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Prior research has shown contradictory results regarding the relationship between
physical performance and cognitive load, and a lack of task environment models to
compromise stability recovery. The objectives of this study were to assess influence of
multitasking involving locomotion and concurrent cognitive demands as well as
locomotor internal situation model formulation on proactive gait control for hazards.
Twenty-four participants navigated a virtual walking environment including
locomotion hazards (puddles, potholes). Three variables were manipulated, including
a-priori knowledge (three levels of training fidelity), navigation aid type (instruction-
based, map-based), and physical cueing (visual only, visual and physical). Significant
differences in weight acceptance force and centre of pressure slope suggest that higher
environment knowledge and lower cognitive load lead to greater proactive control.
Participants adopted a three-stride advance preparation strategy to accommodate
hazards. The experiment demonstrated accurate task environment knowledge and
situation processing to dictate gait control for hazards when performing concurrent
cognitive tasks.

Keywords: multitasking; cognitive performance; locomotion; slips and trips;
proactive gait control

Introduction

Literature review

Many prior research studies have identified substantial numbers of slip and fall-related

accidents in occupational and residential settings (Lin, Chiou, and Cohen 1995; Courtney

et al. 2001; Nenonen 2013; Yeoh, Lockhart, and Xuefang 2013). Related to this, slipping

has been shown to be the second largest source of unintentional mortality in the US. (Fin-

gerhut, Cox, and Warner 1998). Slips and trips result from intrinsic or extrinsic factors.

Extrinsic factors include the characteristics of walking surfaces, shoes, contaminants, ele-

vations, steepness of an incline, insufficient lighting, poor housekeeping, etc. (Gr€onqvist
1999; Leclercq 1999). With respect to intrinsic factors, research has shown that experi-

enced walker perceptions of surface slipperiness have significant positive correlations

with objective coefficient of friction (COF) measurements (Cohen and Cohen 1994a,

1994b; Gao and Abeysekera 2002; Hsu and Li 2010). The majority of prior slip and fall

research has focused on extrinsic factor investigation. Studying intrinsic factors during
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slip or trip hazard situations, such as accurate situation or mental model formation, is also

considered to be critical to understanding how people prevent falls and achieve recover-

able instability.

Human walking is produced by continuous loss and recovery of balance in the

plane of progression. The body leans forward to the limit of its stability causing the

centre of mass (COM) to move outside its base of support (BOS), which is recovered

by the forward stepping foot and propelled over the stable foot. The cycle continues

carrying the COM alternatively over the left and right legs to produce locomotion.

The direction and point of application of support forces provided by the ground, called

the centre of pressure (COP), are used to control the COM over the BOS. Patla et al.

(1999) found that higher COP slope (COP SLP), compared to baseline walking, is

indicative of control of foot landings in advance of encountering a locomotion hazard.

Weight acceptance force (WAF) is the peak force loaded on a limb during its contact

with the ground, generally with a heel strike. The magnitude of the WAF response pro-

vides an indication of the type of gait response, i.e. higher WAF during normal walk-

ing signifies a heel-to-toe walker, while lower WAF is indicative of a flat-footed

walker. Any deviation from the nominal range of WAF for a participant may be due to

voluntary control changes.

Trew and Everett (1997) found that human locomotion movements are normally auto-

matic in nature; that is, they can be considered subconscious in the cycle of human infor-

mation processing (Bailey 1989). Locomotion movements come under voluntary or

conscious control under special circumstances, such as a new ground conditions or pertur-

bations to gait. However, other studies have presented results contrary to the notion that

walking is an overly practiced automatic motor-control behaviour (e.g. Woollacott and

Shumway-Cook 2002; Kerr, Condon, and McDonald 1985; Ebersbach, Dimitrijevic, and

Poewe 1995; Lajoie et al. 1993). These studies indicate that locomotion is partially

dependent upon cognitive resources and that additional cognitive task loading may sub-

tract from resources available for gait control.

Locomotion is generally considered as a secondary task in situations like walking

and talking on a phone. Under such multitasking conditions with physical and cogni-

tive loads, some studies have shown reductions in attentional resources leading to poor

performance in either the primary or secondary task, or both (e.g. Brown, Shumway-

Cook, and Woollacott 1999). Some research has also shown that subjects tend to allo-

cate attentional (and, therefore, perceptual) resources to physical tasks first (e.g. stand-

ing or walking), and then to simultaneous cognitive tasks (e.g. Bloem et al. 2001;

Bollens et al. 2014). Other studies have found that allocating greater attention to loco-

motion behaviour can have a negative effect on secondary task performance (Gage

et al. 2003; Valerie, Janke, and Shumway-Cook 2010; Yogev-Seligmann et al. 2010).

Similarly, some research suggests that a moderate level of physical exertion may

increase concurrent cognitive task performance (Reilly and Smith 1986) while other

findings suggest that any increase in physical exertion degrades concurrent cognitive

task performance (Tomporowski 2003).

Poor performance in locomotion as a secondary task can also result in slight perturba-

tions in gait (e.g. slip or trip) or a total loss of stability (e.g. fall). Yoshikawa (2003) found

that as the complexity of a task increased (cognitive or physical), monitoring the state of

the task increased and interruptions in performance of the concurrent task were greater.

As long as a gait perturbation results in recoverable instability, it is of less concern; how-

ever, in situations in which combined cognitive and physical loads exceed attentional

resources, falls causing critical injuries or fatalities may occur.

274 M. Sheik-Nainar et al.
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Related to the above findings, there are some contradictory results on the relationship

between cognitive loading and physical task performance, in general. In a more recent

study, Yogev-Seligmann et al. (2013) assessed the effect of cognitive loading on standing,

cycling, and walking. Their results revealed that for young adults, performance on the two

motor tasks that involved bilateral coordination (cycling and walking) deteriorated signif-

icantly in response to the dual task condition (motor and cognitive loading), while stand-

ing was not impacted. These findings indicate that locomotion is vulnerable to cognitive

loading, in part, due to sensitivity of bilateral coordination of limb movements to effects

of dual tasking. The differences in interference between standing and walking are also

related to differences in processing stage demand. Walking requires information process-

ing; standing only involves compensation for internal disturbances. In general, studies

have shown that walking requires more attentional resources than sitting or standing (e.g.

Lajoie et al. 1993). Bardy and Laurent (1991) also observed that attentional demands

were greater during goal-directed walking (locomotion to a positional objective) than dur-

ing normal walking. On the basis of recent reviews, it also appears that cognition, execu-

tive function, and dual-task performance are highly associated with falls or fall

prevention (Amboni, Barone, and Hausdorff 2013; Hsu et al. 2012). However, Bohm

et al. (2012) found that increasing cognitive demand did not have an increasing negative

effect on predictive motor control during disturbed walking in young and old participants.

Qu (2013) also found that only physical load, and not cognitive load or the interaction of

the two, had significant effects on local dynamic stability. In another study, Li et al.

(2012) assessed whether age-related cognitive prioritisation would emerge by experimen-

tally manipulating cognitive task difficulty with concurrent physical task performance.

Their results showed that in older adults, cognitive task performance did not suffer under

dual-task conditions. Instead, dual tasking resulted in increased stride time, stride length,

and hamstring activity. However, young adults showed negligible dual-task costs in the

study domain.

Concerning recovering instability, and the potential for slips and falls, in locomotion,

there are three major physiological mechanisms that inform us of whole body balance

and assist in regaining balance and maintaining stable posture in the event of a perturba-

tion. These include the vestibular, proprioceptive and visual sensory systems. Some stud-

ies have shown that slipping can be attributed, in part, to discrepancy between a

locomotor’s internal situation model and reality; that is, a failure to evaluate the differen-

ces between the state of the environment and one’s internal model based on sensory

inputs or prior knowledge (Tisserand 1985; Courtney et al. 2013). For example, if the sur-

face has a lower COF with the walker’s shoe than he or she expects (i.e. a poor mental

model of the environment), the situation could lead to a slip, as the walker might not

make necessary gait adjustments to adapt to the slippery surface. Therefore, vision and

accurate perception are important for dealing with locomotion perturbations. However,

Pyykk€o, J€antti, and Aalto (1990) found that corrective responses to slips solely based on

vision are slower (120�200 ms), as compared to those of proprioceptive responses, which

occur between 60 and 140 ms. In addition, studies have found that visually guided, proac-

tive locomotion strategies depend on when and where in the step cycle a perturbation

occurs (Patla et al. 1991; Ambati et al. 2013). Vision also regulates step length and width,

walking velocity and orientation of limbs, etc., but cannot be relied upon as a sole means

of recovery from perturbation on account of its latency (Patla 1991; Matthis and

Fajen 2014).

Any incident of perturbation to locomotion is composed of two distinct parts �
events occurring before encountering the hazard and events occurring after

Theoretical Issues in Ergonomics Science 275
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experiencing the hazard. Related to this, it has been postulated that gait control strate-

gies can be proactive or reactive, based on a locomotor’s perception of the current

state of a walking environment and potential hazards to locomotion, as well as previ-

ous experiences in the specific, or a similar, environment (Patla 2003). Proactive gait

control is exhibited when the walker adjusts his or her gait in advance of a hazard to

reduce the disturbance of locomotion while reactive gait control strategies occur after

experiencing the tactile and proprioceptive forces indicative of the hazard and are

characterised by foot elevation and landing strategies. Sensory responses to events

before encountering the hazard are called proactive responses. Vision plays an impor-

tant role in proactive control. Proactive control mechanisms are considered anticipa-

tory or predictive in nature (Patla 2003).

Previous studies have also investigated the role of experience and accurate mental

model formulation associated with perturbations during locomotion (Patla et al. 1991;

Patla et al. 1999; Weerdesteyn et al. 2003). Patla et al. (1999) studied alternate foot place-

ment (i.e. decision making) during avoidance of obstacles in the locomotion path. In addi-

tion, Patla et al. (1991) studied avoidance success rate when subjects were aware or

unaware of the probability of a perturbation occurring at a certain place in the locomotion

path (i.e. knowledge of the probability of a perturbation resulted from a good mental

model of the environment and situation). Both studies found significant increases in suc-

cess in obstacle avoidance when subjects had prior knowledge of hazards. Some other

studies suggest that prior exposure to locomotion perturbations or knowledge of their

occurrence helps to develop suitable internal or ‘mental’ models of locomotion situations

and probable proactive/reactive strategies (e.g. Marigold and Patla 2002; Oliveira et al.

2012). For example, Pavol, Runtz, and Pai (2004) found that repeated exposure to slips

caused young and old subjects to adapt their proactive and reactive strategies to effec-

tively avoid and recover from slips. Related to this, other prior research has gone as far as

specifying the minimum time required for implementing most avoidance strategies. Mat-

this and Fajen (2014) offered that at least two step cycles are necessary for avoidance of a

perturbation in locomotion.

Summary of research and objectives

Prior research has indicated that higher cognitive resources are required to maintain pos-

tural balance and stability during multitasking involving locomotion (e.g. Bloem et al.

2001; Brown, Shumway-Cook, and Woollacott 1999). However, there are some contradic-

tory results on the relationship between cognitive loading and physical performance. In

addition, studies have investigated the contribution of different sensory systems, as well as

the integration of senses, for balance and posture (Vouriot et al. 2004). The visual system

has been found to be effective for detecting locomotion perturbations in advance hazard

exposure and for facilitating proactive gait control; however, proprioception, or faster than

visual sensory responses, may be necessary to deal with certain perturbations. Gait control

is a complex coordination of cognitive, sensory, and musculoskeletal systems. In order to

accurately coordinate these systems for control of balance, a locomotor must have an accu-

rate mental model of the surrounding environment and tasks. Such a model includes accu-

rate knowledge of the slipperiness of a floor surface and/or the probability of encountering

a locomotion perturbation in the path of progression. Thus, one has to perceive the changes

in the physical environment, comprehend the meaning of these changes to locomotion

behaviour and cognitive and physical workloads (tasks), project the implications of those

changes with respect to successful task performance, as well as maintain balance and
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stability. Regarding proactive control strategies, Gr€onqvist et al. (2001) pointed out that

lack of a ‘good’ mental model of the task and environment (e.g. slipperiness of the surface

or the relative risk of tripping over an object in the walker’s path) in locomotion could

undermine the ability to predict the likelihood of a perturbation and generate necessary

reactive steps for recovery. Knowledge of a situation and development of suitable mental

models may help locomotors to avoid or recover from perturbations.

The literature paints a complex picture regarding the interaction between cognition,

locomotion, and hazard accommodation strategies. However, a basic theoretical model

including individual characteristics, mental model accuracy, and gait control strategy can

be developed based on the findings to date. Regarding individual characteristics: innate

abilities, experience, and knowledge all contribute to the development of an accurate

mental model of the locomotion environment (through perception, comprehension, and

projection), driving the appropriate gait control mechanism for the specific locomotion

condition (e.g. a proactive control strategy). Therefore, gait strategy is considered to be

dependent on the accuracy of the mental model, which in turn is dependent on individual

characteristics.

Studies indicate that experience with a hazard and in an environment increases the

ability to avoid an obstacle (Patla et al. 1991; Patla et al. 1999; Pavol, Runtz, and Pai

2004). In regard to the independent variables manipulated in the current experiment, a-

priori knowledge of an environment may increase a walker’s ability to avoid an obstacle.

Regarding the effect of cognitive loading, Yogev-Seligmann et al. (2013) concluded that

cognitive load resulted in deteriorated walking performance and two reviews concluded

that dual-tasking was related to the occurrence of falls (Hsu et al. 2012; Amboni, Barone,

and Hausdorff 2013). Generally, this would lead us to suspect that cognitive task perfor-

mance, imposing a higher workload (such as the instruction-based navigation task as part

of the current experiment), would lead to degraded locomotion performance and

increased inability to avoid locomotion hazards vs. a task imposing lower cognitive load.

Finally, the existing research indicates that vision and proprioception are better for cor-

rective responses to hazards than vision alone (Pyykk€o, J€antti, and Aalto 1990; Matthis

and Fajen, 2014). This indicates that greater proactive gait control should be expected

when participants experience both visual and proprioceptive cues of hazards vs. visual

only cueing.

With this mind, one objective of the present study was to assess the influence of multi-

tasking involving cognitive performance during locomotion on the degree of proactive

control for perturbations. If locomotion is sensitive to simultaneous cognitive task load-

ing, then success in proactive control will be dictated by concurrent cognitive task

demands. Our intent was to provide further evidence towards resolving the contradictory

results in the literature regarding the potential sensitivity of gait control to cognitive

resource demand. An additional objective was to assess the relation of locomotor internal

situation model formulation, through perception, comprehension, and projection of envi-

ronmental states, and the occurrence of proactive gait control in response to locomotion

perturbations. We studied a multitasking situation posing spatial navigation requirements

along with presentation of visual and physical perturbations to locomotion. Visual and

physical cueing were manipulated with expectation of producing proactive gait control

similar to real-world situations and to reinforce participant mental models of locomotion

hazards. As described in more detail in the subsequent sections, operator mental model

formulation was evaluated by measuring situation awareness, which is made up of meas-

ures of perception, comprehension, and perception. This method has been used in several

prior empirical studies to evaluate operator mental models in complex multitasking
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scenarios (e.g. Endsley and Kaber 1999; Kaber and Endsley 2004; Zhang, Kaber, and

Hsiang 2010). In this study, locomotor mental model formulation of the environment for

the multitasking scenario was assessed using an established framework of cognition and

correlated with success rate in proactive control for perturbations.

Method

Participants

Twenty-four volunteers (12 male and 12 female) were recruited from the NCSU under-

graduate and graduate student populations for participation in the study. All participants

had uncorrected or corrected 20/20 vision. (The use of glasses or contact lenses did not

pose a conflict with the methods of visual stimuli presentation in the study.) The average

age of the sample of participants was 22.5 § 3.0 years (22.2 § 2.9 for male and 22.8 §
3.2 for female subjects). During the experiment, participants were instructed to walk at

their ‘normal’ pace. Average observed speed was 3.38 § 0.32 k/h (3.36 § 0.39 for males

and 3.40 § 0.26 for females).

Experiment set-up

In this experiment, we used the virtual reality locomotion interface (VRLI) previously

developed and validated for locomotion research by Sheik-Nainar and Kaber (2007). They

demonstrated ankle and knee angles in locomotion with the VRLI to be comparable to the

same angles in overground locomotion with identical perceptual stimuli presented to partic-

ipants. The set-up included a Kistler-Gaitway instrumented treadmill. A single force plate

was mounted beneath the belt of the treadmill. The plate contained eight piezoelectric

transducers that recorded ground reaction forces (GRFs) at a sampling frequency of

500 Hz. A 3.05 £ 3.05 metre rear projection screen was positioned approximately 1.5

meters in front of the treadmill belt for presentation of a virtual locomotion environment

(VLE) to participants. An InFocus stereoscopic projector was used to present stereo images

and to facilitate participant depth (binocular disparity) cues while walking on the treadmill.

Participants wore 3-D light-shutter goggles for viewing the stereo images. The goggles did

not obscure the lower visual field; Sheik-Nainar and Kaber (2007) found that obscuring

peripheral vision with the use of a head-mounted display significantly changed gait charac-

teristics as compared with overground walking. Participants also wore a ‘beanie cap’ with

an Ascension Technologies Motionstar sensor mounted on top in order to capture partici-

pant head movements and to direct the viewpoint in the VR simulation. A large wood can-

opy structure surrounded the treadmill and projection screen. This structure included a

participant suspension system. Participants donned a safety harness that was linked to the

canopy structure via high-tensile metal cables. The cables were normally slack unless a par-

ticipant fell while walking on the treadmill, in which case the cables became taut and sus-

pended the body above the treadmill belt. Lightweight rope leashes were also attached to

the ankles of participants via Velcro straps. The ropes released and recoiled from and into

lawnmower engine recoil units as the participant walked on the treadmill. The release and

recoil action of the recoil units could be locked in the early or late stages of a gait swing

phase, providing the capability to induce trips and slips of participants during locomotion.

Figure 1 shows a participant standing on the treadmill of the VRLI set-up (in front of the

rear projection screen) wearing the motion tracking beanie cap, light-shutter goggles, safety

harness, and ankle leashes.

278 M. Sheik-Nainar et al.
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Independent variables

The independent variables manipulated in the present study were selected to assess the

role of multitasking, including simultaneous cognitive task and locomotion performance,

on gait control as well as the relation of locomotor situation or mental model formulation

to proactive gait control for perturbations. The cognitive task posed to participants

required navigation through the VLE. The simulated environment was a suburban town

(modelled based on a real environment) with two-lane streets, sidewalks, crosswalks, nec-

essary street signage, and stop lights. The streets and sidewalks were populated with

pedestrians and vehicular traffic, respectively. The streets were lined with shopping

centres, city buildings, churches, and residential developments in some sections. The

number of items appearing in the VLE was selected in order to make the simulation

appear realistic. Four scenarios with different start and end locations along with different

routes were randomly assigned to participants for navigation in each trial. We presented

participants with different types of navigation aids (NT) that varied in the cognitive load

they pose for walkers. Second, we manipulated the level of participant a-priori knowledge

(AK). Finally, in order to evaluate the impact of multitasking and locomotor situation

models on proactive control, we presented various types of physical cues (PC) to locomo-

tion hazards.

Figure 1. VRLI set-up.
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Half of the participants followed instruction-based navigation (lists of directions)

while the remaining subjects performed map-based navigation of the VLE. Participants

in the map-based group could use only the map (which was presented for 10 seconds

upon request and then disappeared) to navigate, while the instruction-based group had

access to both the map and verbal instructions given to them at various points in the simu-

lation. Furthermore, the instruction-based condition required participant location report-

ing at every intersection in the VLE; whereas, the map condition did not require

reporting. For these reasons, it was expected that the instruction-based navigation would

impose a greater cognitive load on participants than map-based navigation.

The levels of the AK variable included no participant exposure to the VLE (low AK)

in advance of test trials, participant exposure to the VLE only (medium AK), and partici-

pant exposure to the VLE and a locomotion hazard (high AK). The ‘low a priori knowl-

edge’ group was trained in a VR presenting a rural neighbourhood with no buildings,

trees, pedestrians, etc. while the other two groups were trained in a VR that closely resem-

bled the suburban town environment used in the experiment trials, as shown in Figure 2.

The PC variable had two levels: present and not present. That is, in the ‘not present’ tri-

als, locomotion hazards were only presented by visual images in the VR scene without a

corresponding physical cue, or locking of the ankle leashes to induce a slip or trip, when a

participant encountered the hazard in the VLE. Trials including physical cues were

intended to represent real-world multitasking situations involving locomotion with pertur-

bation hazards (i.e. presence of both visual and proprioceptive forces associated with a

locomotion hazard). These trials were expected to provide evidence of predictive and adap-

tive gait control. Alternatively, trials presenting only visual cues were expected to provide

evidence of purely predictive gait control. Here it is important to note that the motion of

the treadmill belt was synchronised with the motion of the participant in the VLE; when

the belt moved, the first-person presentation of the VLE moved at exactly the same pace.

This set-up, along with the head-motion tracking, gave participants a strong sensation that

the VLE imagery was directly linked to their body and head movements.

Experiment design

The study followed a 2 £ 3 £ 2 mixed experiment design, based on the levels of the inde-

pendent variables; NT, AK, and PC. Both NT and AK were between-subjects variables

Figure 2. (a) Image of the low and (b) high fidelity VLEs.
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while PC was manipulated as a within-subjects variable. The AK manipulation varied the

degree of exposure and experience with the VLE and was expected to influence the devel-

opment of participant mental models of the environment. Since the navigation task per-

formance under the instruction-based and map-based navigation conditions was different,

the levels of AK were considered to be nested within the NT settings. Two types of loco-

motion perturbations, slips and trips, were posed during the navigation task. For the trip

‘hazard’, the visual cue was an image of a pothole and the physical cue was locking of an

ankle leash during the latter part of the swing phase of the right lower limb. For the slip

hazard, the visual cue was a puddle of water and the physical cue was locking of an ankle

leash during the early part of the swing phase of the right limb. Figure 3 presents close-up

images of the pothole and water puddle in the VLE.

Dependent variables

The dependent variables recorded in the study included gait parameters and measures of

participant situation awareness on the VLE. The gait parameters were selected to reveal

proactive gait control in response to perception (visual or proprioceptive) of locomotion

hazards and included: WAF and COP SLP (described in more detail in the introduction).

The WAF is a GRF measuring the transfer of body weight to a leg/foot making contact

with the ground. The COP SLP is a linear regression line fitted to the x-y position of the

foot on the treadmill belt during test trials and it was calculated for each step.

In order to assess locomotor mental model formulation, participant situation aware-

ness (i.e. perception, comprehension, and projection of system states) was measured using

the Situation Awareness Global Assessment Technique (SAGAT; Endsley 1995).

SAGAT has been used in previous research to assess mental model formulation, and out-

comes of SAGAT have been correlated with performance in other multitasking scenarios

(e.g. Kaber et al. 2012; Ma and Kaber 2007). In this way, the accuracy of operator recog-

nition of states of the locomotion environment, relation of states to navigation objectives,

and predictions of future conditions along a route, could be assessed and related to the

gait control parameters indicating control strategies. The SAGAT methodology involves

posing situation awareness queries to participants during task performance. Some studies

have used a simulation freeze technique to deliver queries (Endsley and Kaber 1999);

Figure 3. (a) Image of a pothole and (b) water puddle used in the test VLE.
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however, in order to prevent performance disruptions in the present study, we verbally

queried participants while they were walking and navigating the VLE. The queries were

phrased in a manner to elicit close-ended or brief responses (e.g. yes/no) from partici-

pants. In turn, the participants verbally responded to queries. In this study, we posed nine

different queries in each test trial. The trials were approximately five minutes in duration

so queries occurred roughly every 30 s. The types of queries and the locations of presenta-

tion (in relation to the task VLE) were identified in advance, as part of the scripting for

each scenario. Example queries included, ‘What was the last intersection you passed?’,

‘What was the last turn you made?’, ‘What will be your next turn?’, and ‘How long do

you think it will take to reach your destination?’ An experimenter recorded all participant

responses. The ground truth of the simulation was also recorded at the time of a query.

The average query response accuracy (QRA) was determined for each participant in each

trial by comparing responses with the simulation ground truth. A query response was

either correct or incorrect. The QRA response ranged from 0% to 100%.

Procedure

Upon arrival at the laboratory, participants were randomly assigned to NT and AK condi-

tions. They were given an overview of the experiment and the specific procedures to be

followed. They were presented with an informed consent form and provided a signature.

Anthropometric data were recorded, including gender, age, height, and weight. An exper-

imenter then helped the participants don the body harness and they were permitted to

walk on the treadmill for 10 minutes. After this initial warm-up, participants continued

walking on the treadmill for another five minutes with the ankle leashes attached to the

recoil units. Once participants became accustomed to wearing the ankle leashes, they

were presented with the procedure related to the VLE. They were initially required to

complete the simulator sickness questionnaire (SSQ; Kennedy et al. 1993) in order for us

to capture baseline ratings of disorientation, nausea, and oculomotor-disturbances. Subse-

quently, they donned the beanie cap with the integrated head-motion tracking sensor and

light-shutter goggles for 3D viewing of the simulation.

Following the VRLI familiarisation, participants were trained in the navigation task.

The VLE to which they were exposed depended on the AK group assignment. Before per-

forming the training trial, participants assigned to the map-based navigation group were

provided with a map of the VLE (Figure 4 shows an example) and time to become

acquainted with the defined walking route. Those assigned to the instruction-based navi-

gation group were trained on self-reporting of location and receiving online navigation

instructions. Participants belonging to the high AK group were cautioned on the possibil-

ity of virtual locomotion hazards appearing during the training trial and were exposed to

one trip perturbation with physical cueing administered through locking of an ankle leash

in the late swing phase, which lasted for approximately 200�300 milliseconds. After the

training session, participants completed another SSQ in order to determine if any simula-

tor sickness symptoms had developed. The survey was followed by a five-minute break.

All participants were provided with instructions for the experiment test trials, specifi-

cally the possibility of locomotion hazards occurring in the VLE with or without an

accompanying physical perturbation. They were advised to exercise caution in walking

as they would in a real-life situation. Each participant completed two test trials under the

identified conditions of visual cueing of perturbations and combined visual and physical

cueing. Each test trial included one slip and one trip perturbation and the order of
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presentation was balanced across the test trials. Before performing a trial, participants

were given the map of the test VLE with the predefined navigation route marked from

start to finish. Figure 4 shows one of the four different routes (from Turner St. to Model

St. to Market St., etc.) followed during the test trials. Each route took approximately five

minutes to walk. Participants were provided with another five-minute break at the end of

the second test trial. After completing the fourth trial, participants filled-out another SSQ

and were debriefed on the objectives of the study. The entire experiment was conducted

in one session and took approximately two hours to complete. Participants who success-

fully completed the experiment received $20 for their time.

Hypotheses

We organised the research hypotheses according to the different types of response meas-

ures recorded during the test trials (i.e. WAF, COP SLP, and QRA). The hypotheses are

also related to the expectations identified in the experiment design section.

Marigold and Patla (2002) offered that any prior knowledge about a locomotion haz-

ard, such as surface slipperiness, helps in terms of proactive control by decreasing foot

angles and increasing foot contact areas with flat foot landings (i.e. accommodating for

hazard negotiation). Therefore, a lower WAF equates to a higher degree of proactive gait

control. On the basis of the literature, the following hypotheses were formulated:

Hypothesis (H) 1.1 � The WAF was expected to be greater for the lower AK group.

Similarly, the higher AK group was expected to exhibit a higher degree of proactive gait

control (lower WAF).

Figure 4. Example of VLE map and navigation route.
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H1.2 � Due to the instruction-based navigation condition placing a greater demand on

attentional resources and potentially reducing locomotor situation awareness, less proac-

tive control or higher WAF was expected for the instruction group than the map-based

navigation participants. Similarly, the map-based condition (reducing the cognitive

demands of the navigation task) was expected to result in a higher degree of proactive

gait control (lower WAF values).

H1.3 � The VC condition was also expected to be associated with lower proactive

gait control or higher WAF than the VPC trials, which provided greater realism in terms

of presentation of the locomotion hazard.

Other prior research (Patla et al. 1999) has shown that higher COP SLP is indicative of

control for foot landings due to the presence of an impending hazard. Under these circum-

stances, the locomotion task becomes conscious and may demand greater attention than the

simultaneous cognitive (navigation) task performance. A voluntary response of this nature

is indicative of an avoidance strategy, which is a form of proactive gait control (Patla et al.

1999). On the basis of this literature, the following hypotheses were formulated:

H2.1 � The COP SLP was expected to be greater for the high AK group. The higher

AK group was expected to allocate greater attention to locomotion when approaching a

perturbation.

H2.2 � Due to lower cognitive demands of the map-based navigation condition, the

map group was expected to exhibit larger SLPs than the instruction-based group. The

map-based condition was expected to allow for greater attention to locomotion approach-

ing a perturbation as compared to instruction-based condition.

H2.3 � Due to the realism of the VPC condition, participants were expected to exhibit

greater SLP responses than in VC trials. The addition of physical cues was expected to

result in greater attention allocation to locomotion hazards as compared to visual cueing

alone.

Prior research on situation awareness in multitasking scenarios has shown positive

correlations with performance, including task accuracy (Zhang, Kaber, and Hsiang 2010).

This association is dependent upon human ability to perceive, comprehend, and project

states of the task environment. On the basis of the literature, the following hypotheses

were formulated:

H3.1 � Greater QRA was expected to be associated with greater AK of the VLE.

H3.2 � The QRA was expected to be greater for the map-based navigation group,

experiencing lower cognitive demands in the navigation, than the instruction-based

group. The map-based condition was expected to facilitate greater situation awareness for

the navigation task than the instruction-based condition.

H3.3 � Due to the VPC condition drawing additional attention to locomotion hazards,

the QRA for the VPC trials was expected to be lower than in the VC trials. The addition of

the physical to visual cues was expected to result in less attentional resources for the cog-

nitive (navigation) task and, consequently, a decrease in participant situation awareness.

Finally, it was hypothesised (H4) that greater AK of the VLE and situation awareness

(QRA) during the navigation task would be associated with greater proactive gait control,

as indicated by lower WAF and/or higher SLP.

Results

Data analyses

A preliminary data analysis did not reveal an effect of the type of perturbation (i.e. trip or

slip) on the various response measures. Participants had no prior expectation of the type
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of perturbation to be presented in a trial until they experienced the first perturbation. In

general, it was expected that subjects would exhibit greater proactive control in encoun-

tering a second perturbation, particularly under the VPC condition. Consequently the full

data analysis only considered those WAF and SLP observations recorded on the second

perturbation in the first test trial and subsequent perturbations in additional trials. This

approach was taken to promote the sensitivity of the analysis and hypothesis testing for

differences among the physical cueing conditions.

Towards the completion of participant training in the navigation task, walking force

profiles were captured using the Kistler Gaitway treadmill. Participants walked under nomi-

nal conditions, i.e. no perturbations to locomotion, for a period of 20s. The distribution of

forces during multiple gait cycles was determined and used as a basis for normalising all

WAF and SLP observations recorded during experiment trials. The test observations were

compared with the baseline distribution and expressed as z-scores. This approach yielded a

normalised data-set useful for comparisons of conditions across participants.

Based on the experiment design, expected mean square rules were used for defining

pseudo F-tests to estimate the main effects of NT and AK since the test trial conditions

were not replicated. To examine any effects of NT, AK, and PC on participant situation

awareness QRA, a total accuracy score was computed for each test trial and used in the

analysis. With respect to the predicted relation of navigation task knowledge and situation

awareness with the occurrence of proactive control of gait in responding to perturbations,

Pearson’s product moment correlation coefficients were calculated on the QRA and the

WAF and SLP variables for each of five strides directly preceding participant negotiation

of a locomotion hazard (pothole, puddle). The r-values from the correlation analyses

were used as inputs to an Analysis of Variance (ANOVA) to identify any mediating

effects of the independent variables. All post hoc comparisons were conducted using

Duncan’s Multiple Range (DMR) test with an alpha criterion of 0.05. ‘Participant’ was

used as a blocking variable in all ANOVAs and accounted for additional response vari-

ability attributable to individual differences.

Weight acceptance force

An ANOVA on WAF revealed significant main effects of PC (F(1,336) D 7.50; p < 0.05)

and trial order (F(1,336) D 10.23; p < 0.05), another predictor variable included in the

ANOVA models. The analysis also revealed a significant three-way interaction between

NT, AK, and PC (F(2,336) D 6.37; p < 0.05). The absence of physical cueing (mean D
0.089; SE D 0.14) produced higher WAF, as evidenced by higher z-scores, compared to

trials that included physical cueing (mean D �0.250; SE D 0.17). The significant trial

order effect revealed significantly greater WAF for the first hazard exposure than for sub-

sequent exposures. As shown in the left panel of Figure 5, participants in the map-based

navigation group exhibited a trend of decreasing WAF with greater AK and this trend

was more pronounced when participants were exposed to physical cues compared with

visual only cues. For the instruction-based group (see the right panel of Figure 5), DMR

tests revealed significantly greater sensitivity of low and medium AK groups to the pres-

ence of physical cueing than the high AK group.

Centre of pressure slope

An ANOVA on COP SLP z-scores revealed a significant three-way interaction between NT,

AK, and PC. Similar to theWAF results, the left panel of Figure 6 reveals an increasing trend
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in SLP as AK increased for the map-based navigation group, particularly in the absence of

physical cueing. For the instruction-based group, there was a decrease in COP SLP with the

exception of the medium AK group with no physical cues. This group exhibited the largest

COP SLP response of all of the groups (see the right panel of Figure 6).

Navigation task query response accuracy

An ANOVA on the QRA revealed a significant two-way interaction between NT and the

level of locomotor cognitive processing (F(2,231) D 3.84; p < 0.05) for achieving

Figure 5. WAF z-scores plotted against AK levels for each navigation condition under each PC
condition (lower values equate to greater proactive control).

Figure 6. SLP z-scores plotted against AK for each PC condition under each navigation condition
(higher values equate to greater proactive control).
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situation awareness (i.e. perception, comprehension, and projection). Further analysis of

the two-way interaction using DMR tests indicated that there was a significant difference

(p < 0.05) between the mean QRA in achieving comprehension of VLE states under

instruction-based navigation (mean D 63.271; SE D 4.14) vs. projection of task environ-

ment states (mean D 48.234; SE D 4.30). Figure 7 provides a graphical representation of

the two-way interaction between NT and the level of cognitive processing. It can be

observed that the trend of QRA in perceiving and comprehending the VLE was higher

under instruction-based navigation than map-based navigation. However, with respect to

projection of VLE states, it can be observed that map-based navigation (mean D 61.854;

SE D 3.73) resulted in higher QRA than instruction-based navigation (mean D 48.234;

SE D 4.30). This suggests that instruction-based navigation may support operational and

tactical behaviours in locomotion whereas map-based navigation may better support stra-

tegic behaviour. (We say more about the influence of the NTs on the gait and cognitive

performance responses in Discussion section.)

Correlations

As previously mentioned, correlations of the QRAwithWAF and SLP responses were exam-

ined using Pearson coefficients. The Pearson correlation coefficient values were used as

inputs to an ANOVA to identify any mediating effects of the controlled manipulations (e.g.

NT and AK) on the role of locomotor cognition in gait control. An ANOVA on the r-values

between QRA and WAF revealed significant main effects due to NT, AK, and the number of

the STRIDE preceding a perturbation. All two-way and three-way interactions included in

the statistical model also proved to be significant, save AK�STRIDE, which was marginally

significant (p< 0.10). Table 1 shows the ANOVA results for all terms assessed in the model.

Figure 7. Cognitive processing level plotted against query response accuracy.

Theoretical Issues in Ergonomics Science 287

D
ow

nl
oa

de
d 

by
 [

N
or

th
 C

ar
ol

in
a 

St
at

e 
U

ni
ve

rs
ity

] 
at

 1
9:

19
 2

9 
A

pr
il 

20
15

 



Further analysis of the two-way interaction between NT and PC showed that the pres-

ence of physical cues under instruction-based navigation produced significantly higher

(p < 0.05) r-values (stronger relation of cognition with gait control; mean D 0.2; SE D
0.12) as compared to the physical cue trials under map-based navigation (mean D �0.44;

SE D 0.08). Similar negative mean r-values were observed for the no-physical-cues con-

dition under both map-based and instruction-based navigation. In general, the NT�PC
interaction revealed a stronger correlation between cognition and gait control in the pres-

ence of physical cues as compared to the absence of cues. The significant effect of physi-

cal cueing was also evident in the AK�PC interaction, which showed that the mean

correlation under physical cueing with low AK (mean D 0.03; SE D 0.15) was signifi-

cantly higher (p < 0.05) as compared to all other conditions, which had negative

correlations.

The two-way interaction involving NT and STRIDE was highly significant. Further

analysis using DMR tests revealed that mean r-values at four strides before perturbation

occurrence under instruction-based navigation were significantly higher (range of 0.05 §
0.4) from those observed for at three strides (mean D �0.56; SE D 0.15) and one stride

(mean D �0.54; SE D 0.11) before a perturbation under the map-based condition (p <

0.05). Figure 8 shows mean r-values for the strides leading up to perturbations across the

map-based and instruction-based navigation conditions. In general, it can be observed

from the plot that the task-knowledge mediation of the WAF response was higher under

map-based navigation as compared to instruction-based navigation. Specifically, under

map-based navigation, mean r-values at three strides and one stride before a perturbation

were higher than the other strides for the map-based group. This data suggests that there

might have been groups of participants following advance preparation strategies at one

and three strides before reaching a hazard. This finding is related to Matthis and Fajen’s

(2014) observation of at least two gait cycles being necessary for hazard avoidance.

An ANOVA on the correlation between the degree of comprehension and SLP

showed a significant main effect due to PC (F(1,24) D 4.36; p < 0.05) and a marginally

significant main effect due to STRIDE number (F(4,24) D 2.57; p < 0.10). The ANOVA

indicated that mean r-values in the absence of visual cueing (mean D �0.07; SE D 0.07)

were significantly lower than the physical cue trials (mean D 0.15; SE D 0.08). Post hoc

tests on STRIDE number revealed the linear association between comprehension of VLE

Table 1. ANOVA results for IV effects on QRA and WAF correlations across five strides preced-
ing a hazard.

IV F-value p-value

NT F(1,20) D 12.46 p < 0.05

AK(NT) F(4,20) D 4.04 p < 0.05

PC F(1,20) D 0.25 p > 0.05

STRIDE F(4,20) D 2.86 p D 0.05

NT�PC F(1,20) D 8.87 p < 0.05

AK�PC F(2,20) D 4.00 p < 0.05

NT�STRIDE F(4,20) D 4.25 p < 0.05

AK�STRIDE F(8,20) D 2.07 p < 0.10

NT�AK�PC F(2,20) D 3.90 p < 0.05

NT�AK�STRIDE F(6,20) D 2.71 p < 0.05
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states and SLP to positive and significantly greater (p< 0.05) at one, two and three strides

before a perturbation, as compared to four and five strides before the perturbation, which

yielded negative associations of QRA and COP SLP. Figure 9 shows the mean r-values

for the strides leading up to perturbation.

Discussion

Based on the results of the statistical analyses, there was a complex interaction of partici-

pant AK and PC on gait responses in multitasking involving locomotion. Furthermore,

QRA or situation awareness in the navigation task appeared to play a mediating role in

the degree of proactive preparation for locomotion perturbations in strides leading up to

participants encountering a virtual hazard.

Weight acceptance force

It was expected that participants exhibiting proactive gait control would either accommo-

date for hazards with shorter, flatter steps (increased impedance) or avoid hazards by step-

ping over them with a long step preceded by a few shorter steps for preparation of a

‘leap’. On this basis, H1.1 posited that WAF would decrease as AK increased, i.e. WAF

would decrease as knowledge of the hazard increased. There was no significant main

effect of AK or any two-way interaction involving AK on the WAF response; however,

the significant three-way interaction between AK, NT, and PC revealed significant differ-

ences in the WAF response among low AK and no physical cueing and high AK and

Figure 8. SAT correlation with WAF for strides leading up to perturbation across NT (lower val-
ues equate to greater awareness and control).
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physical cueing conditions during map-based navigation. These conditions can be consid-

ered extremes of one another in the range of conditions examined in the experiment. No

prior knowledge on the task environment, combined with lower perceived risk of hazards

under no physical cueing produced the highest mean WAF response compared to map-

based navigation with high prior knowledge of the task environment and physical cueing.

Plots on map-based navigation performance revealed the response to decrease steadily

from the low AK to high AK conditions for both no-physical-cueing and physical cueing

conditions. All of these findings were in support of our hypothesis and suggest that the

higher-fidelity training trials facilitated formulation of more accurate mental models of

the environment, allowing walkers to exercise proactive gait strategies when approaching

a locomotion perturbation.

Further support for the notion that prior experience effects proactive gait control was

found with the significant trial order main effect. It was observed that WAF responses

during the second trial involving visual cueing were significantly lower than those in the

second trial, indicating that previous experience with, or knowledge of, the visual charac-

teristics of the locomotion hazard increased proactive gait control when similar hazards

were encountered at a later time. It is interesting to note that the mean WAF z-scores for

the second trials were lower than the mean of the baseline WAF distribution, indicating

that in the five strides leading up to a perturbation, participants exhibited a WAF response

lower than in normal walking. On the other hand, when they were not aware of the nature

or features of a locomotion hazard (i.e. in their first exposure), participants exhibited

WAF responses which were higher than in normal walking, as evidenced by positive

Figure 9. Correlation between degree of comprehension and SLP in strides leading up to perturba-
tion (higher values equate to greater awareness and control).
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WAF z-scores. This result also supports the role of prior experience in forming an accu-

rate mental model of the environment and hazards, as evidenced by walker proactive gait

strategy.

Hypothesis 1.2 stated that WAF would be greater for instruction-based navigation

than for map-based navigation, suggesting that the use of map-based navigation would

be associated with a more proactive gait strategy due to the lower loads imposed by

the map-based navigation task. There was no significant main effect of NT or any

two-way interactions containing the NT variable. In general, the significant three-way

interaction revealed that WAF decreased as AK increased under map-based naviga-

tion, supporting H1.2 for high AK but refuting the hypothesis for medium and low

AK. However, the WAF response during instruction-based navigation was mixed. It is

possible that the cognitive workload posed by the location reporting task might have

pushed attentional capacity limits for some participants leading to mixed outcomes

and reducing the sensitivity of analyses on the manipulation. Bloem et al. (2001) pre-

viously concluded that participants exhibited a higher precedence of attention alloca-

tion to physical tasks (i.e. walking), as compared to cognitive tasks. In the present

experiment, the use of the treadmill did not permit participants to slow down or stop

walking in order to further concentrate on the cognitive task, and they could not

completely ignore the location reporting task, as their responses were required to

receive additional navigation instructions. This set of circumstances could have led to

intense cognitive resource competition. It is also possible that some participants devel-

oped a superior strategy for managing allocation of resources between the locomotion

and navigation tasks. It should also be noted that the sense of heading direction and

navigation is a skill that is highly susceptible to individual differences (Brou and

Doane 2003). Hypothesis 1.2 was supported under some conditions of the present

study (e.g. map-based navigation at high AK) but was refuted by the results on the

majority of conditions. It appeared that the combination of high AK and the lower cog-

nitive resource requirements of the map-based navigation task facilitated accurate

mental model formulation, leading to proactive gait control.

Hypothesis 1.3 posited that WAF would be lower under physical cueing as compared

to the absence of physical perturbation cues. The PC main effect on the WAF response

indicated that participants walked less cautiously under the absence of physical cueing

condition with significantly higher WAF z-scores, as compared to trials with physical cue-

ing, supporting H1.3. The presence of physical cueing along with visual presentation of

the locomotion hazard may have increased the perceived severity of the hazard, possibly

causing participants to be more cautious in the strides leading up to subsequent perturba-

tions and forming more accurate mental models. Information regarding the severity of a

perturbation is dependent on accurate identification of the hazard, which might also

depend on perception of surrounding environmental cues. This situation emphasises the

need for accurate knowledge and understanding of a locomotion environment (i.e. H1.1),

particularly when performing concurrent cognitive tasks.

Centre of pressure slope

H2.1 stated that SLP would increase with increasing AK. The higher AK group was

expected to allocate greater attention to locomotion when approaching a perturbation as a

result of more accurate mental models of the environment and hazard conditions. There

was no significant effect of AK or a significant two-way interaction containing AK on

SLP. Through the three-way interaction, it was revealed that higher SLP z-scores
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occurred with medium and high AK under map-based navigation, supporting the hypothe-

sis. However, results on the instruction-based navigation condition refuted the hypothesis,

suggesting that there was a higher level of cognitive workload under the instruction-based

condition, possibly preventing participants from devoting attentional resources to loco-

motion when approaching a perturbation.

Hypothesis 2.2 posited that SLP would be higher under map-based than under instruc-

tion-based navigation. As with AK, there was no significant effect of NT or a significant

two-way interaction containing NT on SLP. In general, results of the three-way interac-

tion were mixed; under high and medium AK, the hypothesis was supported, but not

under low AK. It is likely that under the high and medium conditions, participants became

familiar enough with the task and VLE that they could devote greater attention to locomo-

tion under map-based navigation; however, as suggested above, any effect of the higher

levels of AK might have been moderated by cognitive workload associated with the

instruction-based navigation location reporting task.

Hypothesis 2.3 stated that SLP would be greater when trials included physical pertur-

bation cues, as compared to trials that did not include physical cueing. Physical cues of

perturbations were expected to lead to more accurate mental models of hazards than

visual only cueing and to cause greater attention to locomotion than visual only cueing.

There was no significant main effect of NT or a significant two-way interaction contain-

ing NT on SLP. The significant three-way interaction revealed that across all levels of NT

and AK, SLP in the absence of physical cueing was greater than in the presence of physi-

cal cueing. This finding was counter to our expectation. Results revealed the lack of phys-

ical cues to reduce otherwise high attention allocation to locomotion under map-based

navigation. It is possible that, as a result of participants being unaware of the actual sever-

ity of perturbations when no physical cues were presented, they overestimated severity

and made excessive gait control adjustments. On the other hand, when physical cues were

presented, participants knew the degree of perturbation severity and adjusted their gait

accordingly.

Navigation task query response accuracy

Hypothesis 3.1 posited that higher AK would be associated with higher QRA. Simi-

larly, H3.3 posited that QRA would be higher in the absence of visual cues than in the

presence of visual cues. There was no significant effect of either the AK variable or

the PC variable on QRA, refuting both hypotheses. Since the three training sessions

did not provide preparation for the navigation task (i.e. the sessions focused on famili-

arisation with the VLE and perturbations), it is possible that all participants were at

the same level of awareness when it came to navigating through the simulated environ-

ment. Similarly, it is possible that the visual image of a locomotion hazard alone was

enough to affect QRA; that is, the physical perturbation did not affect knowledge and

understanding of the navigation task.

Hypothesis 3.2, which stated that QRA would be higher under map-based than under

instruction-based navigation, was supported for queries measuring the ability to project

future states of the VLE, but not for queries measuring perception or comprehension, as

evidenced by the significant two-way interaction between NT and level of processing.

(The main effect of NT on QRA was not significant.) It is possible that the location-

reporting task as part of instruction-based navigation task focused participant attention on

perceiving and comprehending cues from the environment, significantly impairing their

ability to project future events.
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Navigation task query score and proactive gait control

Hypothesis 4 posited that higher navigation task knowledge, as indicated by higher QRA,

would positively impact proactive gait control. A significant two-way interaction between

NT and the STRIDE before a locomotion hazard indicated an association between task

knowledge and WAF (across strides) for map-based navigation, but not for instruction-

based navigation. Under map-based navigation, higher negative associations for strides 1-

3 suggested that participants adopted a 1-3 stride advance strategy for proactive prepara-

tion for locomotion hazards. This observation was in line with previous research (e.g.

Patla et al. 1999; Matthis and Fajen 2014). For the instruction-based group, there was no

clear three-stride or one-stride strategy indicated by the lack of an increasing or decreas-

ing trend of the mean r-values presented in Figure 8. The variability in the correlation

between QRA and WAF during those strides was high, indicating that some participants

may have exhibited proactive preparation for hazards.

The correlation between SLP and QRA focusing on participant comprehension of

the VLE revealed mediating effects of PC and STRIDE. As shown by the main effect

of PC, the strength of association of VLE comprehension and SLP was lower when

there was no physical cueing compared to trials that included physical cueing, indicat-

ing participants exhibited greater proactive gait control when they had higher compre-

hension of states of the environment, which was facilitated by presentation of physical

perturbation cues. Related to this, the association of VLE comprehension and SLP

revealed a linear increase across the five strides leading-up to a perturbation, shown

by the marginally significant effect of stride and presented in Figure 9. The last two

strides before a perturbation revealed a significantly higher association between VLE

comprehension and SLP, indicative of greater proactive control for locomotion

hazards.

Conclusions

The primary objective of this research was to assess the influence of multitasking

involving cognitive performance (a navigation task) during locomotion on the degree

of proactive control for perturbations. A second objective was to assess the relation of

locomotor internal situation model formulation and the occurrence of proactive con-

trol. The independent variable manipulations were designed to address these objec-

tives. Specifically, the NT involved manipulating the degree of cognitive assistance or

locomotor workload in the navigation task and the AK condition manipulated partici-

pant familiarity with the VLE. Based on the results, gait behaviour was affected by the

combination of NT and AK as well as the type of PC. In general, more accurate mental

model formulation, which was facilitated by higher fidelity training (a priori knowl-

edge), and repeated exposure to hazards (trial order) led walkers to develop proactive

gait strategies. Including physical perturbation cues in training and testing increased

the realism of the task scenario and presented forces at appendages allowing walkers

to make more accurate predictions of hazard severity. This situation was particularly

true for lower cognitive loads (i.e. map-based navigation) as the higher cognitive

loads, associated with the instruction-based navigation task, interfered with mental

model formulation. Overall, the significant results of the independent variable manipu-

lations provide a link among (1) the ability to form accurate mental models of an envi-

ronment and its hazards, (2) cognitive loading, and (3) adoption of proactive gait

strategies.
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Measurement of situation awareness QRA through the real-time probing technique

was used to assess three levels of participant cognitive processing, including perception,

comprehension, and projection of VLE states. The correlation analyses on task knowl-

edge and gait responses assessed linkages between the levels of cognitive processing and

the occurrence of proactive gait control. The linear association of QRA and WAF pro-

vided evidence supporting higher navigation task knowledge/understanding (in general)

leading to higher proactive control. Other links were found between participant compre-

hension of the locomotion environment and proactive gait control. In general, the experi-

ment demonstrated that accurate task knowledge and situation processing are required for

gait control for locomotion hazards when performing concurrent cognitive tasks. Further-

more, the data analysis revealed that participants might have followed a three-stride

advance preparation strategy for accommodating hazards and a one-stride advance prepa-

ration strategy for avoiding hazards. Participants appeared to develop greater proactive

control when their comprehension of environmental cues increased, particularly in the

last two strides prior to encountering a perturbation. Overall, these results shed light on

the relationship between cognitive states and gait control strategies and can be used to

assess how workers, who walk on a variety of different surfaces and encounter a wide

variety of locomotion hazards, accommodate for hazards when under concurrent cogni-

tive loads.

One limitation of the present research was the lack of participant control of their walk-

ing speed. In order to record the various gait response measure, participants needed to

roughly maintain a position near the centre of the treadmill belt during the locomotion tri-

als. If participants foot strikes did not land at or near the center of the treadmill belt, there

would be a loss of data and potential compromise in statistical analysis of proactive gait

responses. Since participants were required to maintain a defined pace in the test trials,

this also prevented assessment of navigation and locomotion performance in terms of

time-to-task completion. Beyond this limitation, it is possible that the verbal nature of the

situation awareness queries interfered with the navigation task performance, particularly

for participants under the instruction-based navigation condition.

Related to these limitations, future work should focus on predictive and reactive gait

control strategies in response to locomotion hazards under multitasking scenarios. Kine-

matic and electromyography data should be collected, which may provide additional evi-

dence of specific strategies that are adopted for hazards accommodation and avoidance.

Finally, eye-tracking data could be collected, in order to identify exactly what informa-

tion a locomotor perceives during navigation task performance. Such a response measure

might provide objective evidence of participant situation awareness in a locomotion sce-

nario with high cognitive load.
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