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Abstract

Recent studies have explored a promising method to measure driver workload—the Peripheral Detection

Task (PDT). The PDT has been suggested as a standard method to assess safety-relevant workload from

the use of in-vehicle information systems (IVIS) while driving. This paper reports the German part of a

Swedish-German cooperative study in which the PDT was investigated focusing on its specific sensitivity
compared with alternative workload measures. Forty-nine professional drivers performed the PDT while

following route guidance system instructions on an inner-city route. The route consisted of both highly

demanding and less demanding sections. Two route guidance systems that differed mainly in display size

and display organization were compared. Subjective workload ratings (NASA-TLX) as well as physiolog-

ical measures (heart rate and heart rate variability) were collected as reference data. The PDT showed sen-

sitivity to route demands. Despite their differing displays, both route guidance systems affected PDT

performance similarly in intervals of several minutes. However, the PDT proved sensitive to peaks in work-

load from IVIS use and from the driving task. Peaks in workload were studied by video analyses of four
selected subsections on the route. Subjective workload ratings reflected overall route demands and also did

not indicate differing effects of the two displays. The physiological measures were less sensitive to workload

and indicated emotional strain as well. An assessment of the PDT as a method for the measurement of

safety-related workload is given.
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1. Introduction

In-vehicle information and communication systems (IVIS) will continue to change drivers�
performance and drivers� behaviour. Despite the obvious benefits of such systems, their effects
may be adverse and unwanted and may cause safety problems under certain circumstances.
The user-friendly design of the in-vehicle Human–Machine-Interface (HMI) is crucial for the
suitability of a particular IVIS for use whilst driving (e.g., EC Commission, 2000; Groeger &
Rothengatter, 1998). Therefore, there is a need for efficient standard methods to assess IVIS
and their effects on drivers� performance in order to identify safety problems and to improve
the design of devices.
Two driving studies were carried out in parallel at the Swedish National Road and Transport

Research Institute (VTI) and the Chemnitz University of Technology in order to increase the
body of knowledge about promising methods. Suitable methods must be applicable for predicting
and assessing changes in workload due to the use of IVIS while driving.
The main focus of the cooperative driving study was the investigation of the Peripheral Detec-

tion Task (PDT, e.g., Harms & Patten, 2003), which could become part of a set of standard meth-
ods to measure the impact of IVIS on drivers� attention. The present paper reports on the results
of the driving study in Chemnitz.
The Swedish National Road Administration (SNRA) and the German Federal Highway Re-

search Institute (BASt) cooperated within the International Harmonized Research Activities,
Working Group on Intelligent Transport Systems (IHRA-ITS). This governmental initiative
coordinates research to promote internationally harmonised automotive regulations (Noy &
Burns, 2003).

1.1. Driver distraction and workload

There is evidence that IVIS might increase driver distraction and driver workload. Tijerina
(2000) differentiates between three broad classes of safety-relevant distraction effects: general with-
drawal of attention, selective withdrawal of attention, and biomechanical interference. This clas-
sification is tailored to assess driver distraction and is less generally applicable than, for example,
multiple resource theory (Wickens & Liu, 1988).

General withdrawal of visual attention occurs when drivers move their eyes away from the road
scene. Whether general withdrawal of attention impairs vehicle control and object and event
detection depends on the frequency and duration of glances away from the road. The resulting
impairment also depends on the direction of glances, which varies according to the location of
the in-vehicle display (Lamble, Laakso, & Summala, 1999; Summala, Nieminen, & Punto,
1996). Drivers usually are aware of the risk caused by glances away from the road (Piechulla,
Mayser, Gehrke, & König, 2003) and keep them short, typically around 1.6 s (Rockwell, 1988;
Wikman, Nieminen, & Summala, 1998).
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Selective withdrawal of attention, the second class of safety-relevant distraction effects, is a result
of cognitive workload, which can be caused by the usage of mobile phones and can result in dete-
riorated object and event detection (Groeger, 2000; Haigney & Westerman, 2001; Strayer & John-
ston, 2001). Visual as well as cognitive load may narrow the driver�s functional field of view
because it may cause reduced and less guided visual scanning (Miura, 1986). This process leads
to a reduction of the ability to detect stimuli in the peripheral field of view (Chan & Courtney,
1998; Nunes & Recarte, 2002; Plainis, Chauhan, Murray, & Charman, 1999; Rantanen & Gold-
berg, 1999; Recarte & Nunes, 2000; Williams, 1985).
The third class of distraction effects, biomechanical interference, includes body shifts out of the

neutral seated position and taking the hands off the steering wheel. Biomechanical interference
might occur because the driver manipulates objects with one or both hands or reaches for objects
inside the car, for example the remote control of a route guidance system (Boer, 2001; Nakayama,
Futami, Nakamura, & Boer, 1999). Biomechanical interference can impede the fast and effective
execution of manoeuvres.
For the assessment of workload from IVIS use whilst driving, the focus is on visual attention,

but overall cognitive workload and overall action execution workload should also be captured.
Visual attention is of special importance for safe driving, for vehicle control as well as for event
detection. Overall cognitive workload may impair visual object and event detection and may de-
grade response selection (Miura, 1986; Recarte & Nunes, 2003). The coordination and timely exe-
cution of actions may suffer from overall action execution workload. Therefore, among methods
for workload measurement, those aiming at visual attention and overall workload are of special
interest for IVIS assessment.
1.2. Measurement of distraction and workload

General withdrawal of visual attention can be quantified by observing gaze behavior, for exam-
ple the frequency and duration of glances to an IVIS display and how driving with an IVIS
changes the frequency and duration of glances to regions of the driving scene (e.g., Fairclough,
Ashby, & Parkes, 1993). Observing glances directly is very useful for the assessment of systems
that cause glances to in-vehicle displays. The disadvantages are the need for either expensive
eye tracking equipment or time-consuming video coding. The presence of cognitive workload is
usually less obvious in overt behavior. Techniques for workload measurement are often subdi-
vided into primary-task measures, secondary-task measures, physiological measures, and subjec-
tive rating techniques (O�Donnell & Eggemeier, 1986; Wickens & Hollands, 2000).
An example of primary-task measures of workload during driving is the number of lane excee-

dances (e.g., Pohlmann & Tränkle, 1994). Other accuracy or speed measures of driving perfor-
mance also count as primary-task measures (e.g., de Waard, 1996). Obviously, levels of
workload that do not impair driving cannot be differentiated by primary-task measures of driving.
Secondary-task measures of spare capacity ideally do just this. If the driver is instructed to
allocate enough resources to the primary-task to conserve primary-task performance, then the sec-
ondary-task is a ‘‘subsidiary task’’ and secondary-task performance reflects changes in primary-
task resource demand. If the secondary task is well suited to the primary task, secondary-task
performance is assumed to be inversely proportional to primary-task performance.
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A large variety of secondary tasks have been developed that differ in demand characteristics
(Ogden, Levine, & Eisner, 1979; Tsang & Wilson, 1997). One of them, the Peripheral Detection
Task (PDT), is the focus of this study. A possible drawback of secondary-task techniques is
the occurrence of interference with the primary task, that is, secondary tasks can be obtrusive.
Unobtrusiveness is a main advantage of physiological workload measures (de Waard, 1996).
But physiological data require complex interpretation to infer workload and spare capacities,
which are more directly captured by secondary-task techniques. In the present study, we applied
the PDT as a secondary-task measure together with physiological measures (heart rate and heart
rate variability) and a self-report measure (NASA-TLX) in order to explore the suitability and
possible draw-backs of these measures in a real life setting. We were especially interested to see
whether the measures would lead to converging data and how exactly they would map changing
levels of workload in the experimental conditions.
Various physiological techniques are available to measure central and autonomic activation

that is related to workload (Backs & Boucsein, 2000). For the present study, heart rate and heart
rate variability were selected, which both have been suggested as measures of mental workload.
Heart rate (HR) is easy to extract from raw electrocardiograms. HR is sensitive to changes in
mental workload, but also to changes in emotional strain and physical activity. Furthermore, it
varies with respiration and temporarily slows as part of orienting reactions. Thus, HR lacks selec-
tivity. Heart rate variability (HRV) has been suggested as a selective measure of mental effort
(e.g., Mulder, 1992), but less optimistic evaluations of HRV have also been published (e.g., Nickel
& Nachreiner, 2003).
HRV is the totality of HR changes over time. It is usually subdivided in three frequency bands.

Fast changes in HR with a period of a few seconds are mainly caused by respiration. Periods
around 10 s (the 0.1 Hz component of HRV) reflect complex processes of blood pressure regula-
tion that result from an interplay of sympathetic and parasympathetic influences mediated by the
baroreflex. Long periods are induced by endocrinological processes that are related to thermoreg-
ulation and circadian rhythms.
Periods around 10 s are equivalent to frequencies around 0.1 Hz in the frequency domain. The

0.1 Hz component of HRV has been found to be sensitive to mental workload, especially to the ef-
fort invested in controlled processing tasks (Mulder, 1992), and is supposed to decrease with
increasing levels of effort and workload. The reason for the decrease of the 0.1 Hz component is
not clear, but it seems to reflect a resonance phenomenon in blood pressure regulation triggered
by sympathetic influences. However, there is evidence suggesting that the 0.1 Hz component also
reflects changes in emotional strain and arousal, therefore limiting its assumed selectivity (Nickel
& Nachreiner, 2003).
Self-report measures aim at selectivity by offering multiple scales for subjective ratings. The

NASA-Task Load Index (NASA-TLX) that was selected for the present study contains six rating
scales labeledMental Demands, Physical Demands, Temporal Demands, Own Performance, Effort,
and Frustration (Hart & Staveland, 1988). The NASA-TLX is a standard subjective workload
measure and is regarded as sensitive and more reliable than other subjective rating scales (Hill
et al., 1992). A weighting procedure is included in the complete NASA-TLX, but reduced to
the ratings on the six subscales this self-report measure still yields similar information as the com-
plete NASA-TLX (Byers, Bittner, & Hill, 1989). The reduced NASA-TLX or ‘‘raw’’ NASA-TLX
has been used in the present study.
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1.3. The peripheral detection task

The secondary task in this study is a peripheral detection task that has been used in simulator
studies and in driving studies in recent years to assess changes in workload during driving, and to
assess workload and distraction caused by in-vehicle information systems (Harms & Patten,
2003). The standard task requires simple manual responses to stimuli presented with eccentricities
ranging between 5� and 25� left of the drivers� normal line of sight. The stimuli appear 2�–5� above
the horizon in a simulator, in real driving the car console is used as the reference point. Stimuli are
visible for 1–2 s and are presented with varying intervals of a few seconds (3–5 s or 3–6 s). van
Winsum, Martens, and Herland (1999) developed the task mainly based on studies of Miura
(1986) and Williams (1985, 1995). Miura (1986) found that response times to spots of light, that
were presented at different horizontal eccentricities on the windscreen during driving, increased
with traffic density and thus reflected demands of the driving task (see also Lee & Triggs,
1976). Williams (1985, 1995) showed that the accuracy of responses to stimuli presented periph-
erally decreased with increasing foveal load.
The sensitivity of the PDT to changes in demands of the driving task was shown in several

simulator and driving studies. For example, Martens and van Winsum (2000) used the PDT in
a simulator study and demonstrated that response times increased and hit rates decreased
when task demands increased. Large effects were observed for critical incidents such as a breaking
lead vehicle or an obstacle on the road. Similar evidence of PDT sensitivity was obtained in a sim-
ulator study on collision warning systems (Burns, Knabe, & Tevell, 2000). In a third simulator
study, Nakayama et al. (1999) found that response times in the detection task were sensitive to
differences in task demand and correlated with a steering entropy measure.
The PDT has also been applied in real traffic studies. Olsson and Burns (2000) used LED pro-

jections on the windscreen in an area of 11�–23� left to the drivers� normal line of sight and 2�–4�
above the horizon. Response times and hit rates in the PDT were impaired relative to baseline
driving when additional tasks were performed. In 30 s intervals surrounding the tasks, PDT per-
formance suffered from radio tuning and even more from changing CDs and backward counting,
which was used as an experimental cognitive task.
The same PDT task with identical parameters was used in a driving study at VTI (Harms &

Patten, 2003). Professional drivers (mostly taxi drivers) completed two trips through the out-
skirts and downtown of Linköping, one from memory and one guided by a route guidance sys-
tem. The guided trips were visually guided, verbally guided or fully guided (visually and
verbally). A decrease in PDT performance was found during guided trips compared to driving
from memory, which was more pronounced when intervals around intersections were analyzed
(Harms & Patten, 2001). Differences between visual and verbal guiding conditions were
less clear. But response times suggested that the demand, which the PDT is sensitive to, was
higher before intersections in guiding conditions with visually presented information (visually
guided and fully guided) than in the verbally guided conditions (cf., Srinivasan & Jovanis,
1997).
A different detection task was used in driving studies by Verwey (1993, 2000). The peripherally

presented stimuli were digits that were presented for 750 ms. Participants had to respond to the
numerical stimuli verbally. The detection performance was sensitive to the demand of different
traffic situations (e.g., driving straight ahead, turning right, turning left).
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Hit rates and response times in further variants of peripheral detection tasks were also shown to
be affected by driving complexity (Lee & Triggs, 1976; Miura, 1990). Central detection tasks (e.g.,
Brouwer, Waterink, Wolffelaar, & Rothengatter, 1991; Lamble, Kauranen, Laakso, & Summala,
1999; Lamble et al., 1999; Strayer & Johnston, 2001) and auditory detection tasks (e.g., Brown &
Poulton, 1961; Harms, 1991; Verwey, 2000; Recarte & Nunes, 2003) proved to be sensitive to
workload during driving, too.
To summarize, performance in peripheral detection tasks is sensitive to driving workload and

to distraction from the use of an IVIS. It is sensitive to general withdrawal of attention and to
selective withdrawal of attention. For a certain interval of IVIS use while driving, peripheral
detection performance reflects the overall workload from driving and IVIS use. Hence, effects
of IVIS use can be discerned best, if driving demands are constant. Driving demands are easier
to control in simulator studies than in driving studies.
Effects of IVIS use on visual detection performance were also demonstrated with IVIS tasks

performed in the laboratory without simulated driving. In a recent study, five IVIS tasks and
seven other in-vehicle tasks (e.g., searching on a map) were performed concurrently with a variant
of the PDT (Baumann, Rösler, Jahn, & Krems, 2003). PDT performance reflected relative differ-
ences in the visual and cognitive demand of tasks. Performance in the laboratory PDT task also
correlated with demand scores for the same tasks that were established using the occlusion tech-
nique (e.g., Baumann, Keinath, Krems, & Bengler, 2004; Gelau & Krems, 2004) and a perfor-
mance measure of simulated driving.
Several advantages have been noted in favor of the PDT. The PDT is less resource demanding

and less obtrusive than most known secondary tasks. The simple responses that are required are
easily performed during most driving scenarios. Therefore, the PDT is suitable for field studies. It
has a potential of signaling short peaks of workload that may be missed by methods that inevi-
tably integrate over longer intervals and thus has a favorable bandwidth. It proved sensitive to
differences in driving demands and to effects of IVIS. The equipment is simple and inexpensive
and data analysis is quick and straightforward. Furthermore, peripheral visual stimuli are related
to objects and events that have to be noticed during driving. Hence, some face validity is claimed
for the PDT (cf., Höger, 2001).
2. The German part of the Swedish-German joint study

The main objective of the Swedish-German study was to contribute to the definition and val-
idation of a standardized set of tools for the assessment of IVIS HMIs by further exploring the
PDT with regard to its sensitivity, reliability, and applicability as a standard method. Two field
studies were conducted that replicated each other with respect to the experimental design, the def-
inition and length of test routes, subject samples, IVIS used, and workload measures. In the pres-
ent paper, we report results from the field study conducted in Germany. In order to evaluate the
sensitivity of the PDT, PDT responses were collected from participants who drove on route sec-
tions varying in demand and with IVIS differing in display size and display organization. Heart
rate (HR), heart rate variability (HRV), and subjective ratings (NASA-TLX) were collected as ref-
erence data.
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2.1. Method

2.1.1. Participants

Forty-nine professional drivers took part in the study. All were taxi drivers in Chemnitz. Taxi
drivers are used to driving with IVIS and are experienced drivers. For safety reasons we chose
drivers who we could expect to drive safely while following a route guidance system and perform-
ing a visual secondary task at the same time. The group was homogeneous with regard to prior
knowledge of the city. The mean age of participants was 41.2 years (SD 9.4), they had held their
driving license for at least 9 years and reported at least 130,000 km of driving experience. Partic-
ipants received a monetary compensation of €50.
2.2. Route guidance systems

In order to investigate the PDT�s sensitivity to detect differences between HMI-designs, two
route guidance systems were used that mainly differed in the amount of displayed information.
A system with a small display (VDO Dayton MS 4200) and a system with a larger display
(VDO Dayton MS 5000) were used. The systems provided verbal and visual guidance. Both sys-
tems indicated the distance to the next turn, but the information shown on the small display
was less detailed. As shown in Fig. 1, the small display system indicated only the following
street name and provided a simple sketch of the next intersection. The large display system indi-
cated the current street name and the following street name at any time and displayed more
detailed diagrams of intersections. The small display system was mounted in the radio slot
and had a small monochromatic display (5.9 · 3.1 cm), the large colour display
(12.7 · 7.2 cm) was mounted on a flexible holding device. The location of the displays is shown
in Fig. 2.
The settings for both route guidance systems were matched with regard to symbol presentation

and distance information presentation. Both navigation systems were pre-programmed with 5 des-
tinations. These destinations were activated successively during 5 short stops by the experimenter
in the back seat using a remote control.
Fig. 1. Examples of route guidance information presented on the large display and on the small display.



Fig. 2. Sketch of the experimental setup showing the area in which the stimuli of the Peripheral Detection Task

(reflections of single red LEDs) were projected on the windscreen (left) and where the displays of the two route guidance

systems were located.
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2.3. Route

All participants drove the same route in Chemnitz, a city with approximately 250,000 inhabit-
ants. The complete route was 11.2 km long. The driving route included the centre of Chemnitz
and nearby urban residential areas.
Experimental sections were chosen following the taxonomy of traffic situations suggested by Fas-

tenmeier (1995). Traffic situations were classified with regard to the demands they place upon the
driver in terms of information processing and vehicle handling. In selecting the route, the following
descriptions of traffic situations were used to compose experimental sections with differing
demands:

High demands on information processing and high demands on vehicle handling (HH): Typical
examples of this group of situations are driving within city centers, and complex intersections with
road signs where the driver has to give right of way.

Low demands on information processing and low demands on vehicle handling (LL): Low de-
mands result from all those situations in urban and rural areas and on motorways where so-called
free driving, i.e. without interactions with other traffic participants, is possible.
The experimental route consisted of two LL sections and two HH sections. The LL sections con-

tained 2 turns, theHH sections contained 37 turns including 12 left turns at which drivers had to give
right of way. The order of experimental sections was HH1 (2.2 km), LL1 (2.7 km), HH2 (2.0 km),
and LL2 (1.4 km). Five stops on the route were required to program the navigation system.

2.4. Peripheral detection task (PDT)

The PDT required responses to LED signals projected in the left part of the windscreen. The
PDT device (VOLVO) consisted of a main unit that controlled signal presentation, a LED board
with 6 red high-intensity LEDs arranged in two rows, and a pushbutton to be attached to the left
index finger. The LED board was mounted below the windscreen on the left side of the dashboard
(see Fig. 2). LED signals were projected in the area recommended by van Winsum et al. (1999): At
a horizontal angle of 11�–23� left of the line of sight of the driver and at a vertical angle between 6�



G. Jahn et al. / Transportation Research Part F 8 (2005) 255–275 263
and 8� above the car console (similar to 2�–4� above the horizon in a simulator). The location of
the PDT signal varied randomly within this area.
The signal rate was adjusted so that the interval between two presentations was 3–5 s. The LED

signal was visible for a maximum of 2 s. Within these 2 s, it went off as soon as the driver gave a
response. The driver responded with the pushbutton on the left index finger either by pushing with
the thumb or by pressing the pushbutton against the steering wheel. The data were collected on a
PC in the back of the car.

2.4.1. Additional measures and parameters
An electrocardiogram (ECG) was recorded during driving to compare the sensitivity and diag-

nosticity of heart rate (HR), heart rate variability (HRV), and the PDT. The ECG was collected
with the Varioport recorder (Becker Meditec, Karlsruhe). ECG electrodes were placed at Wilson
V6 (positive electrode), at the sternum (negative) and 10 cm below the sternum (ground). The
sampling rate for the ECG was 256 Hz. HR and HRV were extracted from the raw ECG. Ratings
of subjective workload were collected with the raw NASA-TLX (Byers et al., 1989) two times,
after the experimental section HH2 and after LL2.
Three cameras recorded a forward view, a view on the driver and a view on the display of the

navigation system. The three views and a data screen were recorded as a combined video image.
The sound from the interior of the vehicle was also recorded. An instrumented BMW 525 TDI
with automatic transmission was used.

2.4.2. Design and procedure
The same route with HH and LL sections was driven by all participants. Twenty seven partic-

ipants were guided by the large display system, 22 participants were guided by the small display
system. Thus, route complexity was varied within subjects and route guidance system was varied
between subjects, yielding a 2 (HH vs. LL) · 2 (large display vs. small display) mixed design.
Each participant was informed about the study upon arrival and studied a short illustrated text

explaining the respective route guidance system. After the physiological recording has been
started, the experimenter took the participant to the car and explained the PDT. The participant
was instructed to give priority to the driving task and was reminded of the priority of safe driving.
The participant was told not to communicate with the experimenter during driving after the train-
ing phase to prevent speech effects on HRV.
The first 2.7 km stretch of road prior to the HH1 section was used to acquaint the participant to

the car, the route guidance system, and the PDT. The participant did not know the destinations and
had to follow the instructions of the route guidance system. The experimenter changed destinations
from the back seat using the remote control during 5 stops along the route. Subjective workload
ratings were collected at the end of HH2 (at the fifth stop) and a second time after LL2 (at the
end of the route). Driving took approximately 50 min, the whole experiment took 60–90 min.

2.5. Results

2.5.1. PDT
The hit rate was defined as the percentage of signals that were responded to within 2 s after

stimulus onset. There were few late responses (after signal offset) and few false alarms (each
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Fig. 3. Mean hit rates [%] and mean response times [ms] by display (large/small) on highly demanding route sections

(HH1 and HH2) and on route sections with low demands (LL1 and LL2); error bars denote standard deviations.
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approximately 3% of all responses). Mean response times were calculated for hits only. Hit rates
and mean response times were calculated for HH1, HH2, LL1 and LL2. On average, 60 PDT sig-
nals were presented to each of the 49 participants within section HH1 (stops excluded), 73 PDT
signals were presented within section HH2, 44 PDT signals within section LL1 and 23 PDT sig-
nals within section LL2. The mean hit rates are presented in the left diagram of Fig. 3 separately
for the 27 participants who used the large display (black bars) and for the 22 participants
who used the small display (gray bars). Few signals were missed on the LL1 and LL2 sections.
The mean hit rates for both systems on these sections were around 93.5%. As expected, detection
performance on the HH1 and HH2 sections was lower than on LL1 and LL2 sections with
mean hit rates on the HH sections varying from 86.6% to 89.2%. However, it is noticeable that
the difference between hit rates on LL and HH sections was small or absent (<3.0) for 7 drivers
in the large display group (26%) and for 8 drivers in the small display group (36%). Regarding the
two systems, mean hit rates differed only for section HH2 with a higher hit rate for the small
system.
HH and LL hit rates were calculated for each participant by collapsing data over HH1 and

HH2 and over LL1 and LL2. The mean hit rates in the HH sections were 85.6% (SD 7.7) for
the large display group and 88.7% (SD 6.8) for the small display group. For the LL sections,
the mean hit rates were 93.4% (SD 3.3) in the large display group and 93.6% (SD 4.2) in the small
display group. An ANOVA including the within-subjects factor route section (HH/LL) and the
between-subjects factor display (large/small) confirmed the main effect of route section, F
(1,46) = 46.8, p < .001; f = 1.01 (f denotes effect size following Cohen, 1988). No other effects were
statistically significant.
Mean response times on the route sections HH1, HH2, LL1, and LL2 are shown in the right

diagram of Fig. 3. Mean response times on the LL sections varied between 553 and 582 ms.
PDT performance decreased on the HH sections with mean response times between 651 and
715 ms. The mean response times of participants using the large system were approximately
25 ms above those of participants who used the small system on sections HH1, HH2 and LL2.
Response time data on HH1 and HH2 and on LL1 and LL2 were pooled and mean HH and LL

response times were calculated for each participant. As for hit rates, an ANOVA including the
within-subjects factor route section (HH/LL) and the between-subjects factor display (large/small)
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confirmed only the main effect of route section as statistically significant, F (1,46) = 184.6,
p < .001; f = 2.00.

2.5.2. Analysis of subsections
Based on the evidence in the literature on the PDT and a similar detection task in driving stud-

ies (Harms & Patten, 2003; Verwey, 2000), we supposed that the decrease in PDT performance in
HH sections could be explained more completely by analyzing PDT performance in interesting
subsections within the HH sections. A screening of video recordings showed that the small display
group was less suited for the subsection analysis than the large display group because the small
display system was less constant in the timing of system messages and thus, the general definition
of intervals would have been problematic. Therefore, only drivers of the large display group were
selected for the analysis of subsections. The subsection analysis included data from 18 drivers,
who had shown a decrease in PDT hit rates on HH sections in the LL-HH comparison. The seven
drivers with a small or absent LL-HH difference in hit rates (<3.0) were excluded. (Two further
drivers in the large display group had to be excluded because they had bypassed the subsection
‘‘confusing system output’’.)
Four situational categories were defined for a more detailed analysis of the HH PDT results.

These subsections varied in terms of the visual and physical demand placed upon the driver that
was caused either by the driving task or by the use of the IVIS, or both. The subsections that we
have selected were labeled ‘‘turning right’’, ‘‘turning left’’, ‘‘after turn’’, and ‘‘confusing system
output’’.
The subsections turning left and turning right were selected because—following the definition of

HH sections—they should be the reason for increased demands compared to LL sections. While
taking a turn, the drivers had to watch the environment for obstacles (e.g., pedestrians on the road
the driver was about to enter) and they had to perform manoeuvring actions including indicating
the turn and steering. Turning left and turning right subsections were analysed separately due to
expected differences in workload.
While turning to the left, the drivers also had to give right of way in 80% of events. Thus, the

drivers had to watch oncoming traffic from each direction. The attentional demands of giving
right of way should have caused extra visual load. Additionally, the drivers had to develop expec-
tations about the distance of oncoming traffic and had to decide about when to initiate the turn.
In contrast, while turning to the right, drivers had the right of way in 80% of events. Therefore,
the expected workload in turning right subsections was not as high because these situations were
less demanding in terms of visual demand and decision making.
When driving round simple left bends, detecting PDT signals in the left part of the windscreen

could be expected to be easier than while driving straight ahead because the gaze direction in left
curves moves the PDT closer to the central field of view (Verwey, 2000). However, watching out
for traffic while turning left and giving right of way is accompanied by head movements in both
directions and should therefore decrease PDT performance compared to driving straight ahead.
For both turning categories, intervals of 6 s were selected surrounding the event of passing the

vertex of each turn (3 s on either side). The intervals were kept short to exclude the influence of the
messages of the route guidance system that were given shortly after each turn. Thus, the route
guidance information during the turn interval remained stable and placed no extra auditory or
visual load upon the driver.
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The after turn subsection was selected as a situation with high demands from using the IVIS.
After each turn, the systems provided new route guidance instructions. The after turn subsections
parallel an orientation phase of the driver. The drivers could expect new information after a turn,
and—to ascertain the further proceeding of the driving route—the drivers had to check the dis-
play after the turn, turning the eyes away from the road and from the PDT. For after turn sub-
sections, an interval of 9 s starting at the event of passing the vertex of a curve was applied.
The last subsection, confusing system output, included situations in which IVIS use was

demanding because the displayed information was wrong or not on time. On two points along
the route, the route guidance system gave the instruction to take a turn that was forbidden by
road restrictions. Even with the latest database, such incidents resulting from temporary or endur-
ing changes in the traffic environment cannot be completely avoided. All participants encountered
this inconsistency of turn instructions with the perceived traffic environment. On one further point
on the route, the route guidance system displayed information with a considerable delay of
approximately 10 s. This happened in 67% of the experimental sessions that were selected for
the subsection analysis. Wrong as well as delayed information caused additional display glances,
search for information in the traffic environment, and cognitive workload, all of which was ex-
pected to decrease PDT performance. However, the ‘‘confusing system output’’-intervals were lo-
cated in two short limited speed zones (30 km/h) and thus drivers were able to compensate the
demands of these situations by driving slowly. Again, an interval of 9 s was applied for each sit-
uation so not to interfere with the following driving situations (e.g., the next turn). The four se-
lected subsections are shown in Table 1. They lasted 6–9 s, respectively, and resemble peaks of
workload (Verwey, 2000).
The four subsections should vary in demands and in the amount of impairment of PDT perfor-

mance. Based on theoretical considerations of demands and screenings of video recordings, we
expected that turning left placed the highest demand upon the driver resulting in high PDT reac-
tion times and a low PDT hit rate. Turning right and after turn were thought to be comparable in
effects on PDT performance. Both should impair PDT performance more than confusing system

output. All four HH subsections were contrasted with the LL sections as a control condition.
Fig. 4 presents mean and median response times (left diagram) as well as hit rates (right dia-

gram) for the selected 18 drivers in the large display group. Mean response times were calculated
after eliminating outliers (1.5% of all responses). The pattern of PDT response-times that was pre-
dicted based on the screening of video recordings (LL < confusing system output < turning

right = after turn < turning left) was confirmed by a within-subjects contrast analysis of mean re-
sponse times (with contrast weights �3, �1, 1, 1, 2, respectively), F (1,17) = 42.98, p < .0001, the
standardized contrast value (e.g., Bird, 2002) was 0.75 with a 95% CI of [0.509,0.992].
Table 1

The four selected subsections within the HH sections

Subsection Interval (s) N Description

Turning right 6 164 Turning right; driver often has right of way

Turning left 6 164 Turning left; driver often has to give right of way

After turn 9 229 Expected display change, driver glances at display

Confusing output 9 67 Wrong or delayed system output
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The hit rates of the four subsections were lower than the hit rate of the LL section with the turn-
ing left hit rate being the lowest of all subsections. Yet, the pattern of hit rates did not resemble the
hypothesized order that was confirmed by response times.

2.5.3. Heart rate and heart rate variability

We were interested in HR and the 0.1 Hz component of HRV on experimental sections. To cal-
culate HRV, we employed spectral analysis using Fast Fourier Transformation (FFT). To avoid
zero-padding, FFT should be applied to intervals of 2n s. Intervals should not be too long to pre-
vent problems from the non-stationarity of the signal, but should include at least 10 cycles of the
interesting frequency. Therefore, FFT was applied to intervals of 128 s. As many 128 s intervals as
possible were drawn from the ECG recordings on experimental sections, avoiding stop intervals
(planned stops as well as stops before red traffic lights) and intervals in which the participant
spoke longer than a few seconds.
We minimized the overlap of intervals as far as possible. The number of intervals for HH1,

HH2, LL1, and LL2 sections in the large display group was 88, 83, 45, and 28, respectively.
For the small display group, the respective Ns were 83, 74, 45, and 26. They were drawn from
the ECG recordings of 23 participants in the large display group and of 21 participants in the
small display group. The recordings of the 5 remaining participants were not suitable for analysis
due to technical problems or noisy recordings.
The 128 s intervals were processed using a software tool (see Piechulla et al., 2003) that sup-

ports all steps of HRV analysis (Task Force, 1996). It integrates visual control and manual cor-
rection of QRS-detection with inter-beat interval calculation, windowing, spectral analysis, and
calculation of the power integral for specified frequency bands. We used Hann windowing and
calculated the power integral for the mid-frequency band (from 0.07 to 0.14 Hz). In addition to
HRV as the integral of power spectral density around 0.1 Hz, HR was calculated for the same
ECG snippets and in a single procedure.
Mean HR in the analysed 128 s intervals is plotted in the left diagram of Fig. 5 for each of the

four experimental sections and separated by display type (large vs. small). The order of the bars



HH1 LL1 HH2 LL2

M
ea

n 
H

ea
rt 

R
at

e 
[b

pm
] 

0
80

85

90

95

100

105

110

115 Large 
Small 

HH1 HH2 LL

95
%

 C
I M

ea
n 

0.
1 

H
z 

co
m

po
ne

nt
 o

f H
R

V

0

800

1000

1200

1400

1600

1800

2000

2200
Large 
Small 

Fig. 5. Left: Mean heart rate on the route sections HH1, LL1, HH2, and LL2 separated by display type (large vs.

small); error bars indicate between-subjects SDs; right: Mean 0.1 Hz component of HRV for HH1, HH2, and LL (LL1

and LL2) experimental route sections; error bars indicate the 95% confidence intervals.

268 G. Jahn et al. / Transportation Research Part F 8 (2005) 255–275
corresponding to experimental route sections from left to right matches the order on the route,
therefore changes of mean HR over experimental sections indicate the trend over experimental
sessions. In each display group, mean HR decreased during experimental sessions and was higher
in HH sections than in LL sections. HR was constantly lower in the large display group than in
the small display group.
The right diagram of Fig. 5 displays mean HRV. The means for HH1 and HH2 are contrasted

with the overall LL means. The data for LL1 and LL2 intervals were collapsed to reach the num-
ber of intervals available for HH1 and HH2. A decrease of HRV is regarded as an indicator of
mental workload and of mental effort (Mulder, 1992). As visible in Fig. 5, only the means for
HH1 provided consistent evidence for a decrease of the 0.1 Hz component of HRV compared
to LL. For the small display group, both HH means were lower than the LL mean HRV, and
HH1 was lower than HH2. The confidence intervals overlap considerably, so this result has to
be interpreted cautiously. For the large display group, the HH1 mean HRV also was the lowest,
but the HH2 mean HRV was increased rather than decreased compared to the LL mean HRV.
Again all confidence intervals overlap considerably.

2.5.4. NASA-TLX ratings
Subjective workload ratings on the subscales of the NASA-TLX were collected after section

HH2 and after section LL2. Participants� marks on an analog scale were transformed to ratings
between 0 and 100.
Mean ratings on all subscales given after LL2 were around 20 for both display groups. After

HH2, the ratings on the subscales Physical Demands, Own Performance, Effort, and Frustration

were also around 20 for both display groups, only the ratings of Mental Demands and Temporal
Demands were above those after LL2 in both groups. This difference of approximately 8 units in
the ratings of mental demands and temporal demands between HH2 and LL2 was statistically sig-
nificant. ANOVAs on single subscales including the within-subjects factor route section (HH2 vs.
LL2) and the between-subjects factor display (large vs. small) confirmed the main effect of route
section for mental demands, F (1,46) = 14.0, p < .001; f = .55, and for temporal demands, F
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(1,46) = 12.1, p < .01; f = .51. No other effect reached statistical significance in these and the AN-
OVAs of ratings on the remaining 4 subscales.
3. Discussion

3.1. The PDT

PDT hit rates and response times were impaired on more demanding route sections—a finding
that is in line with previous findings. The impairment was comparable to the documented effects of
similar route demands on performance in detection tasks (Verwey, 2000). Therefore, the route ef-
fect probably reflected mainly demands of the primary driving task. Effects of IVIS route guidance
were confounded with effects of route demands in the overall analyses of HH and LL sections and
could only be discerned by subsection analyses. The PDT results of the present study do not indi-
cate problematic impairments from driving with full route guidance on inner city streets. This is in
line with documented effects of different kinds of route guidance that imply the same conclusion
(Dingus et al., 1997; Harms & Patten, 2003; Kishi & Sugiura, 1993; Srinivasan & Jovanis, 1997).
The participants in our study were taxi drivers. The workload of inexperienced drivers and drivers
who are unfamiliar with the inner city of Chemnitz might have been higher.
Route demands differed more clearly between experimental conditions than in the study by Ols-

son and Burns (2000), who compared driving on a motorway with driving on country roads and
did not find a difference in PDT performance. The highly demanding route sections (HH) in the
present study included turns and traffic situations that impaired PDT performance because of cog-
nitive workload and because of eye and head movements. In contrast, in the low-demand sections
(LL), turns and demanding situations were nearly absent. Obviously, sections similar to LL sec-
tions should be selected as a baseline if effects of IVIS are to be studied. This points to a weakness
of the PDT method: Some systems, for example route guidance systems, usually are in use on
route sections that are highly demanding. Therefore, they should be evaluated on such routes.
But on highly demanding routes, PDT performance is less sensitive to system effects because of
eye and head movements and further variance due to traffic situations.
Focusing on short intervals around route guidance messages, we detected effects of IVIS route

guidance on PDT performance. Mean and median response times in the respective subsections
were ordered in accordance with hypothesised demands. The PDT proved sensitive to short last-
ing workload peaks at different levels of elevated workload. This finding suggests a favorable
bandwidth of the PDT in contrast to measures that integrate over longer periods of elevated
workload (e.g., NASA-TLX, HRV). Event-related workload effects of demanding traffic situa-
tions or effects of critical route guidance messages might not be detected by these measures. Effects
of route guidance messages on PDT performance are more likely to be detected if selected inter-
vals surrounding these events are analyzed.
Hit rates in the four selected subsections were ordered somewhat differently from mean PDT

response times with the turning left subsection being the only one lower than the HH hit rate. This
result indicated that the HH hit rate was reduced compared to the LL hit rate mainly because of
PDT trials outside the specified subsections. Video screenings showed that some drivers missed
many PDT signals while waiting at traffic lights. Furthermore, hit rates have to be interpreted
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cautiously, because they were calculated from a relatively small number of trials especially for the
subsection confusing system output.
Demands stemming from the navigation system and demands due to the driving task inherited

a mainly visual component in this study. Therefore, no firm conclusion can be derived from our
results regarding the relative sensitivity of the PDT to visual vs. mental workload (diagnosticity).
Generally, and especially in driving studies in which participants encounter visual distraction from
various sources, the PDT�s sensitivity to mental workload is reduced due to a general withdrawal
of attention (Tijerina, 2000). When drivers turn their gaze away from the road scene, for example
to check the navigation display, visual distraction rather than mental workload is measured by the
PDT, because mental workload due to interpreting the display information cannot be measured at
the same time. PDT performance, especially at the turning sections, might have declined mainly
because of gazing behavior required for safe driving and not because of increased information
processing. The cognitive workload caused by a phone conversation on a LL route is presumably
better captured by PDT performance than the route guidance effects in the present study that oc-
curred mainly on HH sections.
The difference in display size between the two systems did not result in a significant difference in

PDT performance. A tendency towards better performance of the small display group may be
seen in response times and in hit rates in HH2. Because display size was varied between subjects,
this slight difference simply may be due to interindividual differences between the display groups.
Weather could also have favored the small display group because more participants in the large
display group drove in sunshine (37% vs. 9%). Bright sunlight may have impaired the visibility of
PDT signals.
The variance between participants, which is reflected by the considerable number of drivers in

both groups (around 30%) whose PDT hit rates did not show the route effect, raises doubt
whether small effects can be reliably detected. This is of relevance for determining appropriate
sample sizes and defining measures of experimental control if the PDT should be established as
an element of a standardized set of assessment tools.

3.2. HR and HRV

HR was sensitive to the workload manipulation in the driving study. However, HRV decreased
only in HH1 and was affected by a high interindividual variability. HR and HRV seemed to be
sensitive to emotional strain, too, which is consistent with documented results (e.g., Nickel &
Nachreiner, 2003). The overall decrease of HR within experimental sessions probably reflects a
decrease in emotional strain over the whole driving session. Workload caused an increase of
HR in HH2 and presumably also in HH1. This could have been mental workload, but also phys-
ical workload from steering actions. The HR results thus are in accordance with the known prop-
erties of this psycho-physiological variable: It proved sensitive, but not selective. Obviously,
emotional arousal and workload influenced HR. Contributions of mental and physical workload
cannot be separated.
As for PDT results, there was no evidence for effects of display size. But also demands of the

driving task seem to be only roughly reflected by HR and HRV. The sensitivity to emotional
strain may sometimes be of interest for evaluation purposes, but cannot be separated from mental
strain and also physical strain for HR. In the present study, the workload conditions consisted of
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demands from driving and of demands from performing the PDT. Possibly, effects on HR and
HRV would have been even smaller if participants had driven without concurrently performing
the PDT.
The HRV results are consistent with the supposed decrease of HRV as a consequence of in-

creased workload only for HH1. The HRV in HH2 sections was not clearly lower than in LL sec-
tions. Presumably this occurred for similar reasons as the reduction of workload effects with
extended task intervals documented in the literature (Manzey, 1998; Nickel & Nachreiner,
2003). As noted above, in some experiments the decrease of HRV in workload conditions was
found only at the beginning of an experiment. This was interpreted as reflecting a decrease of
arousal presumably as a result of getting acquainted with the experimental situation.

3.3. The NASA-TLX

The NASA-TLX ratings indicated low overall workload and an increase in Mental Demands

and Temporal Demands on HH2 relative to LL2. This confirmed the effect of the experimental
manipulation. HH sections were constructed to impose demands on information processing stem-
ming from the driving task. HH sections also contained more incidents of route guidance infor-
mation from the systems that had to be processed. The PDT presumably did not contribute to the
increase in ratings of mental demands, but may have increased the ratings of temporal demands
for the HH2 section. If participants took the PDT seriously, they probably felt time pressure be-
cause of the need to time-share the detection of PDT signals with the inspection of the more
demanding traffic situations that included eye and head movements. In addition, in traffic situa-
tions with high demands on vehicle handling and with the demand to choose between manoeu-
vres, even the simple PDT responses could have increased the time pressure that participants
experienced, because of interference at the response selection and action execution level (Boer,
2001).
Mental demands and temporal demands seemed to have remained low enough not to increase

the subjective ratings of effort. One could have expected higher ratings of physical demands for
the HH2 section than for LL2 because of higher demands on vehicle handling. Presumably, these
demands did not cause higher ratings of physical demand because they were regarded as common
for inner city driving by participants.
There were no significant effects of display size on NASA-TLX ratings. Participants in the two

groups may have experienced no differences in workload. Less probably but also possibly, the
high variance between participants� ratings might have blurred existing differences. If participants
had used both systems and had been able to directly compare the systems, reports of differences
would have been more likely. The high variance of subjective ratings is not unusual and yields
them useful mainly with large samples.
4. Conclusion

The sensitivity of the PDT to demands of the driving task as suggested by van Winsum et al.
(1999) has been demonstrated in the German field study. Additionally, the PDT�s sensitivity to
peaks in workload, as represented by four selected subsections of the driving route, has been
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shown, thus revealing the reasonable bandwidth of this measurement technique. A comparison
with the parallel Swedish field study and other studies also suggests a high reliability of the
PDT (cf., Harms & Patten, 2003; Martens & van Winsum, 2000). Large interindividual differences
in PDT performance should be expected and should be accounted for by within-subjects designs.
The workload effects of route guidance systems turned out to be weaker than the effects of the

demands of traffic situations. The disadvantage of blurred PDT sensitivity to effects of IVIS in the
presence of demanding traffic situations is difficult to avoid in field evaluations of certain IVIS,
especially route guidance systems.
The information on workload conditions gained from employing the measures of HR and HRV

was unspecific and is provided more economically by subjective ratings. In the present study the
NASA-TLX has proven sensitive to driving demands, but it may be useful mainly with large sam-
ples and within-subjects designs because of the high variance between participants� ratings.
The reported driving study has shown that the evaluation of IVIS requires a strict control of

demands in comparable settings. Meeting this requirement in a real traffic setting seems difficult.
Therefore, if the PDT is used as an evaluation procedure to assess and predict changes in drivers�
workload due to the use of IVIS while driving, field tests should be supplemented by a laboratory-
based setting (see Jahn, Oehme, Rösler, & Krems, 2003, as an example). Field tests remain
necessary because the safety implications of IVIS distraction effects grow with the demands that
traffic situations place upon the driver.
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