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a b s t r a c t

The ability to safely cross a road is a perceptual-motor skill that involves coordination
between a pedestrian’s perception of the approaching vehicles and their locomotive capa-
bility to execute the road crossing action. Developmental Coordination Disorder (DCD) is a
chronic disorder that is characterised by significant motor difficulties that impact on daily
living, including a reduced ability to perform visually guided actions. A total of 25 typically
developing primary school aged children and 25 age- and gender-matched children with
DCD were presented with a virtual desktop task that required them to select suitable tem-
poral crossing gaps between vehicles a stream of traffic approaching at either 20 mph,
30 mph or 40 mph from the near-side (one-lane) or both near + far-sides (two-lane). A
best-PEST staircase procedure was used to measure the temporal gaps that children
accepted and the maximum likelihood value was taken after nine reversals as each partic-
ipant’s threshold. Typically developing children accepted temporal gaps that were suffi-
cient to execute a safe crossing for vehicles approaching at 20 mph and 30 mph, but
insufficient for vehicles approaching at 40 mph. In contrast, children with DCD selected
insufficient temporal crossing gaps across all approach speeds, which if translated to the
roadside would have resulted in collision. These findings add to our understanding of
the difficulties that children with DCD appear to have with visually guided behaviour
and suggest the potential impact on one aspect of daily functioning that could have signif-
icant consequences.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Almost all animals that possess spatial vision exhibit avoidance responses to an object approaching on a direct collision
course. Collision avoidance is crucial to an animal’s survival and an appealing account of how humans and animals make
judgments of impending collision has come from Lee (1976), who proposed that the retinal expansion of an approaching
object is sufficient to prompt an appropriate behavioural response. His early work demonstrated that the time-to-
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passage1 (TTP) of an approaching object, a critical computation for both interceptive actions and collision avoidance, can be
determined by the ratio of its distance, z(t), and velocity v(t), which can be perceptually specified by the ratio of optic size
hðtÞ to the rate of looming _hðtÞ:

TTP ¼ zðtÞ
vðtÞ ¼

hðtÞ
_hðtÞ ¼ tau

The theoretical appeal of this ratio, which Lee (1976) termed tau, is that the information necessary for TTP judgments are
perceptually available without the need for higher order computations. Furthermore, the ecological perspective proposes
that the environment offers the observer opportunities for behaviour which are directly related to the observer’s action capa-
bilities (theory of affordances; Gibson, 1979). Therefore, to safely and efficiently navigate through complex and dynamic
environments, observers must choose actions and control their movement in a way that takes into account their locomotor
capabilities (Fajen & Matthis, 2011). For example, when catching a ball perception-action coupling requires the observer to
extrapolate environmental information relating to the ball’s perceptual invariants (spatial and temporal properties of the
ball’s arrival) in order to time and control the catching action (Van der Meer, van der Wee, Lee, Laing, & Lin, 1995). Of course,
the consequence of errors in perception-action coupling in the context of catching a ball carries a relatively low risk of fatal-
ity, this is not the case however in the context of road crossing.

In a road crossing situation, TTP must be judged in order to determine when an approaching vehicle will reach the obser-
ver; this informs the time available to cross without an observer needing to estimate environmental metrics such as distance
and velocity, which can be prone to considerable bias as the properties in the scene vary. For example, most distance cues
provide an indication of relative distance between objects in a scene, rather than a specification of actual (absolute) distance.
It is of course feasible that binocular cues could be used to judge the absolute distance of a vehicle approaching a pedestrian,
however, the utility of binocular information becomes negligible beyond distances of 10 m (Tresilian, Mon-Williams, & Kelly,
1999) and most approaching vehicles are beyond 50 mwhen the decision to cross the road is made. Onelcin and Alver (2015)
demonstrated that participants began crossing when the vehicle was beyond 75 mwhen the vehicle speed was above 30 km/
h. The identification of safe gaps between passing cars when crossing a road is a task most of us accomplish successfully on a
daily basis however, the ability to safely cross a road is a complex perception-action coupling task that contains two critical
components: 1) selecting a gap in a stream of traffic that affords crossing and 2) coordinating movement through this gap.
This requires the determination of the TTP with the planned crossing trajectory and assessment of whether this TTP exceeds
the time required to cross the road, taking into account one’s own locomotive speed. If a pedestrian over-estimates the gap
size or under-estimates their crossing time, an error will occur in their judgment as to whether the gap is large enough to
afford them a safe road crossing.

Decisions regarding when to cross the road are usually made by adults with children accompanying them (der Molen,
Hugo, Van den Herik, & Van der Klaauw, 1983) however children’s vulnerability at the roadside is highlighted by British acci-
dent statistics, which report that 27% of all pedestrians killed and seriously injured are children up to 15 years (Department
for Transport, 2014). Various studies have investigated the developmental trajectory of perception-action coupling in the
context of road crossing and overall the findings suggest that younger participants accept smaller temporal gaps compared
to older participants which has been attributed to variations in TTP estimates (Petzoldt, 2014). For example, Plumert,
Kearney, and Cremer (2007) examined children’s road crossing skills using a real-time bicycling simulator and found that
relative to adults, children’s gap choices were less well attuned to their road crossing behaviour, resulting in children and
adults choosing the same size gaps but the children ending up with less time to spare when they cleared the path of the
approaching car. Plumert, Kearney, Cremer, Recker, and Strutt (2011), Plumert and Kearney (2014) argue that perception-
action skills undergo a prolonged period of development when the task involves integrating self-motion with object motion.
A consistent finding across methodologies is that younger children show a limitation in selecting appropriate gaps in traffic.
For example, Velde, Kamp, and Savelsbergh (2008) recruited 5–12 year old children and adults and presented them with a
small-scale road. The task was to push a doll between two toy vehicles, which approached one after another. They found that
younger children (5–7 year olds) made fewer crossing attempts and collided more frequently (usually with the second vehi-
cle), consistently selecting inter-vehicle gaps that were beyond their action capabilities. In addition, these younger children
were less able to adjust their own movement speed to the speed of the approaching vehicles and tended to reach the
required movement speed late.

Using a different approach, Simpson, Johnston, and Richardson (2003) designed a virtual environment to investigate the
temporal gaps that 5–19 year old individuals accepted. There were two different types of trials: uniform speed, where all
vehicles in the traffic flow had the same speed, and uniform distance trials, where all vehicles in the traffic flow were sep-
arated by the same distance. They found that the youngest children (5–9 years of age) had the highest incidence of collisions
and/or tight fits and the oldest participants (19 years of age) the lowest incidence, as they had predicted. They did not find
age differences on any of the timing measures (e.g. crossing time); children as young as 5 years of age behaved in the same
way as participants over 19 years of age, even though it would take the 5 year olds longer to cross the road. Participants per-
formed the road crossing task better in the uniform speed trials than the uniform distance trials, suggesting that in general

1 Various terms exist for the description of when an object will reach or pass an observer, these include: time-to-contact; time-to-collision; time-to-passage;
time-to-arrival and time-to-coincidence. As this paper describes approaching objects that pass the observer, the term time-to-passage will be used.
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