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Abstract

Older drivers are more likely to have difficulty wayfinding in unfamiliar areas than younger
people. The present study investigated the role of cognitive functioning and age on
wayfinding difficulties and driving performance whilst driving in unfamiliar areas.
Forty-seven participants aged between 21 and 82 years completed a wayfinding task in
a driving simulator and a battery of neuropsychological tests. Older age was related to
reduced driving speed and increased time stopped during the drive. Cognitive variables
associated with wayfinding difficulties and driving performance decrements included
processing speed, visuospatial ability, and aspects of memory, including verbal and visual
immediate and delayed recall. This research suggests that older drivers, particularly those
with poorer cognitive functioning, had more difficulty with wayfinding in unfamiliar areas
than younger drivers. The findings are discussed with reference to potential safety and

mobility benefits of alternative wayfinding strategies.

Key Findings

* Some older drivers found wayfinding in unfamiliar areas challenging.
» They adopted compensatory strategies such as slowing down and pulling over.
» Cognitive functioning was associated with driving performance when wayfinding.

Introduction

Wayfinding whilst driving in unfamiliar areas is a complex,
multi-task activity. Wayfinding describes the activity of
purposive movement to a destination by following a route
through a network of paths, and using mental processes
which identify, manipulate and integrate information from
both the environment and the individual (Arthur & Passini,
1992; Golledge, 1999; Passini, 1984). An important addi-
tional consideration of the wayfinding task is the notion
of familiarity of the environment. Arguably, the mental
processes and information required for wayfinding in fa-
miliar and unfamiliar environments are different. Wayfind-
ing in unfamiliar areas has a higher level of cognitive de-
mand, as there is more need to plan the route, search for
information and solve problems (Arthur & Passini, 1992).
In unfamiliar surroundings, drivers commonly rely on aides
for navigating such as maps, written instructions, or Global

Positioning Systems (GPS). In contrast, in familiar areas,
drivers are less reliant on environmental information as
salient points have been internalised through memory
processes and the formation of cognitive maps.

When driving a vehicle, the secondary task of wayfinding
has the potential to divert attention away from the primary
driving task. There is substantial evidence which suggests
distraction caused by secondary tasks can impact driving
performance negatively (Dingus et al., 2016; Engstrom et
al., 2005; Owens et al., 2011; Regan et al., 2008; Young et
al., 2013). There is also a growing body of evidence that
driving performance is negatively affected when wayfinding
whilst driving (Mallon & Wood, 2004; Wood et al., 2009).
Moreover, recent research by Cochran and Dickerson (2019)
has shown that the nature of wayfinding aides used, specif-
ically paper-based, written instructions versus GPS, has dif-
ferential effects on driving. Older drivers are more suscep-
tible to driving performance decrements while wayfinding
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compared to younger drivers in some driving contexts (Din-
gus et al., 1997; Mallon & Wood, 2004). Importantly, the
driving performance decrements found whilst wayfinding
have been shown to be related to higher crash rates (Wood
et al., 2009).

When wayfinding, the driver needs to perform route fol-
lowing tasks while driving in an unfamiliar area. A model
developed to explain wayfinding by pedestrians provides
a useful framework for understanding the relationship be-
tween ageing, cognition and wayfinding. Passini and col-
leagues describe several high-level processes required for
wayfinding, including decision making, decision execution
and information processing (Arthur & Passini, 1992;
Passini, 1984). More specifically, wayfinding requires indi-
viduals to identify information from different environmen-
tal sources (e.g., maps, directions and landmarks) and uses
internal cognitive processes (e.g., complex attention, vi-
suospatial abilities, memory, planning and decision mak-
ing) to make correct decisions about where to go (Arthur
& Passini, 1992). Fundamentally, the same cognitive abili-
ties are required in both driving and pedestrian wayfinding
for which the model was developed, although mode-specific
differences would be required to control different actions
involved in decision execution (e.g., turn steering wheel to
left for a left turn whilst driving vs. veer left when walking).

Researchers have also emphasised the important role of
executive processes that govern individuals’ ability to make
effective plans about the order in which they visit various
locations as well as execute route planning and selection,
novelty detection, selection and maintenance of naviga-
tional goals, spatial working memory, resolution of uncer-
tainty or conflicts, and resetting mechanisms (Taillade et
al., 2013; Toglia et al., 2014; Wolbers & Hegarty, 2010). In
the driving context, it is important to recognise that the
driver must continue to operate the vehicle and identify po-
tential hazards while at the same time, finding their way
to a designated destination (Burns, 1998). Many of the cog-
nitive processes identified in Passini and colleagues’ model
for pedestrian wayfinding are also considered to be impor-
tant for safe driving. When driving, additional processes are
also required including speed of processing and divided at-
tention (Groeger, 2000; Rizzo & Kellison, 2009; Staplin et
al., 2012). Robust age-related difficulties have been demon-
strated in multi-task conditions across a range of sensory,
motor and cognitive domains (Jaroslawska et al., 2021; Ver-
haeghen et al., 2003). In their meta-analysis of 33 studies,
Verhaeghen and colleagues found that both younger and
older adults suffer from the effects of dual-task perfor-
mance but older adults suffer from a larger dual-task cost
than younger adults. In some tasks with high central pro-
cessing demands, cognitive resources may be exceeded by
the addition of a second attentionally demanding task. This
may lead to interference between the two tasks, and/or pri-
oritising of one or other task, manifested in a decreased
performance in one or both tasks (dual-task costs). The
more pronounced dual-task costs observed in older adults
are likely attributable to age-related declines in processing
capacities (Ruffieux et al., 2015). It follows that the dual
task of wayfinding whilst driving is likely to place heavy

cognitive demands on drivers of all ages and may be espe-
cially difficult for older drivers with age-related cognitive
decline.

There is a strong body of evidence describing a rela-
tionship between declines in many of the cognitive do-
mains described above, and normal ageing, including spe-
cific problems with cognitive mapping (Christensen et al.,
2004; Harada et al., 2013; Head & Isom, 2010; Lezak et
al., 2012; Murman, 2015; Park et al., 2003; Rabbitt et al.,
2004). Older adults also report having wayfinding prob-
lems, particularly in unfamiliar areas (Bryden et al., 2013;
Vrkljan & Polgar, 2007). Such age-related cognitive declines
have been shown to be related to on-road driving perfor-
mance decrements and increased crash risk in older dri-
vers (Anstey et al., 2005; Anstey & Wood, 2011; De Raedt
& Ponjaert-Kristoffersen, 2000; Goode et al., 1998; Janke,
2001; Odenheimer et al., 1994; Stinchcombe et al., 2017;
Stutts et al., 1998).

There is also some evidence of an association between
age, cognitive functioning and wayfinding difficulties. Din-
gus et al. (1997) compared wayfinding and driving safety
performance of older (65-73 years), middle aged (35-45
years) and younger (16-18 years) drivers using a naturalistic
on-road driving study method. Participants were given a set
origin and destination points and asked to plan out a route
on a paper map. Results showed that older drivers took
longer to reach their destination and drove more slowly
than the younger drivers. The authors explained this result
as a compensatory strategy used by the older drivers to
cope with the increased task demands of wayfinding. Older
drivers were also found to make more long eye glances at
wayfinding materials (more than 2.5 seconds) than the mid-
dle-aged group and more unplanned lane deviations than
both younger groups. This effect on looking behaviour is of
particular interest in the current study, given its likely im-
pact on distraction from the primary driving task and impli-
cations for safety. With respect to wayfinding performance,
Dingus et al. (1997) found that older drivers took longer to
plan the route than both younger groups. While there was
no difference between age groups on frequency of incorrect
turns, the authors highlighted the difficulty of measuring
this aspect of wayfinding when drivers planned their own
route and were able to make route alterations whilst dri-
ving.

A limitation of Dingus and colleagues’ study is the ab-
sence of cognitive measures which might provide insight
on the role of cognitive functioning in wayfinding diffi-
culties of older drivers. Addressing this issue, Wood and
colleagues conducted two studies which investigated the
relationship between driving errors whilst wayfinding and
cognitive functioning in older adults (Anstey & Wood,
2011; Mallon & Wood, 2004). In both studies, driving errors
were recorded during an on-road driving assessment under
two conditions in which drivers were directed by a passen-
ger (followed route instructions provided by a driving in-
structor) and self-directed driving (followed road signs in-
dependently).

In their first study, Mallon and Wood (2004) compared
performance of older drivers (mean age 68.9 years), middle
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aged drivers (mean age 52.3 years) and younger drivers
(mean age 27.0 years). All drivers had more driving errors
when self-directed compared with when instructor-di-
rected. Specific driving errors included maintaining lane
position, approach to hazards, brake/accelerator use, ob-
servation, gap selection and mirror checks. Driving errors
were greatest for the older drivers, indicating that they were
more susceptible to difficulties with self-directed wayfind-
ing than younger drivers. The authors also investigated
the association between total driving errors during self-di-
rected wayfinding and cognitive changes as assessed by a
brief cognitive screening assessment. Driving errors during
the self-directed task were correlated with cognitive mea-
sures (r=0.38). However, as the screening test was summed
across multiple cognitive domains, it was not possible to
determine the specific areas of cognition that were related
to decrements in driving performance during self-directed
wayfinding.

In the second study, Anstey and Wood (2011) examined
the relationship between driving errors of older drivers
(aged 70-88 years) and cognitive performance on tasks of
processing speed, complex attention and executive func-
tioning. The findings showed that performance on process-
ing speed and inhibition tasks was predictive of errors in
the self-directed wayfinding condition, whereas measures
of attention (selective, divided and switching) were not.
The authors concluded that these relationships were in-
dicative of the extra demands associated with wayfinding
whilst driving. Although this study demonstrates links be-
tween driving and wayfinding and some cognitive domains,
other cognitive functions such as visuospatial abilities and
memory, theoretically associated with wayfinding, were not
investigated. Furthermore, wayfinding errors were not
analysed and it was not clear what drivers’ level of familiar-
ity was with the area in which the task was conducted.

In a simulator-based study, Peng and colleagues exam-
ined cognitive correlates of driving in 16 Japanese drivers
aged 61 to 90 years with cognitive impairment (self-re-
ported or objectively determined) (Peng et al., 2021). The
simulated drive was in an urban environment during day-
time and although participants had one practice drive, it
is not clear whether the practice drive was the same as
the test drive, which may provide a level of route famil-
iarity. Participants followed audio instructions (left/right
turns, lane changes, etc). The authors reported a moder-
ately strong correlation between wayfinding (going the
wrong way) and performance on the Clock Drawing Test
(Agrell & Dehlin, 1998), a general cognitive screening tool
which tests the ability to follow directions and visual spa-
tial orientation. This research adds to the findings of
Anstey and Wood (2011) and while the small sample size
was a serious limitation, the suggestive role for planning
and spatial skills in wayfinding and driving warrants further
exploration.

Research by Webber and Charlton (2001) also provides
some insights on the role of cognition in wayfinding perfor-
mance through their research with older pedestrians. Us-
ing a similar approach to Wood and colleagues, pedestrians
were required to follow directional signs to reach unfamil-
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iar locations. The results revealed that everyday memory
ability was related to pedestrian wayfinding to unfamil-
iar routes, but general cognitive ability, visuospatial abil-
ity and semantic knowledge were not. While not predictive
of pedestrian wayfinding, other cognitive variables, partic-
ularly visuospatial ability, may be expected to play a role in
wayfinding in the driving context and with map use.

One important limitation of the research by Mallon and
Wood (2004), Anstey and Wood (2011) and Webber and
Charlton (2001) is that the tasks investigated in these stud-
ies were restricted to selected elements of wayfinding,
namely identification of information from road signs and
did not require the use of maps or written route instruc-
tions. While some older drivers may be able to find their
way using road signs, previous research conducted by the
authors found that use of a street directory or some other
form of paper navigational aid whilst wayfinding was a
common strategy used by older drivers (Bryden et al., 2013).
With the additional task demands of reading or interpreting
the materials, as well as the additional potential for visual
distraction, it is likely that wayfinding with the aid of a pa-
per map may require a wider range and potentially different
set of cognitive abilities than those investigated by Wood
and colleagues.

In addition to the evidence showing a negative effect
on driving performance when wayfinding in unfamiliar ar-
eas, there is evidence that some older drivers are more
likely to report concern about their wayfinding abilities
than younger drivers (Burns, 1999). Furthermore, in a re-
cent study, we showed that older drivers who reported dif-
ficulty with wayfinding were more likely to self-regulate by
avoiding unfamiliar areas or by using a passenger to assist
(Bryden et al., 2013). This finding has potential implica-
tions for mobility and safety. Excessive avoidance of driving
in unfamiliar areas may limit the extent and frequency of
driving and in broader terms, lead to restricted mobility and
independence and involvement in community-based activ-
ities. On the other hand, while passenger assistance may
have mobility benefits and contribute to reducing cognitive
load in wayfinding, it may also be distracting and/or fail to
provide adequate assistance to the driver; potentially com-
promising safety.

The primary aim of this study was to investigate the re-
lationships between wayfinding, driving performance, dri-
ver age and cognitive ability. Based on the review of the-
oretically important functions for driving and wayfinding
and previous research findings presented above, it was hy-
pothesised that both poorer wayfinding and driving per-
formance would be associated with older age, and have
a stronger relationship with poorer cognitive functioning
in a number of domains including processing speed, com-
plex attention, visuospatial abilities, memory, and execu-
tive functions (planning, decision making and inhibition).
A secondary aim was to describe patterns of looking behav-
iour during wayfinding and examine their effect on driving
safety.
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Method

Participants and Recruitment

Participants were 47 community-dwelling current drivers
who held a full driver’s licence and were aged 21 years or
older. Potential participants were recruited through adver-
tisements in newspapers, presentations to seniors’ groups,
notices to University staff and students, and by personal
invitations to participants from previous studies who gave
consent to be contacted for future research. Drivers with
a provisional licence were excluded on the basis of the
increased crash risk associated with young novice drivers
(Mayhew et al., 2003). Exclusion criteria included self-re-
ported dementia or Parkinson’s disease and impaired cog-
nition, determined by an objective screening test (see Pro-
cedure). Participants with a history of motion sickness were
also excluded due to the increased risk of simulator discom-
fort (Stoner et al., 2011).

A total of 69 participants volunteered for this study.
Twenty-two were excluded for various reasons, including
inability to complete the driving task due to simulator dis-
comfort (n=16), technical difficulties with the simulator
(n=2), a diagnosis of Parkinson’s disease (n=1) or other rea-
sons (e.g., difficulty focusing on the simulator screen in the
middle distance with progressive bifocal glasses; n=3). The
remaining 47 participants were aged between 21 and 82
years.

Procedure

This study was approved by and conducted in accordance
with the guidelines of the Monash University Human Re-
search Ethics Committee (MUHREC). Informed written con-
sent was obtained from each participant prior to testing.
Participants completed a short demographics survey, then
completed a simulated driving task followed by a cognitive
assessment, with appropriate rest periods as required be-
tween sessions. This order of testing was chosen because
we anticipated some participants would experience simula-
tor discomfort and this avoided unnecessarily extending the
testing time of those participants who were unable to com-
plete the simulator task. In the case of three participants,
due to time constraints, the cognitive battery was adminis-
tered on a separate occasion at the participants’ home.

Simulated wayfinding and driving task

The experimenter provided a demonstration of the features
and operation of the driving simulator. Participants then
completed a practice drive until they felt comfortable with
the operation of the simulator. Prior to completing the
main driving task, each participant was given a map (in-
cluding the start position, but without a route marked) and
written directions describing the route. They were asked to
trace the route on the map with their finger. The route was
corrected by the experimenter if necessary to ensure that
the driver’s wayfinding was not affected by poor planning.
There was only one correct route for the driving task.

During the driving task, the participants kept the map
and instructions with them and were encouraged to find
their way as they usually would when driving their own
car. In the event of a crash or incorrect turn, the simulator
was programmed to restart immediately before the previ-
ous correct turn (or start of the drive if an error was made
on the first turn) and the driver was instructed to continue
to follow the designated route. This procedure for deal-
ing with incorrect turns allowed drivers to reorient them-
selves to a familiar section of the drive while still having
to re-negotiate the part of the drive that was challenging
for them. This approach was taken rather than allowing dri-
vers to find their own way back to the point where a turn
was missed which would introduce inconsistency between
participants in the routes chosen and drive length. In the
case of an incorrect turn or crash, only data for the driver’s
first attempt up to the crash or turning error were analysed,
and any sections of repeat drive were discarded. Analysis
was resumed once the driver passed the point of the error
or crash event. Subsequent driving attempts were excluded
to ensure that data were only analysed from the first expo-
sure to the driving scenario. Driving simulator discomfort
was monitored and data collection was terminated where
necessary. A videotape recorder was used to record a view
of the driver’s face and torso for post-hoc analysis of dri-
ving performance measures as detailed below. The driver
was videoed from the front screen of the driving simula-
tor and the rater had a clear view of when their eyes moved
down from the front screens.

Neuropsychological assessment

Drivers’ cognitive abilities were screened using the Mini
Mental State Exam (MMSE) (Folstein et al., 1975). A cut-
off score of 27 was used to minimise the likelihood that
participants with undiagnosed dementia were included in
the sample (Kukull et al., 1994). In addition to the initial
screening, a comprehensive cognitive battery was adminis-
tered to assess the cognitive domains of processing speed,
complex attention (selective, divided and switching), visu-
ospatial abilities, memory, planning, decision making and
inhibition. Cognitive domains were selected based on theo-
retical models and objective studies of the role of cognitive
functioning in wayfinding (Anstey & Wood, 2011; Arthur &
Passini, 1992; Webber & Charlton, 2001).

Materials
Driving simulator and driving scenarios

The simulated drive was conducted on an ECA FAROS EF-
X Portable Driving Simulator. The simulator comprised a
small cab with genuine vehicle parts including an ad-
justable seat, pedals, steering wheel, gear box, seat belt and
automatic transmission. The visual images for the driving
scenarios were presented on three flat monitors that gener-
ate synthetic 3-D images in real time and provided a field of
view of 120°. Adjustable rear-view mirrors were depicted on
the bottom left and right screen (for the left and right mir-
rors) and an overhead rear vision mirror was also projected
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on the central screen. Audio feedback of the engine noise
could be heard through the simulator speakers.

The participants drove on a simulated urban road net-
work with low density traffic, in daylight and in clear
weather conditions. There was a 50km/h speed limit
throughout the drive, indicated by appropriate signage and
the driver also received verbal instructions to obey the
speed limit. Street signs were placed at each intersection
and street names were based on high frequency of street
name use in Victoria (Tulloch, 2010) and high frequency
of word use in the English language (Wehmeier, 2010). In-
tersections encountered through the drive included three
types of control: signals (which were always displayed in
green phase on approach), stop signs and uncontrolled (no
signage). No other vehicles were present in the intersec-
tions at the time the drivers made their turn manoeuvres.

The driving route involved four turns (three left and one
right) and ended with a merge onto a freeway. The drive
lasted approximately 8-10 minutes. The driving route was
provided to the driver in the form of written instructions
listing the direction and street name for each turn. The in-
structions were accompanied by a map of the road network
including street names and start position but without any
markings indicating the specific route to be driven.

The driving task included two challenging situations, a
pedestrian event and a car-following event. For the pedes-
trian event, brake reaction time was measured to ascertain
speed of response to a pedestrian who stepped out unex-
pectedly in front of the car. For the car-following event,
time headway was measured between the driver and a lead
car travelling at 40km/h.

Two equivalent driving routes were constructed, and
participants were randomly assigned to the two drives
(Drive A and Drive B). The use of two drives was neces-
sitated by a second parallel study in which the same par-
ticipants also completed the driving task under a passen-
ger-assisted condition (not analysed in the current paper;
drives were counterbalanced for order). The two test drives
were matched for length, turns and challenging situations.
Steps were taken to eliminate variation in driving perfor-
mance that might be attributed to differences in the use of
two alternative routes. To control for this effect, participant
raw scores for continuous driving variables were converted
to z-scores to create a common scale with the same mean
and standard deviation for each route (Kolen, 2007). Partic-
ipant z-scores were re-categorised according to wayfinding
conditions prior to analysis.

Wayfinding and driving performance measures

Two key variables relating to wayfinding performance were
measured: pre-drive route identification (time taken, de-
rived from videotaped footage) and number of incorrect
turns (manually recorded during the experiment). Five dri-
ving performance measures were recorded from the driving
simulator output including average speed (km/h), time
stopped (seconds), time headway (seconds), lane position
variability (centimetres) and brake response time (millisec-
onds). Table 2 in Results provides definitions for each of the
wayfinding and driving performance variables. All measures
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were for the first attempt at the drive only, that is, scores
did not include repeated sections driven due to incorrect
turns.

Measures of looking behaviour

The primary measure used to record looking behaviour was
the total number of times a driver looked at the wayfinding
materials. In addition, four other measures were scored, in-
cluding the total number of times drivers referred to mate-
rials whilst stopped; the number of brief glances whilst dri-
ving (less than two seconds); number of long glances whilst
the vehicle was moving (more than two seconds); and num-
ber of clusters of three or more glances whilst the vehicle
was moving (glances within five seconds of another glance).

Long glances and clusters of glances were logged from
the video footage and compared with the simulator output
to identify driving performance during these times. For
long glances, driving behaviour measures were taken for
the period before, during and after each glance (around six
seconds). This period of time was used to allow measure-
ment of the potential distraction before and after each long
glance, and also to ensure that the sample of driving behav-
iour was of sufficient length to be meaningful. For glance
clusters, a six second period was selected, avoiding the in-
clusion of any long glances during the cluster. When dri-
vers made repeated long glances or clusters over the drive, a
single driving performance score was derived for each vari-
able by averaging the driving performance scores associated
with all long glances or clusters for that driver.

Driving performance variables during glances were com-
pared to measures from a six second control driving period
which was selected from a segment of driving on a straight,
single lane road which did not include long glances, glance
clusters or pulling over.

Neuropsychological measures

The cognitive battery included selected subtests from seven
neuropsychological tests as outlined in Table 1.

A processing speed variable was calculated by using the
mean z-scores of Stroop Dots Trial and Trail Making Test
Part A (Reitan, 1958; Spreen & Strauss, 1998). Both tests
measure processing speed and visual scanning.

Raw scores rather than scaled scores were used on each
measure to capture overall ability level rather than ability
relative to age, thus improving predictive accuracy for dri-
ving performance (Barrash et al., 2010).

Statistical Analyses

Outliers detected based on responses and scores for the
neuropsychological measures were transformed using
semi-Winsorization at the 5th and 95th percentiles
(Salkind, 2010). Moderately skewed variables (HVLT-R De-
lay, Trail Making Test Part B, UFOV-2 and UFOV-3) were
subjected to a square-root transformation.

To examine the relationships between age and wayfind-
ing and driving variables Pearson product moment corre-
lations were computed for continuous variables. Similarly,
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Table 1. Neuropsychological tests and cognitive domains assessed

Test

Cognitive domain assessed

Wechsler Adult Intelligence Scale-1V (WAIS-1V; Wechsler, 2008)

e Digit Span subtest
e Block Design subtest

e Information processing capacity and working memory
e Visuospatial ability

Hopkins Verbal Learning Test-Revised (HVLT-R; Brandt & Benedict,
2001)

e Total Recall Score

e Delayed Recall Score

¢ Immediate verbal memory
e Delayed verbal memory

Wechsler Memory Scale-1V (WMS-1V; Wechsler, 2009)

e Visual Reproduction |
e Visual Reproduction Il

e Immediate visual memory
e Delayed visual memory

Victoria Stroop Test (Spreen & Strauss, 1998)

e Ratio Score (calculated by dividing the Colours trial by the Dots
trial)

e Processing speed and response inhibition

Trail Making Test (Reitan, 1958)
e PartB

e Attentional switching

Behavioral Assessment of the Dysexecutive Syndrome (BADS;
Wilson et al., 1996)

e Zoo Map Subtest (Total score)

e Planning ability and problem solving

UFQV (Ball & Owsley, 1992)

o Part2
e Part3

e Divided attention
o Selective attention

correlation analyses were conducted to explore relation-
ships between cognitive variables and wayfinding and dri-
ving variables where appropriate.

For the categorical variable incorrect turns, a series of
independent-samples t-tests were conducted to determine
whether age and cognitive variables differed between par-
ticipant groups: those who made incorrect turns compared
with those who did not. Analysis of gender effects on cog-
nitive measures was not possible due to the relatively small
number of female participants. Regression modelling was
not used for these analyses due to inadequate power associ-
ated with the number of predictors and sample size (Green,
1991).

For long glances and clusters of glances, a series of in-
dependent samples t-tests were conducted to determine
whether age and cognitive variables differed between those
who made glances towards materials (as defined) and those
who did not. For those participants who did make long
glances and/or clusters of glances, a series of repeated mea-
sures t-tests were conducted to assess whether driving be-
haviour (lane position variability and average speed) dif-
fered when making long glances or clusters of glances at
materials compared to the control driving period.

Results

Participant Demographics and
Neuropsychological Test Performance

Table 2 shows participant demographics for the sample.
The sample included participants from across a wide span
of driver ages, with older drivers intentionally oversampled,
given the specific focus of the study. There was an over-
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representation of males, and participants tended to be well
educated and live in urban locations. A large proportion of
the drivers were married and the majority of drivers in both
groups rated themselves in good health. Most participants
reported driving regularly and around a third of drivers re-
ported some difficulties with their wayfinding ability.

General Wayfinding and Driving
Performance

Almost 15% of drivers made a planning error which was
corrected before the drive. During the simulated drives, ap-
proximately one third of participants made at least one
incorrect turn. Only 6.4% of participants crashed during
the drive, and all collisions occurred during the pedestrian
event. As the number of participants who made a planning
error or crashed was so small, no further analyses were un-
dertaken on these variables. Table 3 shows that driving per-
formance from the two alternative forms of the drive were
roughly equivalent for most variables.

Relationship Between Age and Wayfinding/
Driving Variables

Results of the Pearson product correlations revealed that
age was significantly associated with average speed (r =
-0.36, p = 0.012) and time stopped (r = 0.38, p = 0.008).
These results indicated that older participants tended to
drive more slowly during the task and spent more time
stopped compared with younger participants. Age was not
significantly associated with pre-drive route identification
time (r = 0.25, p =0.116), total glances directed to wayfind-
ing materials (r = -0.20, p = 0.198), time headway (r = 0.15,
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Table 2. Demographic, health and driving information (n=47)

Demographics n (%)
Age

Under 25 2(4.3)

25-34 7(14.9)

35-44 8(17.0)

45-54 5(10.6)

55-64 3(6.4)

65-74 17 (36.2)

75-84 5(10.6)
Gender

Female 10(21.3)

Male 37(78.7)
Marital status

Married/de facto 32(68.1)

Single/divorced/widowed 15(31.9)
Education

At least some secondary 15(31.9)

Tertiary 32(68.1)
Residential location

Urban 38(80.9)

Regional 5(10.6)

Rural 4(8.5)
Driving frequency

Daily or almost daily 29(61.7)

1-4 days per week 14 (29.8)

Less than weekly 4(8.5)
Distance driven per week

50km or less 16 (34.0)

51-200km 21(44.7)

More than 200km 10(21.3)
Self-rated wayfinding

Poor/fair 14(29.8)

Good 23(48.9)

Very good 10(21.3)
Self-rated health

Fair 5(10.6)

Good 30(63.8)

Very good 12 (25.5)

p = 0.304), lane position variability (r = 0.17, p = 0.265) or
brake response time (r = -0.11, p = 0.455). A t-test revealed
that the average age of participants who made incorrect
turns was not significantly different from those who did not
(t(45) = -0.95, p = 0.348).

Relationship Between Neuropsychological
Test Scores and Wayfinding/Driving
Variables

To examine the relationships between neuropsychological
test scores and wayfinding and driving performance, Pear-
son product moment correlations were computed for con-
tinuous wayfinding/driving variables (Table 4). For the cat-
egorical variable of incorrect turns, participants were
grouped by performance outcome (0 vs. 1+ incorrect turns)
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Table 3. Descriptive information for wayfinding and driving performance measures

Measure Description Drive A Drive B
M (SD) M (SD)
Route identification The time taken to find the predetermined route on the map before the drive 92.50 91.00
time (seconds) @ using written direction and a map of the area. (41.12) (48.19)
Incorrect turns Whether one or more incorrect turns were taken throughout the drive (0, 1+). 0.52 0.36
(binomial) (0.65) (0.66)
Average speed (km/ Mean speed was computed for the entire driving route, excluding time 34.88 33.53
h) stopped. (6.15) (7.19)
Time stopped The total time stopped during the drive. The drives had low density traffic and 18.69 14.96
(seconds) green lights thus there was no requirement to stop for extended times during (22.83) (26.62)
the drive.
Time headway Mean time headway calculated over 200 metres during a car following event. 4.21 6.69
(seconds) One participant was excluded as the driver pulled over during the car (3.87) (5.67)
following event.
Lane position The standard deviation of the vehicle lane position on a 100 metre straight, 19.26 15.37
variability (cm) one lane drive. Four participants were excluded from analysis due to (11.31) (11.41)
erroneous turn or pulling over during the segment.
Brake response Drivers’ braking response time (starting or increasing braking) following the 1.33 2.44
time (milliseconds) unexpected pedestrian event. (0.87) (1.55)
Total looks directed The total number of eye movements away from the driving scene to the map 15.67 13.65
to wayfinding or wayfinding instructions during the drive (including when stopped or (15.18) (9.51)
materials driving).
(number)?

NB. Separate results are shown for alternative drives A and B, before applying z-score standardisation.

M = mean; SD = standard deviation
2 Video recording malfunction prevented calculation of scores for some drivers.

and group differences in neuropsychological test scores
were examined using independent groups t-tests (Table 5).

The results confirmed relationships between a number
of neuropsychological measures and wayfinding perfor-
mance measures including route identification time, time
stopped, looking behaviour and incorrect turns. Longer
route identification time was associated with poorer perfor-
mance on Digit Span, processing speed and Block Design
(r’s between 0.32 and 0.37). Increased time stopped was as-
sociated with poorer performance on UFOV-2 and Zoo Map
(r’s between 0.30 and 0.35). The total number of glances
directed towards wayfinding materials was associated with
HVLT-R Total Recall Score (r=0.37). Participants who made
at least one incorrect turn performed significantly poorer
on processing speed, Visual Reproduction 1 and Block De-
sign compared to those who made no turning errors and ef-
fect sizes were large (n2=0.11 to 0.18).

Similarly, several cognitive measures were found to be
associated with driving performance measures. Slower av-
erage speed was associated with poorer performance on
several neuropsychological tests (r’s between -0.30 and
0.51). Larger time headways were associated with poorer
performance on processing speed, Digit Span, Block Design,
UFOV-2 and UFOV-3 (r’s between 0.31 and - 0.43). In-
creased lane position variability was associated with poorer
performance on processing speed, HVLT-R Total Recall
Score and Block Design (r’s between -0.31 and 0.37). In-
creased brake response time was associated with poorer
performance on processing speed, HVLT-R Total Recall
Score and HVLT-R Delay (r’s between 0.32 and - 0.36).

Glances Directed to Wayfinding Materials

With one exception, all participants looked at wayfinding
materials in some manner during the drive (97.60%), with
almost half (45.24%) of the participants stopping to check
materials, on average, 2.16 times (SD=1.38) during the
drive. An independent-samples t-test revealed a significant
effect of age on stopping frequency, t(40)=-2.57, p=0.014,
n2=0.14. Participants who stopped to refer to materials
(M=62.11, SD=15.10) were significantly older than those
who did not (M=48.30, SD=18.99).

Most participants (90.50%) made brief glances towards
wayfinding materials and made an average of 14.34 brief
glances (SD=11.81) whilst driving. Long glances (over two
seconds in length) were observed for 40.50% of participants
and on average, those participants made 3.59 long glances
(SD=3.45) during the driving task. A series of independent-
samples t-tests revealed that there were no significant dif-
ferences between participants who made long glances and
those who did not, with respect to age and cognitive vari-
ables. Half of the participants made glances in clusters of
three or more (including short and/or long glances). On
average, these participants made 2.33 glance clusters (SD
=1.80) per drive. An independent-samples t-test revealed
a significant effect of age on number of glance clusters,
t(40)=2.33, p=0.025, n2=0.12. Participants who made clus-
ters of glances were significantly younger (M=48.24,
SD=17.23) than those who did not (M=60.86, SD=17.91).

There were no significant effects of cognitive variables
on the number of glance clusters. Of the participants who
made either long glances or glance clusters, 65.20% made
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Table 4. Correlations between neuropsychological variables and wayfinding/driving variables

DS PS HL HD VR1 VR2 BD TMT-B STR U2 U3 M
Route identification time -0.32* 0.32* -0.10 -0.15 -0.20 -0.21 -0.37* 0.26 -0.05 0.20 0.23 -0.06
Glances to Materials (total) -0.08 0.20 -0.37* -0.27 -0.04 -0.12 -0.18 0.13 0.28 0.23 0.06 0.05
Average speed 0.51** -0.30* 0.34* 0.24 0.25 0.39** 0.48*** -0.40** -0.42** -0.43** -0.46** 0.27
Time stopped -0.26 0.17 -0.01 0.06 -0.05 -0.07 0.06 0.07 0.03 0.30 *0.23 -0.35*
Lane position variability -0.07 0.37* -0.37* -0.20 -0.21 -0.21 -0.31* 0.24 0.13 0.18 0.28 0.02
Time headway -0.43** 0.31* -0.15 -0.17 -0.15 -0.23 -0.38* 0.19 0.15 0.33* 0.31* -0.18
BRT -0.16 0.32* -0.36* -0.35* -0.06 0 -0.08 0.13 0.17 0.24 0.08 -0.07

* 1 <.05; ** p< .01; ** p < 001
DS = Digit Span; PS = Processing speed; HL = HVLT-R Total Recall Score; HD = HVLT-R Delay; VR1 = Visual Reproduction 1; VR2 = Visual Reproduction 2; BD = Block Design; TMT-B = Trail Making Test Part B; STR = Stroop Colour Ratio Score; U2 = UFOV-2; U3 = UFOV-3; ZM
=Zoo Map; BRT = brake response time

Table 5. Difference in neuropsychological test performance of participants who made at least one incorrect turn compared to those who did not

Incorrect turns No Incorrect turns M (SD) t n2
M (SD)
Digit Span 29.38(5.62) 31.70(6.33) 1.23 0.03
Processing Speed 0.49 (0.96) -0.28 (0.69) -3.19* 0.18
HVLT-R Total Recall Score 25.00(5.51) 26.80(4.85) 1.16 0.03
HVLT-R Delay -1.45(0.85) -1.31(0.92) 0.50 0.01
VR1 35.75(5.72) 39.07(3.97) 2.44* 0.12
VR2 28.59(9.79) 31.17(9.33) 0.90 0.02
Block Design 37.06(12.40) 45.47 (11.55) 2.29* 0.11
TMT-B 9.40(2.02) 8.16(2.16) -1.88 0.07
Stroop Ratio 2.24(0.67) 2.430(.77) 0.87 0.02
UFOV-2 8.33(5.17) 6.93(4.02) -1.03 0.02
UFOV-3 12.37(3.98) 11.14 (3.84) -1.04 0.02
Zoo Map 11.18(2.90) 11.97(3.33) 0.42 0.00

*p<0.05, ** p<0.01
M = mean; SD = standard deviation
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both, 26.10% made glance clusters only and 8.70% made
long glances only.

Looking Behaviour and Driving Safety

A series of repeated measures t-tests were conducted to as-
sess whether driving performance (lane position variabil-
ity and average speed) differed when looking at wayfinding
materials compared to a control drive period for the same
driver in which no long glances or glance clusters were
observed. The results revealed that lane position was sig-
nificantly more variable during the long glance segments
(M=24.39, SD=20.10) compared with control segments of
driving (M=10.07, SD=13.86), t(15)=-2.36, p=0.032, n2=0.27.
Average speed during segments of driving with long glances
(M=217.08, SD=9.03) was not significantly different from that
of control segments (M=30.01, SD=12.04), t(15)=0.88,
p=0.395. Analyses of segments of the drive with clustered
glances and control driving segments revealed no signif-
icant differences with respect to lane position variability,
t(15)= -0.86, p=0.402; and average speed, t(15)= - 0.59,
p=0.572.

Discussion

The current study investigated the relationships between
age, cognitive functioning and wayfinding using a paper
map and instructions. An important finding was that mea-
sures of processing speed, visuospatial ability and memory
were related to measures of both wayfinding ability and dri-
ving performance, suggesting that these specific cognitive
abilities play a central role in wayfinding whilst driving.
Older participants, on average, drove significantly more
slowly and spent more time stopped compared with
younger participants. This study also investigated the pat-
terns of looking behaviour during wayfinding and their im-
pact on driving safety. Long glances at wayfinding materials
while driving were relatively common amongst drivers and
were associated with driving performance decrements irre-
spective of age and cognitive functioning.

Notwithstanding that the route for the simulated driving
task was relatively short with just four turns, the perfor-
mance of some drivers in this study suggests they found the
wayfinding task difficult. One third of participants missed
at least one turn during the drive. Furthermore, the average
speed was slower (approximately 35 km/hr) than might be
expected, given that a 50 km/hr speed limit applied
throughout the drive, traffic density was low, and there
were no red lights. Almost all participants chose to refer to
materials (map or instructions) and a substantial propor-
tion did so in a potentially unsafe way, taking their eyes
off the road for extended time periods (over two seconds)
while the vehicle was moving. Previous research has shown
that the visual distraction caused by long glances is associ-
ated with increased crash risk (Klauer et al., 2006; Ostlund
et al., 2004; T. et al., 2015). The findings from the current
study suggest that visual distraction from the driving task
associated with wayfinding may affect some aspects of dri-
ving performance (e.g., lane position), thus compromising

safety. The current study found that repeated glances off
road (clusters including short glances only) was not associ-
ated with driving performance. Glance frequency has been
associated with task complexity (Ostlund et al., 2004), and
glance duration is influenced by task characteristics and in-
terface design more so than the temporal sequence of re-
peat glances (Lee et al., 2017). However, there has been
little research to determine whether clusters of repeated
glances while engaging in secondary tasks affects driving
safety. In the current study, younger drivers were more
likely to make repeated glances towards navigation mate-
rials. More research is needed to understand whether and
why older drivers might intentionally refrain from this type
of glance pattern.

Consistent with previous wayfinding research, we also
found that increased age was associated with slower driving
speed (Dingus et al., 1997). Dingus et al. (1997) interpreted
this finding as a compensatory strategy by older drivers
to cope with the added cognitive load associated with
wayfinding while driving. Findings reported by Horberry
and colleagues lend support to this notion, showing that
drivers opt to drive at slower speeds as a way of compensat-
ing for cognitively demanding driving situations (Horberry
et al., 2006). A number of studies have shown that older
drivers have a general tendency to drive more slowly than
younger drivers, regardless of the driving context (Chu,
1994; Fildes et al., 1991; Hakamies-Blomqvist et al., 1999).
In a recent naturalistic driving study, Davis and colleagues
showed this compensatory driving pattern is also influ-
enced by cognitive impairment (Davis et al., 2020). Slower
average speeds were observed for older drivers with cogni-
tive deficits compared with cognitively normal older adults
(Davis et al., 2020). In the current study, it is difficult to
tease out the relative contribution of wayfinding and other
possible factors explaining slower driving speeds.

Older drivers were also more likely to pull over to review
wayfinding materials whilst driving. This finding suggests
that older drivers may have had more difficulty with re-
membering the directions, performing the driving and
wayfinding tasks simultaneously, or simply needed to reori-
ent more often during the drive. Arguably, the practice of
checking the map and instructional materials when the ve-
hicle is stationary is safer than when moving. By stopping
safely, older drivers were able to reorientate and get to their
destination. Rather than being viewed as unsafe, poten-
tially this practice should be encouraged when drivers have
trouble getting to their destination and may help to main-
tain their mobility and independence. Taken together with
slowed driving, this finding suggests that older drivers in
this study were more likely to self-regulate their driving in a
safe and cautious manner under cognitively demanding sit-
uations.

Age was not related to any of the other wayfinding or
driving variables including most of the looking behaviours
measured in this study. This finding contrasts with findings
from previous studies showing an association between
older age and poorer driving performance whilst wayfinding
(Dingus et al., 1997; Mallon & Wood, 2004). These studies
reported decrements in driving measures including lane
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deviations and other components of driving performance
(such as lane positioning and gap selection). Methodologi-
cal differences may account for the discrepancy in findings
across studies. For example, previous studies have used an
on-road driving task rather than a simulated drive, and
the drives included a different array of challenging events
which may impact the level of difficulty of the task. An
alternative explanation is that participants in the current
study were encouraged to “find their way as they usually
would”. It is possible that this instruction resulted in
greater use of compensatory behaviours in the current
study including slower driving speeds and pulling over
where necessary. These compensatory strategies may have
reduced the cognitive demands of the wayfinding task and
led to fewer decrements in driving performance.

A key finding of the study was that cognition was related
to several wayfinding and driving safety variables and sug-
gested that drivers with poorer cognitive abilities experi-
ence more difficulties with specific aspects of wayfinding.
Difficulties in the cognitive domains of working memory,
complex attention (selective attention, divided attention
and switching), delayed visual memory, response inhibition
and planning were related to slower driving speeds, longer
time stopped and/or longer time-headway. Driving slowly,
pulling over and longer stopping distances are suggestive of
drivers’ efforts to compensate for (perceived or actual) dif-
ficulty with the wayfinding task.

Memory has been shown to be associated with pedes-
trian wayfinding (Webber & Charlton, 2001) and is also the-
oretically likely to play a key role in wayfinding (Arthur &
Passini, 1992). In the current study, we showed a link be-
tween a number of memory measures and both wayfind-
ing performance and driving safety variables. Poorer verbal
learning was associated with increased brake response time
and lane position variability, as well as increased references
to materials. Poorer visual immediate memory was asso-
ciated with increased missed turns. Similar findings were
reported by Aksan and colleagues in an on-road driving
task showing that memory (visual and verbal) function of
older drivers, both with and without neurodegenerative dis-
orders, predicted performance in navigation-related sec-
ondary tasks (Aksan et al., 2015). These results suggest that
the ability to learn new information is central to wayfind-
ing ability, and more importantly, safe driving performance
whilst wayfinding. Delayed verbal memory ability was asso-
ciated with brake response time. It is possible that drivers
with poorer recall of directions had to attend to external
sources of information (including road signs) more often,
which may have, in turn, reduced their ability to detect po-
tential hazards.

Participants with poorer processing speed drove more
cautiously (as evidenced by slower speeds and longer head-
ways) yet were also more likely to have poorer wayfinding
performance and driving safety. Poorer speed of processing
was associated with making incorrect turns and increased
(pre-trip) time to identify the route on a map. Those with
slower processing speeds were more likely to have longer
brake response time and more variability in lane position.
This is consistent with and extends findings of previous re-

search which suggests that processing speed is associated
with driving errors whilst wayfinding (following road signs)
as well as driving performance and crashes under normal
driving conditions (Anstey & Wood, 2011; Davis et al.,
2020; Goode et al., 1998; Janke, 2001; Odenheimer et al.,
1994; Stutts et al., 1998).

Similarly, participants who performed more poorly on a
test of complex visuospatial ability were also more likely
to have poorer wayfinding and driving performance despite
driving more cautiously. Poorer visuospatial ability was as-
sociated with making incorrect turns and increased (pre-
trip) time to identify the route on a map. This is consistent
with findings by Peng and colleagues (2021) who found
an association between errors on a clock drawing visual-
spatial task and wayfinding errors (incorrect turns) which
required drivers to follow turn-by-turn audio instructions
during simulated driving. Those with poorer visuospatial
ability were also more likely to show more variability in
lane position. Like processing speed, complex visuospatial
tests have been previously shown to be associated with dri-
ving performance and crashes under both normal driving
conditions (De Raedt & Ponjaert-Kristoffersen, 2000;
Goode et al., 1998) and when driving and wayfinding (Ak-
san et al., 2015). In contrast, a study examining pedestrian
activity reported no evidence for a relationship between vi-
suospatial tests and pedestrian wayfinding amongst older
people (Webber & Charlton, 2001). The discrepancy in re-
sults may be due to visuospatial ability being particularly
important when wayfinding and driving are performed si-
multaneously. One important caveat to this finding is that
this test of complex visuospatial abilities also measures as-
pects of executive functioning (reasoning, problem solving)
and processing speed (Lichtenberger & Kaufman, 2009).
Executive functioning and processing speed have been ob-
jectively and theoretically related to wayfinding whilst dri-
ving (Anstey & Wood, 2011; Arthur & Passini, 1992). Fur-
ther studies with larger sample sizes are recommended to
tease out the relationships between these cognitive do-
mains and wayfinding.

A strength of this study was the use of a driving simu-
lator which made it possible to study wayfinding and dri-
ving under the same conditions and on a standardised, un-
familiar route. Indeed, driving simulators have been shown
to have good relative validity for assessing many driving
performance variables (Mullen et al., 2011) and have also
been shown to be an effective method for examining navi-
gation (Cochran & Dickerson, 2019). However, an inherent
drawback of simulators is their reduced ecological repre-
sentativeness compared to on road driving. In particular,
driving in a simulator may encourage increased off-road
glances due to lack of serious consequences compared with
on-road driving. A second drawback of simulator use in this
study was the high attrition rate of older participants due to
simulator discomfort. The likelihood of simulator discom-
fort was potentially increased during the study due to the
older age of drivers and the inclusion of turns in the route
(Classen et al., 2011; Stoner et al., 2011). It is possible that
this resulted in a sample bias in terms of the cognitive and
driving performance of those who withdrew compared with
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study participants. It is also important to highlight that the
small sample size of this study reduced power and limited
the investigation of multivariate relationships. Type I and
IT errors also cannot be ruled out. The results of the cur-
rent study should be used to inform further research into
wayfinding and driving, particularly the importance of in-
cluding visuospatial ability and memory measures.

Conclusions

The current study is the first to investigate the relation-
ships between age, cognitive functioning and wayfinding
using a paper map. Findings from the current study suggest
that some drivers found wayfinding in unfamiliar areas
challenging, as evidenced by the adoption of compensatory
strategies such as slowing down. This effect was particu-
larly associated with drivers’ increasing age. This has impli-
cations for the mobility of older drivers if drivers who ex-
perience difficulties choose to avoid driving to unfamiliar
areas, as indicated by our previous research (Bryden et al.,
2013). Avoidance of unfamiliar areas may inhibit engage-
ment in new social relationships and access to new services
which can be necessary when circumstances change (e.g.
downsizing, death of a spouse, or management of medical
illnesses). Most importantly, the current research identified
that older drivers who performed at lower levels of cog-
nitive functioning in processing speed, visuospatial ability
and/or memory (albeit not clinically impaired) showed dri-
ving performance decrements when using a map to find
their way in unfamiliar areas. Alternative wayfinding
strategies, such as use of passengers or navigation systems,
may offer a safer option for all drivers; arguably reducing
the need for drivers to remember directions and check ma-
terials, while allowing more time to attend to the driving
task. Further research is warranted to test these hypothe-
ses.
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