the maintenance of information in a non-modality specific 
buffer, the episodic buffer, and the control of working memory contents. We 
assume that the effect of cognitive loading tasks on driving is at least in part due 
to the interference of these tasks with these central executive processes. The 
specific aim of this experiment is to test whether specific kinds of cognitive load 
that are designed to interfere with specific central executive processes interfere 
especially with the prediction function of situation awareness. 

Therefore the participants in this experiment drove through a scenario that 
contained both predictable and non-predictable events. These events were 
designed to be exactly equivalent besides that in the predictable version a 
warning sign warned the driver of the upcoming event. The reaction to the event 
when the participant was warned was compared to the reaction when the driver 
was not warned.  

While driving the participants had to perform (i) an auditory monitoring task that 
should not load on the comprehension functions of the central executive, or (ii) 
a running memory task that should heavily load on those central executive 
functions that are involved in the comprehension and prediction function of 
situation awareness, or (iii) no secondary task. In the monitoring task 
participants had to react as fast as possible to an auditory signal that was 
presented with either after a long or a short time interval after the previous 
signal. By using only two randomly presented interstimulus intervals this tasks 
induces a strong tendency for rhythmic responding leading to errors, mainly too 
early responses. To avoid these errors one has to constantly suppress rhythmic 
tapping. According to [17] this task should tap the monitoring function of the 
central executive. But as this function should not be strongly involved in the 
construction process of situation awareness this task should interfere less with 
the construction of a situation model. Therefore the monitoring task should 
interfere less with the prediction of events in traffic than the running memory 
task. 



Drivers’ distraction due to ITS use 

5 

In the running memory task [18] participants are presented with a constant 
stream of items and they have to remember the last items, for example the last 
three items. As the participants do not know when the stream ends and 
therefore do not know when they are asked to recall the last presented items, 
this task requires that the set of items kept in working memory is constantly 
updated. That is, each time a new item is presented it has to be encoded in 
working memory and the “oldest” item has to be removed from working 
memory. Performing this task directly involves those central executive functions 
that control working memory content, i.e. those functions that should also be 
highly involved in maintaining and updating a proper situation model. Therefore, 
this task should interfere with situation awareness processes and especially 
with the prediction function of situation awareness. We assume therefore that 
this updating of working memory is highly interfering with the comprehension 
and the projection function of situation awareness. 

To summarize, we assumed that participants driving the scenario without 
performing a secondary task should clearly benefit from the warning signs in the 
predictable events. The benefit from warning signs should be reduced when 
participants had to perform an additional task while driving. And the reduction of 
this benefit should be greater when participants had to perform the running 
memory task than when they had to perform the monitoring task, as the 
memory task should interfere more with the comprehension and prediction 
function of situation awareness than the monitoring task. 

2 Method 

2.1 Participants 
48 participants took part in this experiment. Their age ranged from 21 to 58 with 
a mean of 36.9 years (SD = 12.1). Of these participants 29 were male. All 
participants possessed a valid driving licence at least for one year and drove at 
least 10000 km per year. 

2.2 Driving scenario 
The experiment was run in the high fidelity driving simulator of TNO in 
Soesterberg, Netherlands. The driving scenario consisted of driving on a rural 
road with an approximate speed of 80 km/h. Each drive took about 20 min. 
During a drive each participant encountered four critical events. In all of these 
events the participant’s lane was blocked by an obstacle, for example by a 
construction site. In two of these events the driver was given information to 
predict the obstacle, for example a warning sign next to the road; in the other 
two the driver did not receive such warning information. Each participant drove 
the scenario only once. 
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Fig.1. Sketch of the basic layout of the critical events; left side non-predictable 
obstacle on the lane as no warning sign was presented, right predictable 

obstacle with warning sign (marked by triangle) 

2.3 Secondary tasks 
In each secondary task condition participants had to perform several trials of the 
respective task. The trials lasted between 20 and 40 sec, and were followed by 
a no secondary task phase (where participants only had to drive) also lasting 
between 20 and 40 sec. Start and the end of a secondary task trial were 
triggered when the participant passed a certain position on the road. Therefore 
it was guaranteed that the participants in the secondary task conditions 
encountered the critical events while performing the respective secondary task. 

2.3.1 The monitoring task 
In the monitoring task participants had to react as fast as possible to an 
acoustical signal consisting of a short, clearly audible sound. As response 
device a finger switch was used that was applied to the index finger of the 
participant’s dominant hand. The time interval between two successive signals 
was either 1 or 2 sec, randomly chosen. We measured the participants’ 
response times and the numbers of errors, predominantly early responses. 

2.3.2 The running memory task 
In the running memory task participants were presented an audio stream of 13 
possible letters, presented with a frequency of 1 letter per 2 sec. The 
participants’ task was to repeat the current last three letters each time a new 
letter was presented. For example, assume the letters “S”, “P”, and “Q” were 
already presented and the next letter was “G”, the participant had to repeat 
loudly “P Q G”, after presentation of “G”, and after the next letter “M”, the 
participant had to repeat “Q G M”, and so on. After a variable amount of time 
(20 to 40 sec) an acoustical signal was presented to inform the participant about 
the end of the current trial. After that the last repeated triple of letters was taken 
as the participant’s response in this trial. This response was taken to measure 
the participant’s accuracy in this task. 

2.4 Design 
In this experiment two independent variables were manipulated: the type of 
secondary task (no secondary, monitoring task, running memory task) and the 
predictability of the critical event (predictable, non-predictable). The secondary 
task factor was manipulated as between-subjects factor. Therefore the whole 
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sample of 48 participants was divided into three groups with 16 participants 
each. The predictability factor was manipulated as within-subjects factor. Each 
of the participants encountered both predictable and non-predictable events 
during his/her drive. This results in a 3 (secondary task) x 2 (predictability) 
mixed factorial design. 

As dependent measures we used different aspects of the driving performance 
to characterize participants’ reaction to the critical events, such as Time to 
Collision at the time of response begin or maximum brake pressure after the 
obstacle became visible. Also, driving performance in phases without critical 
events was recorded to allow for the assessment of the effects of the secondary 
task performance on normal driving. Additionally, the participants were asked to 
rate their workload when performing each task while driving using the Rating 
Scale for Mental Effort (RSME, [19]). We also measured the participants’ 
secondary task performance and eye movement behaviour but describing the 
analysis of these measures is beyond the scope of this paper. 

3 Results and Discussion 
We will only present an overview of some critical results of this experiment. 
These results focus on the driver’s reaction to the obstacle on the lane after it 
became visible to the driver (see Table 1). After this moment there should be a 
clear difference in drivers’ reaction between drivers that were warned of the 
obstacle before and were able to correctly comprehend and integrate its 
meaning into their situation model compared to drivers that were either not 
warned or not able to fully comprehend the warning signal and therefore were 
not able to predict the obstacle on the lane. Therefore the difference in the 
respective measures of drivers’ reactions to events with warning signal and to 
the corresponding events without warning signal reflect how effective the 
participants in the different secondary task conditions could integrate the 
warning signal into their situation model and prepare themselves for the 
upcoming obstacle. According to our hypothesis we assume that this difference 
should be greatest in the no secondary task condition and smallest in the 
memory updating condition. 

Table 1. Mean values of various performance measures 
  no 

secondary 
task 

monitoring 
task 

memory 
updating 

task 
no sign 3.69  3.75 3.66 TTC at first throttle release after 

roadblock is visible in sec sign 5.26  4.55 4.24 
no sign 70.23  68.77 69.21 Speed at first throttle release after 

roadblock is visible in kph sign 57.62 62.86 64.45 

The first measure is the Time to Collision (TTC) at the moment the driver 
released the throttle to brake after passing the location where the obstacle first 
became visible. As participants being prepared to the obstacle should have 
already reduced their speed after seeing the warning signal and should brake 
earlier than participants that did not comprehend the warning signal fully, TTC 
for prepared participants should be larger than for unprepared. And as stated 
above this difference should be greatest in the no secondary task condition and 
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lowest in the updating memory condition. As shown in the first row in Table 1 
the results confirm this prediction. Whereas the difference between the 
predictable and the non-predictable obstacle is 1.6 sec in the no secondary task 
condition, it is 0.8 sec in the monitoring task condition and 0.6 sec in the 
memory updating condition. This picture is confirmed in a 3 (secondary task) x 2 
(predictability) mixed ANOVA. TTC is significantly greater for predictable 
events, F(1, 45) = 40.78, p < .001. And very important the interaction between 
secondary task condition and predictability is significant, F(2, 45) = 3.86, p = 
.028, reflecting the reduction in the difference between predictable and non-
predictable events from no secondary task to monitoring task to running 
memory task condition. The main effect of secondary task condition did not 
reach significance, F(2, 45) = 1.95, p = .15. 

The same picture emerges when one looks at the speed of the participants 
when they release the throttle to brake in front of the obstacle. First, there is not 
much of a difference in speed between the no secondary task condition and the 
two secondary task conditions in case of a non-predictable obstacle, indicating 
the validity of the experimental design. But there is a clear difference in speed 
between these conditions in case of a predictable obstacle. Participants in the 
secondary task conditions were driving faster when they started to brake than 
participants in the no secondary task condition, indicating that these participants 
were less prepared to the obstacle despite the warning sign. Looking at the 
speed difference between predictable and non-predictable obstacles the same 
pattern can be found as for TTC. The greatest difference in speed could be 
found in the no secondary task condition, 12.6 km/h, a medium difference in the 
monitoring condition, 5.9 km/h, and the smallest in the memory updating 
condition, 4.8 km/h. Again this indicates that participants in the memory 
updating condition had the greatest difficulties to comprehend, integrate, and 
react to the warning sign. A 3 (secondary task) x 2 (predictability) mixed 
ANOVA revealed a significant main effect of predictability, F(1, 45) = 43.63, p < 
.001, indicating that speed was significantly higher in non-predictable events at 
the time of the begin of the brake reaction. As for TTC the interaction between 
secondary task condition and predictability for speed as dependent measure 
was significant, F(2, 45) = 4.35, p = .019, confirming the reduced benefit from 
the warning signal from no secondary task to monitoring task to running 
memory task condition. 

A basic problem with this kind of analysis is that the interpretation of the effects 
of the secondary tasks on driving performance as being due to structural 
differences between the secondary tasks rests on the precondition that task 
difficulty can be excluded as alternative cause. More specific, the greater 
interference between the memory updating task and the construction of the 
situation model should not be a result of a memory updating task that is simply 
more difficult than the monitoring task. Instead, the greater interference should 
be due to the different working memory functions both tasks involve. This 
argument cannot be made straight forward and easily because of the necessary 
differences between both tasks, especially with regard to the different 
performance measures – number of trials with correctly updated memory set for 
the memory updating task vs. number of wrong taps in the monitoring task. But 
there are some indications that support the interpretation of the results in terms 
of the structural task differences. First, we analysed lane keeping performance 
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in curves. Previous studies demonstrated the sensitivity of this driving 
performance aspect to driver’s cognitive load [2, 5]. As the driving task is 
especially difficult in curves, driving performance should be especially sensitive 
to differences in task difficulty between the secondary tasks. We found no 
differences between the tasks both with regard to standard deviation of lane 
position and number of lane exceedances. A second indication that both tasks 
were of comparable task difficulty stems from the participants’ RSME ratings of 
workload when performing each task while driving. There was no difference in 
the ratings between the tasks.  

These results cannot completely exclude the alternative interpretation that the 
greater interference between the memory updating task and the situation model 
construction is due to the greater difficulty of the updating task. But these 
results support the interpretation that structural differences between the tasks 
are the reason for the differential effects on situation awareness. 

4 Conclusions 
The aim of this experiment was to test one hypothesis about the cognitive 
foundation of negative effects of cognitively distracting tasks on driving 
performance. We assumed that such tasks load on working memory and 
especially on central executive functions of working memory that are also highly 
involved in maintaining and updating a proper situation model of the current 
traffic situation. Such functions are the control of working memory content, 
involving updating the content and removing irrelevant information from working 
memory, and the retrieval of information from long-term memory to comprehend 
encoded information in working memory. These functions are necessary to 
keep the situation model current and to integrate all relevant implications of 
observed situation elements into the situation model. If additional tasks interfere 
with these functions as they also require them then the risk is that some 
elements of the traffic situation are not fully comprehended and their 
implications are not integrated into the situation model. This should clearly 
impair the prediction function of situation awareness, that is cognitively 
distracted drivers should be less able to predict the future development of the 
current traffic situation and therefore should be less prepared to these 
developments. 

We tested this prediction in a driving simulator experiment where participants 
encountered predictable and non-predictable events while driving and 
performing secondary tasks that specifically tapped relevant central executive 
functions of working memory. The results confirm our hypothesis that the 
central executive function of controlling working memory content is highly 
involved in the construction of situation awareness. Interfering with this function 
by a secondary task leads to a detrimental effect in the driver’s ability to predict 
the future development of a traffic situation. This results help to clarify the 
cognitive mechanisms that underly situation awareness. 
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