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Abstract 

Two experiments were conducted to investigate the notion that working memory is fractionated 

into visual and spatial components by demonstrating that a motion discrimination task selectively 

interferes with the spatial component. Also, because the motion cues used in the motion 

discrimination task were similar to those used in flight simulators, an attempt was made to 

further understand which aspects of working memory are required to monitor those motion cues. 

These experiments examined participants’ ability to remember either the location or the 

appearance of visual stimuli while concurrently discriminating between left/right motion cues 

produced by a motion seat. Motion cues occurred either during stimulus encoding (E1) or 

retention (E2) of the visual stimuli. The ability to remember the location of visual stimuli was 

significantly impaired by motion cues presented during either encoding or retention. In contrast, 

the motion cues did not interfere with memory for the stimulus’ appearance. This study supports 

the multi-component model of working memory and the notion that encoding/retention of 

location and appearance information is served by separable mechanisms in working memory. 

The finding that there is a cognitive cost of processing of visual-spatial information while 

interpreting motion cues, highlights the importance of including some form of motion cueing in 

flight simulators to more accurately represent the true mental demands of dynamic flight. 
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Introduction 

Flight simulators are used extensively in the aviation industry to train pilots. Simulator 

technologies have evolved to include a range of training systems from part-task trainers to full 

flight, Level D simulators. Part-task trainers are reproductions of specific panels and functional 

components of the flight deck. Part-task trainers are used for procedural training and 

familiarization with flight instruments. In contrast, Level D full flight simulators are the highest-

rated class of simulators and they must include an exact reproduction of the simulated aircraft’s 

flight deck, advanced visuals, realistic sound, and a six-degree-of-freedom (6-DOF) motion 

system (Federal Aviation Administration, 2013). Used in the context of a full training program, 

flight time accumulated in a Level D simulator can be logged as flight hours equivalent to those 

gained in the actual aircraft. One key requirement of a Level D simulator is that it must simulate 

an aircraft’s motion. The objective of the present research was to examine the role of spatial 

working memory in perceiving and responding motion cues. 

The requirement to include motion in Level D simulators is based on the assumption that 

to maximize training, motion information that is perceived by pilots when flying a real aircraft 

must also be presented during simulated flight (Burki-Cohen, Soja, & Longridge, 1998).  

Including motion in a flight simulator is costly and complex.  Simulating motion involves the use 

of 6-DOF systems that use pitch, roll, yaw, and vertical and longitudinal acceleration to represent 

the complex motions experienced during flight.  If not implemented correctly, simulated motion 

can negatively impact performance. For example, poorly implemented motion can induce 

simulator sickness (Been-Lirn Duh, Parker, Philips, & Furness, 2004; Stein & Robinski, 2012; 

Wertheim, 1998), which can interfere with training objectives. Poorly implemented motion may 

also train pilots to detect and utilize motion information that is not informative, or worse, are 
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incorrect. For example, if an aircraft experiences a lack of airflow over the wings (stall), the 

loss of lift can cause control input responses to be delayed. These slow control responses may 

not be noticed in a simulator if the appropriate motion information is not presented. More 

importantly, pilots may not recognize slow controls in a real aircraft stall if they have not felt the 

stall previously in a flight simulator. 

There is little scientific evidence to support the claim that including motion in flight 

simulators facilitates transfer of training (Bürki-Cohen et al., 2000; de Winter, Dodou, & Mulder, 

2012; McCauley, 2006).  In research where reasonably valid measurement has been 

accomplished, the bulk of the evidence suggests that the inclusion of motion may not provide a 

significant benefit to simulator training (de Winter et al., 2012; McCauley, 2006).  However, 

these studies have typically focused on examining how motion affects performance on tasks that 

directly relate to motion, or “first-order” task.  First-order tasks are often complex. For example, 

measurement of flight control is a first-order task that includes airspeed, altitude, heading, and in 

some cases recovery from an external event (e.g., responding to changes in environmental 

conditions).  These components of flight control are inter-dependent and cannot be considered 

alone: an increase in airspeed may be caused by a decrease in altitude that itself was precipitated 

by a change in heading or flight into turbulence (Burki-Cohen et al., 1998; Burki-Cohen et al., 

2000; de Winter et al., 2012).  Given the complexity and interdependence of tasks, it is 

challenging to isolate and measure aspects of performance that may be directly affected by 

motion. 

One perspective is that motion may affect the ability of pilots to perform tasks that are 

associated with aircraft operation but which are secondary to flight control (e.g., remembering 

and tracking elements on a visual display).  The influence of motion would be indirect insofar as 
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motion information is not required to perform second-order tasks.  On this view, the cognitive 

demands associated with monitoring and responding to motion may deplete the availability of 

cognitive resources that are required to perform second-order tasks. One cognitive mechanism 

that might be involved in the perception of motion is working memory (WM). Research has 

shown a link between WM and various forms of motion information, including postural sway 

(Lajoie, Teasdale, Brad, & Fleury, 1993; Maylor & Wing, 1996; Ramenzoni, Riley, Shockley, & 

Chiu, 2007), angular rotation (Yardley, Gardner, Lavine, & Gresty, 1999; Yardley et al., 2002), 

maintenance or regaining of orientation (Gresty & Golding, 2009; Gresty et al., 2003; Webb et 

al., 2011), and unattended motion (Yardley et al., 2002). These studies suggest that WM capacity 

is required to perceive and process many forms of self-motion and that there is likely a 

meaningful connection between WM and motion.   

The objective of the present research was to examine the connection between the 

perception of motion and WM. A better understanding of how motion cues are perceived and 

processed in WM will lead to more informed decisions about the implications of including 

motion in simulation-based training. 

Working Memory 

 Baddeley and colleagues’ multi-component model is the most pervasive framework used 

to study WM (Baddeley, 1984; 1986; 1988; 1992; 2012; Baddeley & Hitch, 1974). Contrasted by 

models of WM that propose a single general resource (Engle, Kane, & Tuholski, 1999; 

Vergauwe, Barrouillet, & Camos, 2009), Baddeley and colleagues’ model consists of multiple 

components that handle a range of specific tasks (Baddeley, 1992; 1996). The most basic form of 

the multi-component model of WM is shown in Figure 1. The model contains three components: 

the Central Executive, Phonological Loop, and Visual-Spatial Sketchpad (VSSP).  
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Figure 1. Diagram of Baddeley’s (1984) multi-component model of WM. 

The central executive is assumed to control the assignment and maintenance of attention, 

task switching, inhibition, and the encoding and retrieval of information into/from long-term 

memory (Baddeley, 1996; Logie, 2011). The central executive is the link between WM’s two 

subsystems - the phonological loop and the VSSP.  

The phonological loop has been the most extensively studied of the two subsystems 

(Baddeley, 1992; Vicari, Bellucci, & Carlesimo, 2003), undoubtedly because it has been easier to 

assess due to its strong involvement in language. Using dual-task paradigms, researchers have 

measured the impairment of verbal memory caused by concurrent performance of articulatory 

suppression tasks, which require the continual repetition of a word (e.g., “the, the, the”). The 

articulatory suppression effect shows that sub-vocal rehearsal is required to refresh and hold 

verbally encoded material in WM (Cocchini et al., 2002; Logie & Baddeley, 1987; Rudkin, 

Pearson, & Logie, 2007). Research suggests that the phonological loop is comprised of two 

mechanisms, one for articulatory storage and one for articulatory rehearsal (Logie, 2011).  

The VSSP subsystem has been acknowledged as a potential link between WM and 

motion perception/processing (Smith, Darlington, & Zheng, 2010; Thomas & Seiffert, 2010). 

The VSSP is thought to be involved in both the storage and processing of an object’s colour, 

shape, spatial location, orientation, and movement (Baddeley, 1996; Vicari, Bellucci, & 

Carlesimo, 2003). Like the multi-component model’s other components, the VSSP has finite 
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resources and has been shown to be limited to processing about four units of information at a 

time (Woodman, Vecera, & Luck, 2003; Zimmer, Munzer, & Umla-Runge, 2010). The VSSP 

was initially viewed as a unitary subsystem for the storage of visual and spatial information 

(Baddeley, 1996). However, it has been suggested that the VSSP may be fractionated into two 

domain-specific subcomponents - a visual cache and an inner scribe (Logie, 1995; 2011). The 

visual cache is assumed to store visual information, whereas the scribe processes spatial 

information. An updated schematic of the multi-component model of WM can be seen in Figure 

2.  

 

Figure 2. An updated version of the multi-component model of WM. 

When people attend to visual stimuli there are two main features they must consider: the 

stimulus’ appearance/form and its location in space. Remembering the appearance of an object is 

fundamentally different than remembering its location (Sala, Gray, Baddeley, Allamano, & 

Wilson, 1999; Farmer, Berman, & Fletcher, 1986; Hale et al., 1996; Postle, D’Esposito, & 

Corkin, 2005; Tresch, Sinnamon, & Seamon, 1993). This appearance/location distinction has 

been tested in behavioural studies through the use of dual-task experiments. Darling, Sala, and 

Logie (2009) developed a memory paradigm to test memory for the spatial location or the 

appearance of a visual stimulus using the same presentation format and stimuli (for both types of 
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tasks). Participants were shown a black screen with 30 randomly distributed white squares. The 

letter ‘P’ was displayed in 1 of the 30 squares for 500 ms in 1 of 433 possible font types (e.g., 

Times New Roman, Calibri). Participants were required to remember either the P’s location or its 

appearance (font type). After the P was presented there was a 15.5 s delay during which 

participants (a) viewed a blank screen, (b) watched dynamic visual noise similar to visual white 

noise on a TV, or (c) performed a spatial task involving tapping a pattern on a 3 x 3 keypad. 

After the delay, another P was displayed and participants indicated whether it was the same as or 

different from the first P. On trials where participants were required to remember the location of 

the P, a ‘same’ response indicated that the P was displayed in the same location (the font was 

identical). On trials where participants were required to remember the appearance of the P, a 

‘same’ response indicated that the P was displayed in the same font (location was identical). 

Darling et al. (2009), observed a double dissociation: mean response latencies were 

longer for location trials than for appearance trials in the tapping condition than in the visual 

noise condition and mean latencies were longer for appearance trials than location trials in the 

visual noise condition than in the tapping condition. Spatial tapping during the delay period 

interfered with participants’ ability to remember the location of the P more than its appearance 

whereas watching dynamic visual noise interfered with participants’ ability to remember the 

appearance of the P more than its location. This finding suggests that different components of the 

VSSP were required to remember an object’s location versus its appearance. 

Support for the idea that spatial and visual information is stored/processed by two distinct 

WM subsystems is provided by the results from developmental, clinical, and brain imaging 

studies. Vicari, Bellucci, and Carlesimo (2003) measured the visual span (appearance) and 

location/spatial span of a group of individuals with Williams Syndrome, a neurodevelopmental 
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disorder affecting language development and motor skill acquisition. Compared to a control 

group, the Williams Syndrome group had the same visual span, but showed a significantly 

shorter location/spatial span. The results therefore indicate that Williams Syndrome selectively 

affects the development of the memory systems responsible for processing spatial but not visual 

information. This finding is supports the view that spatial and visual information are processed 

by independent memory components. 

Logie and Pearson (1997) found developmental differences in the ability to remember 

spatial and visual patterns (see also Pickering et al., 2001). By using recall of visual patterns as a 

‘visual’ memory task and recall of a pattern of movements as a ‘spatial’ memory task, Logie and 

Pearson found a pattern of divergent capacities for recognition and recall of the two types of 

stimuli across ages. Children ages 5 – 6 showed no significant difference in their recognition and 

recall spans of spatial patterns and visual patterns. However, the two older age groups (8 – 9, and 

11 – 12) showed a continually increasing difference in spatial and visual spans. Although both 

spatial and visual spans increased with age, the recognition and recall span for visual patterns 

was significantly greater than for spatial patterns in the oldest group. The authors concluded that 

the pattern of findings suggests that there are different rates of development for memory of 

spatial patterns versus visual patterns and support the notion that there are two separate WM 

subsystems: one for visual information and one for spatial information. 

 Darling et al. (2006) measured visual-spatial WM in two patients with varying types of 

brain damage to corroborate the claim that visual and spatial information are processed by two 

separate WM subsystems. Patient A was a 54 year-old who suffered a stroke that damaged the 

temporal lobes of the right hemisphere as well as the right parietal lobe. Patient B was a 23 year-

old who had suffered a traumatic brain injury causing damage bilaterally to the frontal lobes as 
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well as the right parietal lobe. Patient A showed a selective deficit in memory for spatial 

location but not visual appearance. In contrast, patient B showed a selective deficit in memory 

for visual appearance, but not spatial location. If visual-spatial WM for visual appearance and 

spatial location were one multi-purpose store, then damage leading to deficits in one should be 

co-morbid with deficits to the other.  

Finally, neural imaging studies have provided converging evidence that the VSSP is 

fractionated into visual and spatial components. Processing and rehearsal of visual information 

(object form and color) seems to occur more in the occipital lobe, whereas processing and 

rehearsal of spatial information seems to occur more in the parietal lobe (Baddeley, 1992). 

Furthermore, the neural location of spatial processing (not visual processing) seems to occur in 

the same cortical area that is activated when people are performing motor tasks, specifically 

movements involving spatial information (Ikkai & Curtis, 2011). Ricciardi et al. (2006) found 

that when congenitally blind participants performed spatial tasks using tactile stimuli in a 

modified Corsi block task, the same brain region (parietal lobe) that is thought to be associated 

with visual-spatial WM was activated. Ricciardi et al. concluded that spatial information, 

regardless of modality, was processed similarly. Likewise, Fiechler, Burke, Engel, Bien, and 

Rosler (2008), using fMRI, also found the parietal lobe to be heavily involved in memory for 

spatial movements when those movements were encoded both visually and tactilely. Taken 

together these results demonstrate that multiple spatial tasks presented through different 

modalities should interfere similarly to multiple spatial tasks presented in the same modality.  

 In sum, visual-spatial WM is complex and potentially intertwined with sense modalities 

other than vision. There is converging evidence from behavioral, imaging and special population 

studies suggesting that visual-spatial WM is divided into two sub-components, one for handling 
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spatial location (inner scribe) information and one for handling visual appearance (visual 

cache). The present research was conducted to take steps toward understanding how informative 

motion utilizes particular types of visual-spatial WM and determine if responding to motion can 

cause selective interference to one system (spatial or visual) but not the other.  

Motion Perception and Visual-Spatial WM 

 For motion to be of value it must convey information regarding changes in direction or 

spatial location. The aforementioned research suggests that visual-spatial WM is the cognitive 

mechanism most involved with perceiving and processing spatial information across different 

modalities (visual, auditory, or proprioceptive and vestibular). Therefore, it is likely that 

processing multiple pieces of spatial information from any modality simultaneously should cause 

some amount of interference. In contrast, processing visual information and spatial information, 

regardless of modality, should result in less interference.    

Visual-Spatial WM and the Vestibular System 

 Although motion in flight simulators can provide pilots with extra information that is 

useful in situation where information presented visually or aurally only is less salient or hard to 

interpret (e.g., high frequency vibrations associated with a tail rotor failure), a great deal of 

motion information is redundant (e.g., those associated with a velocity, direction, or altitude 

change) and can be largely ignored. The decision to ignore or further process motion information 

is likely to tax WM given that visual-spatial WM has been implicated in monitoring and 

responding to the visual and spatial information associated with motion. For this reason, it is 

important to understand the interaction between motion and WM when designing and 

implementing full motion flight simulators. 
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In one of the few attempts to demonstrate that motion can impair WM in an applied 

setting, Webb et al. (2011) measured pilots’ cognitive ability by administering a Paced Auditory 

Serial Addition Test (PASAT) in a full motion simulator under normal and disoriented flight 

conditions. The PASAT is a WM task believed to also index rate of information processing. In 

the ‘normal flight’ condition pilots flew with the use of full instrumentation, which lead to low 

reliance on aircraft motion. However, in the ‘disorientating flight’ condition the instruments 

indicating the aircraft’s attitude were unavailable, which lead to a high reliance on motion. When 

pilots were forced to rely on motion information to maintain the aircraft’s attitude, performance 

on the PASAT decreased compared to when pilots used the attitude indicators. Webb et al. 

concluded that spatial disorientation and the need to rely on motion information significantly 

interfered with the cognitive mechanisms required to perform the PASAT. Although these data 

do not conclusively show that motion selectively interferes with visual-spatial WM, they do 

support the idea that motion interferes with cognitive tasks that are secondary to the basic flight 

control tasks.  

Hanes and McCollum (2006) reviewed differences in cognitive ability between patients 

with and without vestibular deficits to explore the possible link between visual-spatial WM and 

the vestibular system. Counting backwards requires a substantial amount of central executive 

resources (Allen, Baddeley, & Hitch, 2014). However, Hanes and McCollum argued that 

because numbers are learned in order, reciting them backward also requires spatial WM to re-

order the number sequence.  Hanes and McCollum cite a study by Risey and Briner (1990) in 

which participants with vertigo counted backward by 2 and consistently skipped the tens position 

(94, 92, 80, 88, 86…). Participants were seemingly unaware that they were making errors on the 

task. Hanes and McCollum suggested that instability of perceived motion (caused by faulty 
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vestibular information) interferes with one’s ability to spatially re-order the number sequence. 

People who suffer from vertigo may be continually engaged in maintaining posture, which could 

deplete the spatial resources required to perform the backward counting task. Likewise, pilots in 

motion simulators may be engaged in a sort of ‘attitude first’ process in which other spatial tasks 

are shed. Finally, Smith, Darlington, and Zheng (2010) present a review of multiple studies 

suggesting that peripheral vestibular lesions are highly associated with decreases in spatial WM.  

Thomas and Seiffert (2010) investigated the link between visual-spatial WM and self-

motion by using a multiple object tracking task. Tracking is something we use every day whether 

walking, driving, or sitting passively to watch a sports event. Multiple object tracking requires 

attending to, or shifting attention amongst, multiple targets while holding their position and 

movement profiles in WM (Fougnie & Marois, 2006). Thomas and Seiffert examined the 

number of objects participants could track under different motion interference conditions: seated 

and stationary, walking in place (not moving), walking self-propelled (in a 90° arc), or being 

passively pushed in a wheelchair (in a 90° arc). Participants were shown five identical red balls 

through a head mounted display. Either one or three of the balls turned blue to indicate they 

would be the targets; the target ball(s) changed back to red after 2s to match the other balls. The 

balls then moved around the screen for 5s during which the participant was required to track the 

target ball(s). Participants had to indicate which ball(s) was/were the target(s). The results 

showed that there was no difference in accuracy across motion conditions (~85% accuracy) when 

tracking one target ball. However, when tracking three target balls, accuracy suffered while 

walking self-propelled or being pushed in a wheelchair (~55%) compared to sitting or walking in 

place (~70%).  Thomas and Seiffert concluded that participants’ physical movement through 

space (or the tracking thereof) interfered with the number of objects that could be held in spatial 
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WM and tracked. Interestingly, although being pushed in a wheelchair requires no active 

monitoring of one’s own position, tracking seems to occur automatically and requires cognitive 

resources. 

In an attempt to quantify how much cognitive capacity is required to track one’s own 

self-motion, Thomas and Seiffert (2011) used a similar experimental paradigm and found that the 

visual-spatial WM capacity required to track one’s own position in space is equivalent to 

tracking one additional object. Simply put, tracking three objects while engaged in self-motion 

requires the same amount of WM capacity as tracking four objects while stationary. Thomas and 

Seiffert’s studies (2010; 2011) suggest that the mechanisms required to perform spatial WM 

tasks are also involved in the monitoring of active and passive self-motion.  

In sum, although the visual system may be the most dominant mode of input for 

maintaining orientation (Engel et al., 2008; Fiechler et al., 2008), the vestibular system is used to 

orient the body in space, perceive changes in motion (direction and velocity), and adjust the body 

accordingly when visual stimuli are unavailable or unreliable (Gresty & Golding, 2009; Webb et 

al., 2011). The process of perceiving and adjusting to changes in orientation is integral to 

maintaining orientation in an aircraft as well as maintaining day-to-day postural control. Postural 

control is the continuous adjustment of muscles and joints to remain standing upright and 

balanced. Postural control was once thought to be automatic (VanderVelde, Woollacott, & 

Shumway-Cook, 2005), but it now seems that it is partially controlled by visual-spatial WM. If 

postural control draws from a limited pool of WM resources, then there should be a link between 

postural control and performance on concurrent cognitive tasks that require spatial processing. 
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Postural Sway and Working Memory 

 Maintaining standing balance is a complex task that requires the online perception and 

integration of visual, vestibular, and proprioceptive information and subsequent manipulation of 

the body in response to that information (Lajoie et al., 1993; Makizako, Furuna, Ihira, & 

Shimada, 2013; Maylor & Wing, 1996). The cognitive demands associated with maintaining 

standing balance can be thought of as similar to those required to correct and maintain aircraft 

orientation. Maintaining standing balance was traditionally thought to be automatic, but this may 

not be the case if spatial WM is required to maintain or regain standing orientation. If something 

as easy as maintaining postural control requires cognitive resources, then there is reason to 

believe that even more cognitive resources would be required when perceiving and responding to 

more complex motion such as those produced by simulated (or real-world) aircraft.  

Standing requires constant updating of one’s position in space and making necessary 

corrections (Riley et al., 2012). Postural sway can be recorded by measuring body displacement 

in the lateral and posterior/anterior directions. Postural sway is a useful measure because it can 

be made more difficult by changing standing position to something less natural and more 

challenging and shows clear interference when paired with some cognitive tasks (VanderVelde et 

al., 2005). Postural sway is increased when participants perform spatial memory or executive 

function tasks (Makizako et al., 2013; Woollacott & VanderVelde, 2008).   

Lajoie et al. (1993) used a simple reaction time task to assess the attentional demands 

associated with sitting, standing, and walking. They found that even simple reaction times to 

auditory stimuli increased as the participants moved from sitting to standing and then to walking. 

They attributed this increase in reaction time to the increase in cognitive resources required to 

maintain balance. This study, however, did not examine which cognitive resource(s) is/are being 
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used in these various tasks. To further investigate which WM components were involved with 

postural control, Maylor and Wing (1996) had participants perform tasks that taxed specific WM 

subsystems and measured their effects on postural sway. Participants randomly generated 

numbers to load the central executive, counted backwards to load the VSSP (possibly by 

activating spatial processing of the number sequence; see Hanes and McCollum, 2006), or 

counted forwards to load the articulatory loop. The results showed that backward counting and 

random number generation increased postural sway. Maylor and Wing suggested that because 

tasks that require central executive or spatial WM capacity interfere with the processing of visual 

and vestibular information (to maintain balance), they likely both use the same cognitive 

resources.  

Building on the assumption that the VSSP is the primary WM subsystem responsible for 

postural control, and that visual-spatial WM is likely separated into visual and spatial systems, 

VanderVelde et al. (2005) investigated which of these further divisions of visual-spatial WM was 

more involved in postural control. VanderVelde et al. displayed a load figure (to be remembered) 

for 2 s, a blank screen for 3 s, and a probe item (to be compared to the load figure) for 1 s, at 

which point participants had to verbally respond ‘yes’ if the probe was the same as the load 

figure or ‘no’ if it was different. Participants were required to either remember the load figure’s 

appearance or its location on the screen. During this task, participants were either seated, 

standing in a comfortable stance with feet side-by-side, or standing with one foot placed in front 

of the other. Accuracy scores on the location WM task were significantly lower in the increased 

complexity stance condition than in the seated or comfortable stance conditions. This difference 

was not observed for the appearance WM task. VanderVelde et al. therefore concluded that 
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spatial WM, rather than visual WM, was most affected by maintaining unstable stances (see 

also Makizako et al., 2013; Ramenzoni et al. ,2007). 

Although VanderVelde et al. (2005) attempted to divide visual from spatial WM, a 

potential confound exists in that the stimuli in both the visual and spatial conditions were 

presented visually. Granted, most spatial information is closely tied to visual information in the 

real world, but if there is a link between postural sway and spatial WM, then a purely spatial task 

should have an effect on postural sway. To address this possible confound, Woollacott and 

VanderVelde (2008) replaced the visual-spatial WM task with non-visual, spatial WM tasks. 

Memory tasks were performed while participants remained seated, stood with feet shoulder 

width apart (easy stance), or stood in a more difficult-to-maintain stance with their feet close 

together. Participants were further required to perform a visual memory task, an auditory tone 

memory task, or an auditory spatial memory task. The visual memory task was an n-back task in 

which pictures of random objects were presented visually once per second. If the current object 

was the same as the object presented n pictures back, then participants responded by saying 

‘yes’. The auditory tone memory n-back task was identical to the object memory task except that 

tones were presented instead of pictures. The auditory spatial memory n-back task consisted of 

tones played from 8 speakers placed equidistant from each other around the room. Tones were 

played once per second from one randomly selected speaker. If the current tone was from the 

same speaker as n tones back, then participants responded by saying ‘yes’.  

There was no difference in response latencies on the object/tone memory tasks presented 

aurally and visually when sitting or standing. However, response latencies on the auditory spatial 

memory task were significantly longer in the standing condition than in the sitting condition. 

Furthermore, postural sway while standing was greatest when performing the auditory spatial 
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memory task. These results suggest that spatial tasks, regardless of whether they are presented 

aurally (Woollacott & VanderVelde, 2008) or visually (VanderVelde et al, 2005), interfere with 

postural control.   

Riley et al. (2011) found that varying the presence or absence of a reference frame in 

which a spatial WM task was presented had an affect on postural sway. A reference frame can be 

defined as the stable, unchanging, frame that encloses specific stimuli. For example, the black 

frame of a computer monitor could be viewed as a reference frame. Stimuli presented on a 

computer screen cannot move outside that frame and thus are anchored to a constant and finite 

area. Increasing the size of the computer monitor to a large wall size monitor while leaving 

stimulus size unchanged increases the frame of reference. Remembering the location of a 

stimulus on a small frame of reference is easier than remembering the location of an equally 

sized stimulus on a large frame of reference because it increases the amount of possible error by 

increasing the possible distance between the stimuli and the nearest part of the reference frame. 

Riley et al. (2011) reported that postural sway decreased if spatial WM tasks were presented in a 

small, defined reference frame. If the WM tasks were presented in ill-defined reference frames 

where the background (unrelated to the task) could be mistaken for part of the reference frame, 

then postural sway increased. In short, varying the reference frame can increase or decrease the 

difficulty of the WM task, and can impact ones’ ability to maintain balance. It seems as though 

there is some overlap between spatial WM and the proprioceptive and vestibular processing 

required maintain postural control.  

In sum, there is convincing evidence that the ability to maintain postural control and 

orientation is susceptible to interference caused by concurrent tasks that tax spatial WM. Given 

that perceiving and responding to external motion is a more complex than maintaining postural 
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control, it is reasonable to assume that loading spatial WM will have interfere with tasks that 

require the observer to process external motion, and vice versa.  

Effects of Eye and Limb Movements on Spatial Working Memory 

 The dependency of postural control on spatial WM extends to the perception, planning 

and execution of limb movements (Goble et al., 2012) and eye movements (Lawrence, Myerson, 

& Abrams, 2004; Lawrence et al., 2001; Postle et al., 2006; Theeuwes, Belopolsky, & Olivers, 

2009). Indeed, eye and limb movements may interfere with spatial WM or may require spatial 

WM for normal operation. Knowing where your limbs are in space without looking at them or 

being able to place them in a remembered position without watching them move is a valuable 

asset. For example, pilots focusing on a distant runway do not have to look down at their hands 

to see the position of the aircraft’s controls. Proprioceptive feedback from muscles and joints 

allow pilots to maintain memory of their limb position. Patients with Cerebral Palsy (CP), 

however, often suffer from a reduced sense of proprioception (Goble et al., 2012), which makes 

it difficult to locate their limbs in space, or to remember the angle at which a joint has been bent, 

without looking at them. Goble et al. measured CP patients’ ability to remember arm bend angle 

using an Ipsilateral Remembered task (IR) in which an arm is bent to a measured angle, then 

after a delay period (2 or 15 s), the participant is asked to put their arm in the original position 

and the angle error is measured. Expectedly, CP patients performed quite poorly. However, the 

authors also found that performance on the IR task correlated with scores on a spatial memory 

task (Corsi block-tapping task).  

Goble et al. (2012) found that participants whose accuracy on the IR task improved when 

given a longer time to encode the arm-bend-angel had higher initial spatial WM scores than 

participants who did not benefit from a longer encoding time. Increasing the encoding time of a 
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WM task should improve performance on that task. Goble et al. suggested that the IR task is a 

spatial WM task and participants with a high spatial WM ability were capable of recruiting their 

spatial WM to improve IR task accuracy when given extra encoding time, thus improving 

performance. However, participants with a low spatial WM ability had no means of improving 

their performance on the IR task even with more time to encode. These findings provide clear 

evidence that spatial WM supports the systems/processes involved in proprioception (as seen in 

CP patients). It therefore follows that any tasks that require cognitive resources to monitor 

proprioception (e.g., responding to motion cues) could interfere with concurrent spatial tasks. 

Lawrence et al. (2001) examined the extent to which reflexive saccades, pro-saccades, 

and anti-saccades interfere with memory of spatial locations versus memory of letter spans. 

Reflexive saccades occur after shifts of the eye to a peripheral stimulus or after the 

disappearance of a fixated stimulus, whereas anti-saccades occur when movement towards a 

stimulus is inhibited, and pro-saccades are associated with planned eye movements. Lawrence et 

al. used a dual-task paradigm in which participants completed either a spatial memory task or a 

verbal memory task with an intervening eye movement task. The spatial memory task required 

participants to memorize the locations of a series of Xs presented throughout a 4x4 grid and later 

indicate their locations. The verbal memory task required participants to remember a string of 

letters presented on a screen in serial order. The induction of saccades (largely reflexive 

saccades) interfered with the spatial memory task but not the verbal memory task. However, 

because eye movements can also lead to shifts of visual attention, the interference observed on 

the spatial WM task may be due to attentional shifts and not to motor movements of the eye. 

To address the possibility that interference on spatial tasks due to eye movements could 

be due to a shift in attention, Lawrence et al. (2001) conducted an experiment that used the same 
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WM tasks and measured the interference caused by simple fixation, reflexive saccades, and 

left/right arm movements. Limb movements and reflexive saccades produced the same level of 

interference on spatial but not on verbal WM. However, although movement significantly 

interfered with spatial WM, shifts of spatial attention may also interfere to some degree. In a 

follow-up study controlling more heavily for spatial attention, Lawrence, Myerson, and Abrams, 

(2004) found that both shifts of attention and eye movements independently interfered with 

spatial WM. In sum interference on WM caused by saccadic eye movements is likely not related 

to shifts of visual attention.  

 Postle et al. (2006) replicated four unpublished studies that were previously conducted by 

Baddeley, which investigated the effects of eye movements on WM. Postle et al. found that eye 

movements interfered with visual-spatial WM but not verbal WM; eye movements interfered 

with memory for the location of objects (spatial memory) but not the visual components 

(shape/color); eye movements produced the most interference while viewers maintained 

information in WM rather than encoded; and lastly, the control of eye movements, more than the 

eye movements themselves, were most disruptive to spatial WM. These findings suggest that 

other types of body movements that require a of control are more disruptive to WM than those 

that occur involuntarily or automatically. 

 When motion is produced by something other than the body itself (e.g., in   simulated 

motion environments), the control of motor movements (limb or ocular) should become 

increasingly more complex or even more difficult. For example, scanning an approach map 

before flight (in a stationary environment) requires only pro-saccades because there are no 

external forces on the body due to movement. However, in a moving environment (e.g., during 

flight), every movement made by the individual has to be controlled based on the planned 
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movements plus any forces exerted on the body by the moving environment, this adds a layer 

of complexity to controlling limb and body movement. If spatial WM is required to store and 

process movement-related information, then interference should be observed in a dual-task study 

involving spatial WM and motion. 

Simulated Motion and Spatial Working Memory 

Active self-motion is different from passive self-motion (e.g., walking vs. pushed in a 

wheelchair) in that the former allows crucial information regarding the direction and magnitude 

of motion to be collected through the action of muscle and joint movements, whereas the latter 

results from proprioceptive information generated by external forces. What happens if people are 

required to monitor passive movement through space rather than monitoring their own self-

propelled movements? In Yardley et al. (1999), participants sat in a rotating chair in a darkened 

room devoid of visual information. They monitored how far they had been rotated based on 

vestibular information and responded by using a joystick to rotate themselves back to the point 

of origin (e.g., if they were rotated 60 clockwise, the correct response would be to rotate 

themselves 60 counterclockwise). While being rotated, participants were instructed to (a) focus 

only on the rotation, (b) respond to auditory stimuli as fast as they can while monitoring their 

rotation, or (c) count backward and monitor their rotation. There was also a control condition in 

which participants were rotated, but did not re-orient themselves and therefore did not have to 

actively monitor the rotation. Participants also completed each of the WM tasks in isolation to 

establish a baseline for each participant. Yardley et al. found that rotation, regardless of whether 

participants had to monitor it or not, resulted in increased response times to the auditory stimuli. 

However, responding to the auditory stimuli did not affect participants’ ability to return the seat 

to its starting position. Backward counting while monitoring rotational motion impaired the 
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ability to return the seat to its origin. These findings show that merely monitoring changes in 

orientation induced by external forces (passive motion) requires measureable cognitive 

processing. Yardley et al. suggest that the visual-spatial demands of backwards counting can 

interfere with one’s ability to accurately monitor motion. 

 Vestibular motion typically occurs in conjunction with visual information in real-world 

environments, so Yardley et al.’s (1999) findings demonstrate interference between vestibular 

information in the absence of vision and may not generally examine the combined effects of 

vestibular and visual motion information. Gresty et al. (2003) had participants sit in a full-motion 

flight simulator with a horizon presented visually on the monitors. Participants performed a 

Brooks matrix task to load spatial WM, and a Brooks verbal task to load verbal WM. The 

simulator (a) remained stationary, (b) oscillated by pitching up and down with visuals matching 

the motion produced by the pitching of the simulator, or (c) pitched up and down with inverse, 

mismatched visuals while participants performed the WM tasks. Gresty et al. (2003) found that 

error rates were not significantly different on either the spatial or verbal tasks in either the 

stationary or moving condition with matched visuals. However, when participants were 

oscillated in the mismatched visual condition (disoriented) there was a significant increase in 

errors on the spatial memory task, but not on the verbal memory task. Motion sickness does not 

appear to be the reason for these results as performance on the verbal task did not suffer. Gresty 

et al. suggest that matching visual and vestibular motion can be easily ignored, however, 

inconsistent motion information leads to an automatic attempt to devote spatial resources to 

monitoring the motion. Thus, when spatial information presented in two modalities is 

inconsistent more spatial resources are consumed. 
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 Based on Gresty et al.’s (2003) findings, it appears that adding visual information 

reduced the interference of passive motion on concurrent WM tasks. This effect may have 

occurred because the visual system dominates in the perception of motion. Thus when visual 

information is present, vestibular information is weighted less heavily, which frees up the 

cognitive resources required to perform a secondary spatial task. However, a mismatch between 

visual and vestibular information produces selective interference on spatial tasks, even though 

there was no requirement to respond to or even monitor the motion. These findings suggest that 

similar to Thomas and Seiffert’s (2010; 2011) findings, participants automatically monitor 

vestibular and proprioceptive motion and this monitoring requires WM capacity 

Summary 

 People use vestibular and proprioceptive information to monitor spatial position or 

orientation. The aforementioned research demonstrates that postural control, active, and passive 

(self-) motion all require people to monitor and integrate visual, vestibular, and proprioceptive 

information and that these activities require visual-spatial WM. However, motion processing 

seems to selectively interfere with tasks that utilize spatial WM while leaving visual WM 

unaffected. This pattern of results suggests that spatial information and visual information may 

be processed in separable components of visual-spatial WM.         

Present Research 

The objective of the present research was to further examine the link between visual-

spatial WM and the perception of motion.  Based on the multi-component model of WM, and the 

aforementioned research, it is suggested that motion perception primarily utilizes the spatial 

component of visual-spatial WM. Therefore, it is hypothesized that memory tasks requiring 

spatial WM will be impaired by completion of a concurrent motion cue discrimination task, 
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whereas memory tasks requiring visual WM will not be impaired. Two experiments were 

conducted in which visual and spatial WM tasks were paired with a motion cueing task. 

Experiment 1 investigated interference caused by responding to motion cues during rehearsal of 

visual stimuli. Experiment 2 investigated interference caused by responding to motion cues 

during encoding of visual stimuli. 

Experiment 1 

 Experiment 1 examined how the processing of motion cues interferes with the retention 

of visual (appearance) information versus spatial (location) information. Working memory tasks 

were developed to measure participants’ memory for either spatial information or visual 

information using the same stimuli. Experiment 1a was designed to equate the difficulty of the 

two variants of the WM task.  In Experiments 1b and 1c, participants were required to remember 

either the location or the appearance of the stimuli. On half of the trials, participants were 

required to discriminate between left/right motion cues during a 15 s retention interval. It was 

hypothesized that the motion discrimination task would decrease performance on the spatial 

memory task but not on the visual memory task.  In Experiment 1b three motion cues were used 

whereas in Experiment 1c ten motion cues were used.  To briefly preview the results, the motion 

cue discrimination task significantly impaired memory for spatial information, but not for visual 

information. 

Experiment 1a 

The purpose of Experiment 1a was to equate the difficulty of the spatial WM task and 

visual WM task developed for Experiment 1. To this end, performance on these two WM tasks 

was measured without any motion cueing. 
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Method 

Participants 

 Ten graduate students volunteered to participate. Ages ranged from 23 to 38 years (M = 

26.67, SD = 4.66). All participants were right handed. No participants reported any history of 

back injury, concussion, or head injuries and all were assumed to have normal or corrected-to-

normal visual acuity. 

Design 

 A one factor (Memory Task: Spatial vs. Visual) repeated measures design was used. 

Memory Task was blocked and counterbalanced across participants. 

Stimulus Materials and Presentation  

 A modified version of Darling et al.’s (2007) “Letter P” task, in which participants were 

instructed to either remember the location or the appearance (font type) of letter Ps presented on 

a screen, was developed for the current experiment. Location was manipulated by consecutively 

presenting two target Ps (for 500 ms each) in black ink on a white background in two different 

randomly selected cells of an invisible 4 x 6 grid. The 4 x 6 grid was not displayed, thus the 

target Ps seemed to appear in random locations on the screen. Following a retention interval, two 

probe Ps were simultaneously presented. On “same” trials, the probe Ps appeared in the same 

cells as the target Ps. On “different” trials, one of the probe Ps moved to an adjacent cell. The 

number of candidate cells that a probe P could move to varied from eight to three, depending on 

whether its corresponding target P was centered in the grid, along an edge, or in a corner. The 

appearance of the Ps was manipulated by selecting 48 font types (24 serif, 24 sans-serif) from 

Microsoft Office’s (2008) list of fonts. The two groups of 24 font types were sub-divided into 12 

typical and 12 atypical fonts based on feedback from a sample (n = 10) of naïve individuals. The 
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individuals were asked to sort the serif and sans-serif groups into 12 “typical” and 12 

“atypical” fonts each (see Figure 4 for examples). The average agreement between individuals on 

which group a particular font type should belong to was 90%. Dividing the Ps into four groups 

(serif/sans-serif x typical/atypical) provided an objective method of rating the Ps in terms of 

visual similarity. In order to control the degree of change between a target and probe P on a 

“different” trial, the Ps were only allowed to differ along one category dimension. For example, 

if one of the target Ps was sans-serif and typical, then the ‘different’ probe P had to either be 

sans-serif and atypical or serif and typical. In other words, a P could not be replaced with another 

P that came from the same category dimensions, nor could it be replaced by a P that differed on 

both category dimensions. All Ps subtended a visual angle of approximately 4.8° both vertically 

and horizontally.    

    

Typical Serif  Atypical Serif  Typical Sans Serif  Atypical Sans Serif  

Figure 3. Examples of a “P” from each of the four category dimensions used as stimuli in 

experiments 1a, 1b, and 1c. 

Apparatus 

Stimuli were presented on a 42” Barco monitor running at 60 Hz with a screen resolution 

of 1920 x 1080. The monitor was stationary and located approximately 120 cm in font of 

participants with the midline of the monitor at eye height. The program responsible for 

counterbalancing order, stimulus presentation, and data logging was programmed in C#. 

Participants responded using a Cedrus Model RB-530 serial response pad, which accurately 
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records responses to the nearest millisecond. Participants pressed up/down to indicate a 

same/different response to the letter P task.  

Procedure 

Participants were tested in a quiet, distraction-free room. Following the completion of an 

informed consent form (Appendix A) and a basic demographic questionnaire, participants were 

seated in a motion cueing seat (even though no motion cues were provided), which was adjusted 

for height to ensure that their feet rested comfortably on a platform. The seat was then moved 

forward/backwards and the monitor was moved up/down to hold viewing distance and angle 

constant across participants.  

 Participants completed a practice session that consisted of 4 Spatial trials and 4 Visual 

trials, with two same/different trials in each condition. On the Visual trials, the letter P’s font 

type was manipulated. On the Spatial trials, the letter P’s location was manipulated. Two 

experimental blocks followed the practice session. One block consisted of 30 Spatial trials and 

the other consisted of 30 Visual trials with block order counterbalanced across participants. Each 

block lasted approximately 11 minutes with a five-minute break between blocks.  

 Prior to each experimental block, participants were instructed to remember either the 

location (Spatial condition) or the appearance (Visual condition) of the two consecutively 

presented target Ps. Each trial began with the presentation of a blank white screen for 1 s, 

followed by the first target P (P1), chosen at random from the 48 fonts in one of 24 possible 

screen locations for 500 ms. The second target P (P2) was then displayed for 500 ms in one of 

the remaining 23 locations on the screen. Static visual noise that filled the entire monitor was 

then presented for 15 seconds. This was followed by a 3-second presentation of the two probe Ps. 
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Participants were required to indicate whether the target and probe Ps were the same or 

different as accurately as possible.  

 

 

Figure 4. Example of a “same” spatial or visual trial sequence from Experiments 1a, 1b, and 1c. 

Results and Discussion 

 Experiment 1a was designed to determine whether the Visual and Spatial conditions of 

the letter P task were equally difficult and to ensure that performance on this task would not be 

subject to floor or ceiling effects. Responses to the memory trials were recorded as correct or 

incorrect. Accuracy was calculated as the number of correct responses divided by the total 

number of trials.  

 A one-way repeated-measures ANOVA revealed that there was no difference in accuracy 

between the Spatial (M  = 82%, SD = 38%) and Visual (M = 82%, SD = 39%) conditions (F < 1). 

It was therefore concluded that the Spatial and Visual conditions were equally difficult. Further, 

P 

P 

P 
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given that the accuracy scores were above chance (50%) and below 100%, there was no reason 

to believe that using these parameters in later experiments would produce ceiling or floor effects.  

Experiment 1b 

 Experiment 1b examined whether discrimination between motion cues interferes with the 

rehearsal of spatial (location) information and/or visual (appearance) information. It was 

hypothesized that responding to motion cues would selectively interfere with the Spatial 

condition. The same visual and spatial WM tasks from Experiment 1a were used. Participants 

were required to discriminate between 3 directional (left and right) motion cues during the 15 s 

retention interval of the memory trial. 

Method 

Participants 

 Twelve undergraduate students were recruited using Carleton University’s online sign-up 

system and participated in exchange for 1.0% course credit. Ages ranged from 17 to 28 years (M 

= 20.1, SD = 3.2). Eleven participants were right handed and one participant was left-handed. No 

participants reported any history of back injury, concussion, or head injuries and all were 

assumed to have normal or corrected-to-normal visual acuity. 

Design 

 A 2 (Motion Cueing: Motion vs. No Motion) x 2 (Memory Task: Spatial vs. Visual) 

repeated measures design was used. Both Motion Cueing and Memory Task were blocked 

factors, with presentation order counterbalanced across participants using a Latin-square design.  

Stimulus Materials and Presentation  

The same letter P task used in Experiment 1a was used here.  
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Apparatus 

 The same serial response pad used in Experiment 1a was used, except that participants 

now pressed the left/right buttons to indicate the direction of the motion cue in addition to 

pressing the up/down buttons to indicate a same/different response to the letter P task. The 

motion cues were provided by a Rotary Aircraft True Q™ Dynamic Motion Seat from ACME 

World Wide Enterprises Inc., capable of simulating pitch, roll, and yaw forces. Movements were 

restricted to roll forces in order to provide unambiguous left/right motion cues. Motion cues were 

administered by simultaneously dropping the seat pan approximately 1.3 cm and laterally 

displacing the back pad approximately 1.3 cm in the desired direction. The full range of motion 

for the seat pan and back pad was approximately 2.5 cm. The duration of the seat pan and back 

pad cues was roughly 100 ms and were executed at a rate that did not exceed 200°/s. The seat 

pan and back pad returned to level following the cue. Although the motion seat and the letter P 

task were controlled by separate computers, the commands to display the visual stimuli and to 

execute a motion cue were produced by the same program. This resulted in a brief (less than 80 

ms), but constant, lag between the command to move the seat and the execution of the motion 

cue.  

Procedure 

The experimental set-up was identical to Experiment 1a. Once seated in the motion seat, 

participants completed a practice session, a motion control condition, and the four experimental 

conditions created by crossing Motion Cueing (Motion vs. No Motion) and Memory Task 

(Spatial vs. Visual). The practice session was identical to the practice session in Experiment 1a. 

The motion control condition required participants to respond left/right to 30 motion cues as fast 

as they could without a memory task. Motion cues were presented every 1.5 to 5 s (randomly 
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determined). Participants then completed the four experimental conditions, each of which 

consisted of 30 trials. The four conditions were blocked and counterbalanced across participants 

such that each possible condition order was tested. Each block lasted approximately 11 minutes 

with five-minute breaks between blocks.  

 Prior to each experimental block, participants were instructed to remember either the 

location or the visual appearance (font type) of the two Ps that would be presented. The trials 

with motion cues were identical to those without motion, except that 3 cues were presented 

during the 15 s retention interval. The first motion cue was presented at least 1 second following 

the onset of the retention interval and the third motion cue was presented at least 1 second prior 

to the presentation of the probe display. The second motion cue was presented at a random 

interval no more than 1.5 s after or before the 1
st
 and 3

rd
 cue respectively. Participants were 

instructed to respond as quickly as possible to the three motion cues by pressing the appropriate 

button(s) on the response pad.  

Results and Discussion 

 Data for four measures of interest were collected: motion cue response time and accuracy 

and response time and accuracy on the spatial and visual WM tasks. The results from the 

analysis of each of these four measures of performance are presented in the following four 

subsections. 

Motion Cue Response Time 

Response time was measured as the difference (in ms) between the initiation of the seat’s 

motion and the participant’s button press response. Each participant responded to 210 motion 

cues in total. Thirty motion cues were presented in isolation in the motion control condition to 

establish baseline performance. The remaining 180 motion cues occurred in the 30 spatial and 30 
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visual trials in the “Motion” condition, with three motion cues being presented on each trial. 

Only correct responses to the motion cues were included in the response time analysis. The data 

were submitted to a one-factor (Memory Task: Baseline (no WM task) vs. Spatial vs. Visual) 

repeated measures analysis of variance (ANOVA). The effect of Memory Task was not 

significant, with similar response times in the Baseline (M = 391 ms, SD = 62 ms), Spatial (M = 

405 ms, SD = 61 ms) and Visual (M = 395 ms, SD = 52 ms) conditions (F < 1).  

Motion Cue Accuracy 

Accuracy was recorded as a binary (correct vs. incorrect) response to each motion cue. 

These data were submitted to the same repeated measures ANOVA used in the motion cue 

response time analysis. Accuracy varied across the memory task conditions, F (2, 22) = 3.24, 

MSE .001, p = .058, η
2
 = .228. As seen in Figure 5, planned comparisons based on 95%

1
 

confidence intervals show that participants were more accurate responding to cues in the 

Baseline condition (M = 97.1% SD = 3.6%) than the Spatial condition (M = 93.6%, SD = 4.6%). 

Accuracy in the Visual condition (M = 95.0%, SD = 3.6%) did not differ from the other two 

conditions. 

                                                 

1
 All confidence intervals in this thesis were calculated using the MSE from the corresponding ANOVA based on 

the statistical procedure developed by Loftus and Masson (1994) and Jarmasz and Hollands (2009). Means that are 

significantly different are those with confidence intervals overlapping by less than half the distance between the 

interval end and the interval mean.  
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Figure 5. Mean accuracy on the motion cue task as a function of Memory Task in Experiment 

1b. Error bars are 95% confidence intervals.  

Memory Task Response Time 

Response times were measured (in ms) from the onset of the probe display (simultaneous 

presentation of two Ps) until a same/different response button was pressed. Correct response 

times were submitted to a 2 (Memory Task: Spatial vs. Visual) x 2 (Motion Cueing: Motion vs. 

No Motion) repeated measures ANOVA. There was a significant main effect of Memory Task, F 

(1, 11) = 20.05, MSE = 34543.966, p = .001, η
2
 = .646, with response times being longer in the 

Spatial condition (M = 1451 ms, SD = 236 ms) than in the Visual condition (M = 1211 ms, SD = 

254 ms). There was neither a main effect of Motion Cueing nor a Memory Task by Motion 

Cueing interaction (Fs < 1; see Figure 6).  
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Figure 6. Mean response time (in ms) on the memory task as a function of Motion Cueing and 

Memory Task in Experiment 1b. Error bars are 95% confidence intervals. 

Memory Task Accuracy 

 Accuracy was recorded as a binary (correct vs. incorrect) response on each memory trial. 

The accuracy data were submitted to the same ANOVA used to analyze the memory task 

response time data. The main effects of Memory Task and Motion Cueing were not significant 

(Fs < 1). The interaction was not significant, F (1, 11) = 3.33, MSE = .007, p = .095, η
2
 = .232. 

Figure 7 shows that mean accuracy on the spatial WM task is higher (M = 81.3%, SD = 9.1%) 

than on the visual WM (M = 77.2%, SD = 11.0%) task when no motion cues are presented. 

However, when participants are required to respond to motion cues, this pattern reverses and 

mean accuracy on the visual WM task is higher (M = 83.4%, SD = 17.2%) than on the spatial 

WM task (M = 78.5%, SD = 8.1%). 
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Figure 7. Mean accuracy on the memory task as a function of Motion Cueing and Memory in 

Experiment 1b. Error bars are 95% confidence intervals. 

Summary 

In summary, while there was no effect of Memory Task on motion cue response times, 

the spatial WM task–relative to the baseline and visual tasks–interfered with motion cue 

response accuracy. Although there was some evidence that a spatial WM task interfered with 

discriminating the direction of motion cues, this effect was not bi-directional; the presence of 

motion did not interfere with WM, as evidenced by the null effects of Motion Cueing in the 

response time and accuracy data. Although not significant, the means of Motion Cueing and 

Memory Task interaction crossover and motion appears to impair performance on the spatial 

WM task. One possible explanation for the lack of strong and consistent evidence that processing 

motion interferes with (working) memory tasks is that the motion cue discrimination task was 

not difficult enough to tax WM. This possibility is supported by near-ceiling accuracy on the 

motion cue discrimination task as well as the finding that there were no response time 

differences on the motion cue task between the baseline condition (no WM task) and the 

60

65

70

75

80

85

90

95

100

No Motion Motion

A
cc

u
ra

cy
 (

%
 C

o
rr

ec
t)

 

Motion Cueing 

Spatial

Visual



 35 

Spatial/Visual conditions in which a concurrent WM task was performed. It was therefore 

decided that the difficulty of the motion cueing task should be increased. To this end, the number 

of motion cues that occurred during the 15 s retention intervals was increased from three to ten in 

Experiment 1c. 

Experiment 1c 

 Experiment 1c was designed similarly to Experiment 1b, however, the number of motion 

cues was increased from 3 to 10 to increase the difficulty of the motion cueing task.   

Method 

Participants 

Twenty undergraduate students were recruited using Carleton University’s online sign-up 

system and participated in exchange for 1.0% course credit. Ages ranged from 17 to 31 years (M 

= 20.3, SD = 3.0). All participants were right handed. No participants reported any history of 

back injury, concussion, or head injuries and all were assumed to have normal or corrected-to-

normal visual acuity. 

Design 

 The same experimental design, stimulus material, and apparatus used in Experiment 1b 

were used here.   

Procedure 

 The procedure was identical to Experiment 1b except that the number of motion cues 

during the 15 s retention intervals was increased from three to ten. On each of the 60 trials in the 

Motion Cueing condition (30 Spatial trials and 30 Visual trials), ten motion cues were presented 

for a total of 600 motion cues. In order to increase the number of motion cues while holding the 

duration of the retention interval constant, cues were randomly presented with a minimum inter-
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cue interval of 500 ms and a maximum inter-cue interval of 9500 ms with an average inter-cue 

interval of 1555 ms. There was also a minimum of 500 ms between the beginning of the delay 

period and the first cue, and between the last cue and the presentation of the probe display. The 

timing of the cues in the motion control condition was adjusted to mirror the presentation rate of 

the cues in the Spatial/Visual conditions.  

Results and Discussion 

The same four measures of interest in Experiment 1b are reported in the following 

subsections. 

Motion Cue Response Time  

Response time was measured as the difference (in ms) between the initiation of the seat’s 

motion and the participant’s button press response. Each participant responded to 630 motion 

cues in total. Thirty motion cues were presented in isolation in the motion control condition to 

establish baseline performance. The remaining 600 motion cues occurred in the 30 spatial and 30 

visual trials, with ten motion cues being presented on each trial. Only correct responses to the 

motion cues were included in the response time analysis. The data were submitted to a one-factor 

(Memory Task: Baseline (no WM task) vs. Spatial vs. Visual) repeated measures ANOVA. The 

effect of Memory Task was not significant, F (2,38) = 2.30, MSE = 1652.402, p = .115, η
2
 = 

.108.  

Motion Cue Accuracy 

Accuracy was recorded as a binary (correct vs. incorrect) response to each motion cue. 

These data were submitted to the same repeated measures ANOVA used in the motion cue 

response time analysis. The effect of Memory task was not significant (F < 1), with no statistical 
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differences in accuracy between the Baseline (M = 90.1%, SD = 22.1%), Spatial (M = 91.5%, 

SD = 12.2%), and Visual (M = 91.8%, SD = 12.6%) conditions. 

Memory Task Response Time 

Response times were measured (in ms) from the onset of the probe display (simultaneous 

presentation of two Ps) until a same/different response button was pressed. Correct response 

times were submitted to a 2 (Memory Task: Spatial vs. Visual) x 2 (Motion Cueing: Motion vs. 

No Motion) repeated measures ANOVA. There was a significant main effect of Memory Task, F 

(1, 19) = 22.68, MSE = 32655.914, p < .001, η
2
 = .540, with response times being longer in the 

Visual condition (M = 1357 ms, SD = 311 ms) than in the Spatial condition (M = 1166 ms, SD = 

299 ms). There was no effect of Motion Cueing on Memory Task response time nor was there an 

interaction between Memory Task and Motion Cueing (Fs < 1; see Figure 8). 

 

Figure 8. Mean response time (in ms) on the memory task as a function of Motion Cueing and 

Memory Task in Experiment 1c. Error bars are 95% confidence intervals. 
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Memory Task Accuracy 

Accuracy was recorded as a binary (correct vs. incorrect) response on each memory trial. 

The accuracy data were submitted to the same ANOVA used to analyze the memory task 

response time data. The main effect of Memory Task was not significant (F < 1). There was a 

significant main effect of Motion Cueing, F (1, 19) = 18.92, MSE = .006, p < .001, η
2
 = .499, 

with responses being less accurate on trials with motion (M = 67.7%, SD = 13.0%) than without 

(M = 75.3%, SD = 11.9%). There was also a significant Memory Task x Motion Cueing 

interaction, F (1, 19) = 4.59, MSE = .004, p = .045, η
2
 = .194. Confidence intervals in Figure 9 

indicated that participants were significantly more accurate at remembering location information 

on trials without motion (M = 75.8%, SD = 12.0%) than with motion (M = 68.3%, SD  = 14.6%). 

None of the other post-hoc comparisons were significant, 

  

Figure 9. Mean accuracy (% correct) on the memory task as a function of Motion Cueing and 

Memory Task in Experiment 1c. Error bars are 95% confidence intervals. 
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Summary 

 In summary, Experiment 1c demonstrated the hypothesized greater interference on the 

spatial memory task when participants discriminated between motion cues. This interference was 

not bi-directional in that there was no interference from the spatial memory task on the motion 

cueing task.  

Discussion 

 Experiment 1 supports the hypothesis that responding to directional motion cues 

selectively interferes with retention of a concurrent spatial WM task.  In particular, in 

Experiment 1c accuracy on the spatial memory tasks was lower when participants were required 

to discriminate motion cues (68%) than when no motion cues were presented (76%).  The motion 

discrimination task did not affect performance on the visual memory task. This pattern of results 

is consistent with the view that motion processing hinders peoples’ ability to rehearse spatial 

(location) information but not visual (appearance) information. Arguably, this effect occurs 

because the processing of motion cues and the retention of spatial information compete for the 

same limited resources in the spatial component of the VSSP. 

Although Experiment 1b did not yield the expected level of interference of motion on the 

memory tasks, it demonstrated the feasibility of incorporating the Letter P task in this motion-

cuing paradigm. The lack of interference from the motion cue discrimination task on the visual 

and spatial memory task in Experiment 1b was likely caused by the motion cueing task being 

restricted to three cues per trial. Near-ceiling accuracy scores on the motion cue task supported 

this explanation. In Experiment 1c the number of motion cues was increased to 10 per trial, 

which required almost continuous responses throughout the 15 s retention interval. Although the 

motion cue task was now more difficult, accuracy scores on this task remained high (92%), 
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suggesting that participants were not overwhelmed by the revised version of this task. A post-

hoc power analysis, using G*Power (Faul, Erdfelder, Buchner, & Lang, 2009), revealed that in 

order to have an 80% chance of finding a significant (p < .05) effect of the memory tasks on 

motion cue task response times with the current effect size of η
2
 = .108, a sample of 834 

participants would be required. 

In sum, Experiment 1 provides evidence that differentiating between motion cues 

differentially affects visual and spatial memory when the motion occurs during the 

retention/rehearsal of visual-spatial information. The findings reported in Experiment 1 are, 

however, limited to the retention of visual/spatial information and therefore do not speak to 

whether this selective interference effect also occurs during the encoding of visual/spatial 

information.  

Experiment 2 

The purpose of Experiment 2 was to determine whether a motion cue discrimination task 

selectively interferes with spatial WM during the encoding of visual-spatial information. The 

encoding durations in Experiment 1 were too short (the target P display was only shown for 500 

ms) to allow a sufficient number of motion cues. As such, the encoding time for the visual-

spatial displays had to be increased to support the administration of multiple motion cues. This 

new requirement resulted in the letter P task no longer being appropriate because there are only a 

few ways that Ps can differ (e.g., height, width, thickness). Simply increasing the number of Ps 

displayed during the extended encoding phase would make the letter P task too difficult given 

the visual overlap/similarity between the multiple Ps. A new set of visual stimuli was developed 

to replace the Ps in the letter P task. The new stimuli consisted of multiple nonsense symbols. 

Given that new stimuli were being used, it was important to establish that the visual and spatial 
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WM tasks would be equally difficult. To this end, the difficulty of the visual and spatial 

memory tasks were equated in Experiment 2a. The effects of motion cueing on these two 

(equated) memory tasks were then tested in Experiment 2b. 

Experiment 2a 

The purpose of Experiment 2a was to equate the difficulty of the spatial WM task and 

visual WM task developed for Experiment 2. Performance on these two WM tasks was measured 

without any motion cueing. 

Method 

Participants 

Eight graduate-level colleagues participated without remuneration. Ages ranged from 23 

to 32 years (M = 25.4, SD = 3.0). All participants were right handed and all were assumed to 

have normal or corrected-to-normal visual acuity.  

Design 

The same experimental design used in Experiment 1a was used here. 

Stimulus Materials and Presentation  

 The letter P task used in Experiment 1 was replaced with a nonsense symbol task in 

which several visual symbols without any conventional verbal labels were simultaneously 

displayed. Like the letter P task, the nonsense symbol task provides a method for manipulating 

the WM task based on instructions and not by changing the visual stimuli. This ensured that any 

differences between the spatial and visual WM tasks observed in this experiment cannot be 

attributed to differences in stimuli and are therefore likely caused by interference from the 

motion cue discrimination task. Ninety nonsense symbols were randomly selected from a symbol 

bank with the constraints that there were no highly similar pairs of symbols and that no symbol 
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with an obvious verbal label (e.g., @, #) could be included. The nonsense symbols subtended 

a visual angle of approximately 6° both horizontally and vertically.  

 Location information was manipulated by simultaneously presenting 2, 4, 6, 8, or 10 

target symbols (for 10 s) in black ink on a white background each in different randomly selected 

cells of an invisible 4 x 6 grid. The 4 x 6 grid was not displayed, thus the symbols seemed to 

appear in random locations on the screen. Following a 3-second retention interval during which 

visual static filled the screen, the same number of probe symbols were presented simultaneously. 

On “same” trials, the probe symbols appeared in the same cells as the target symbols. On 

“different” trials, one of the probe symbols moved to an adjacent cell. The number of candidate 

cells that a probe symbol could move to varied from one to eight, depending on whether its 

corresponding target symbol was centered in the grid, along an edge, or in a corner. Only 

symbols that had at least one empty adjacent cell could change location. Visual (appearance) 

information was manipulated by changing the identity of one of the symbols. On “same” trials, 

the probe symbols were the same as the target symbols. On “different” trials, one of the probe 

symbols changed identity to one of the 90 symbols that was not currently displayed. 

Apparatus 

The same apparatus used in Experiment 1a was used here.     

Procedure 

Participants were tested in a quiet, distraction-free room. Participants were seated in the 

motion seat, which was adjusted for height to ensure that their feet rested comfortably on a 

platform. The seat was then moved forward/backwards and the monitor was moved up/down to 

hold viewing distance and angle consistent across participants.  
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 Participants completed a practice session that consisted of 4 Spatial trials and 4 Visual 

trials, with two same/different trials in each condition. On the Visual trials, a symbol’s identity 

was changed. On the Spatial trials, a symbol’s location was changed. Two experimental blocks 

followed the practice session. One block consisted of 30 Spatial trials and the other consisted of 

30 Visual trials with an equal number of same/different trials in each block and block order 

counterbalanced across participants. The number of symbols displayed started at 2 and increased 

by 2 after every 5
th

 trial until a maximum of 10 symbols were displayed. Each block lasted 

approximately 11 minutes with a five-minute break between blocks.  

Prior to each experimental block, participants were instructed to remember either the 

locations (Spatial condition) or the identities (Visual condition) of all the simultaneously 

presented target symbols. Each trial began with the presentation of a fixation cross for 1 s, 

followed by the target symbols, chosen at random without replacement from the bank of 90 

symbols and displayed in any of the 24 possible screen locations for 10 seconds. Static visual 

noise that filled the entire monitor was then presented for 3 s. This was followed by a 5 s 

presentation of the probe symbols. Participants were required to indicate via button press 

whether the target and probe symbols were the same or different. 
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Figure 10. Example of a “same” spatial or visual trial sequence from Experiments 2a and 2b. 

Results and Discussion 

 The purpose of Experiment 2a was to equate Visual and Spatial task difficulty by 

manipulating the number of symbols displayed and to ensure that performance was above chance 

but below ceiling. Responses were recorded as either correct or incorrect and accuracy was 

calculated as the number of correct responses divided by the total number of trials. 

 The average accuracy rates are presented in Figure 11. As expected, accuracy decreased 

as the number of symbols increased. Based on these data it was concluded that an accuracy rate 

of roughly 85% in both the Spatial and Visual conditions could be achieved by displaying nine 

and six symbols, respectively.  
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Figure 11. Mean response accuracy (% Correct) on the memory tasks as a function of Memory 

Task in Experiment 2a.   

Experiment 2b 

 The purpose of Experiment 2b was to determine whether discrimination between motion 

cues interferes with the encoding of spatial (location) information and/or visual (appearance) 

information. It was hypothesized that responding to motion cues would selectively interfere with 

the Spatial condition. The same visual and spatial WM tasks from Experiment 2a were used. 

Participants were required to discriminate between 6 directional (left and right) motion cues 

during the 10 s encoding interval of the memory trial.  

Method 

Participants  

Twenty-four undergraduate students were recruited using Carleton University’s online 

sign-up system and participated in exchange for 1.0% course credit. Ages ranged from 17 to 28 

years (M = 20.1, SD = 2.7). Twenty-three participants were right handed and one participant was 
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left-handed. No participants reported any history of back injury, concussion, or head injuries 

and all were assumed to have normal or corrected-to-normal visual acuity.  

Design 

The same experimental design used in Experiments 1b and 1c was used here.  

Stimulus Materials and Presentation  

 The same nonsense symbol task used in Experiment 1a was used here, however, the 

number of symbols to be remembered on each trial was set at 9 in the Spatial condition and 6 in 

the Visual condition.  

Apparatus 

 The same apparatus used in Experiment 1b and 1c was used here. 

Procedure 

The experimental set-up was identical to Experiment 2a. Once seated in the motion seat, 

participants completed a practice session, a motion control condition, and the four experimental 

conditions created by crossing Motion Cueing (Motion vs. No Motion) and Memory Task 

(Spatial vs. Visual). The practice session was identical to the practice session in Experiment 2a. 

The motion control condition required participants to respond left/right to 30 motion cues as fast 

as they could without a memory task. Motion cues were presented every 1.5 to 5 s (randomly 

determined). Participants then completed the four experimental conditions, each of which 

consisted of 30 trials. The four conditions were blocked and counterbalanced across participants 

such that each possible condition order was tested. Each block lasted approximately 11 minutes 

with five-minute breaks between blocks.  

Prior to each experimental block, participants were instructed to remember either the 

location or the visual appearance (font type) of the symbols that would be presented. Six motion 
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cues were randomly presented during the 10-second encoding phase (target display) with the 

constraints that the minimum inter-cue interval was 500 ms and the maximum inter-cue interval 

was 7000 ms (the average inter-cue interval was1800 ms). There was also a minimum of 500 ms 

between the onset of the target display and the first cue, and between the last cue and the 3 s 

retention phase. Participants were instructed to respond as quickly as possible to the six motion 

cues by pressing the appropriate button(s) on the response pad. 

Results and Discussion 

The same four measures of interest in Experiment 1b and 1c are reported here in the 

following subsections. 

Motion Cue Response Time 

Response time was measured as the difference (in ms) between the initiation of the seat’s 

motion and the participant’s button press response. Each participant responded to 390 motion 

cues in total. Thirty motion cues were presented in isolation in the motion control condition to 

establish baseline performance. The remaining 360 motion cues occurred in the 30 spatial and 30 

visual trials in the “Motion” condition, with six motion cues being presented on each trial. Only 

correct responses to the motion cues were included in the response time analysis. The data were 

submitted to a one-factor (Memory Task: Baseline (no WM task) vs. Spatial vs. Visual) repeated 

measures analysis of variance (ANOVA). The effect of Memory Task was not significant, F 

(2,46) = 2.59, MSE = 1500.613, p = .086, η
2
 = .101.  

Motion Cue Accuracy 

Accuracy was recorded as a binary (correct vs. incorrect) response to each motion cue. 

These data were submitted to the same repeated measures ANOVA used in the motion cue 
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response time analysis. The effect of Memory task was not significant (F < 1), with no 

statistical differences between the Baseline (M = 85.0%, SD = 24.0%), Spatial (M = 87.2%, SD = 

25.8%), and Visual (M = 86.9%, SD = 26.6%) conditions. 

Memory Task Response Time 

Response times were measured (in ms) from the onset of the probe display until a 

same/different response button was pressed. Correct response times were submitted to a 2 

(Memory Task: Spatial vs. Visual) x 2 (Motion Cueing: Motion vs. No Motion) repeated 

measures ANOVA. There was a significant main effect of Memory Task, F (1, 23) = 36.37, MSE 

= 87392.015, p < .001, η
2
 = .614, with response times being longer on the Visual task (M = 

1973ms, SD = 897ms) than on the Spatial task (M = 1606ms, SD = 848ms). The main effect of 

Motion Cueing was not significant F (1, 23) = 1.35, MSE = 65539.152, p = .258, η
2
 = .055. 

There was no interaction between Memory Task and Motion Cueing (F < 1; see Figure 12). 

 

Figure 12. Mean response time (in ms) on the memory task as a function of Motion Cueing and 

Memory Task in Experiment 2b. Error bars are 95% confidence intervals. 
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Memory Task Accuracy 

Accuracy was recorded as a binary (correct vs. incorrect) response on each memory trial. 

The accuracy data were submitted to the same ANOVA used to analyze the memory task 

response time data. The main effect of Memory Task was significant F (1, 23) = 9.48, MSE = 

.008, p = .005, η
2
 = .292. Memory accuracy scores were significantly higher in the Spatial 

condition (M = 80.3%, SD = 14.9%) than in the Visual Condition (M = 74.8%, SD = 11.6%). 

There was a significant main effect of Motion Cueing, F (1, 23) = 24.01, MSE = .006, p < .001, 

η
2
 = .551. Memory trial accuracy scores were significantly higher in the No-Motion condition (M 

= 81.5%, SD = 12.2%) than in the Motion condition (M = 73.5%, SD = 12.7%). As can be seen 

in Figure 13, there was a significant Memory Task x Motion Cueing interaction, F (1, 19) = 

11.73, MSE = .004, p = .002, η
2
 = .338. Confidence intervals in Figure 13 indicate that 

participants were significantly more accurate at remembering spatial information on trials 

without motion (M = 86.4%, SD = 10.5%) than with motion (M = 74.2%, SD = 14.4%). Also, 

participants were more accurate at remembering spatial information (M = 86.4%, SD = 10.5%) 

than visual information (M = 76.7%, SD = 12.0%) when no motion cues were present. No other 

mean accuracy scores were statistically different. 
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Figure 13. Mean accuracy (% Correct) on the memory task as a function of Motion Cueing and 

Memory Task in Experiment 2b. Error bars are 95% confidence intervals. 

Summary 

 In summary, Experiment 2b demonstrated the hypothesized selective interference to the 

Spatial memory condition when participants discriminated between motion cues. No interference 

on the motion cueing task (accuracy or response latency) was observed in either of the memory 

tasks conditions. 

Discussion 

The purpose of Experiment 2 was to extend the findings of Experiment 1 by exploring 

whether or not the motion cueing task selectively interfered with spatial WM when the motion 

cues were presented during the encoding of the spatial information rather than during retention. 

The significant Motion Cueing x Memory Task interaction observed in Experiment 2b supports 

the hypothesis that processing motion cues interferes with the concurrent encoding of spatial 

information but not visual information. That is, accuracy on the spatial memory task was 
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significantly lower when paired with motion while accuracy on the visual memory task was 

unaffected by motion. 

In order to present a sufficient number of motion cues, the encoding phase of the memory 

tasks was increased from 750 ms in Experiment 1 to 10 s in Experiment 2. The difficulty of the 

memory tasks had to be increased to be commensurate with the increased encoding time. Rather 

than displaying more Ps, which have limited variability in terms of their visual appearance, the 

letter P task was replaced with a nonsense symbol task. The nonsense symbol task allowed more 

stimuli to be presented during the extended encoding phase, but because the variability in visual 

appearance between the nonsense symbols was greater than that for the Ps, participants were still 

capable of making fast and accurate responses to the spatial and visual memory tasks. 

 Given that the 10 s encoding time in Experiment 2 was shorter than the 15 s retention 

interval in Experiment 1, only 6 motion cues (instead of 10) per trial were administered in 

Experiment 2. Overall, accuracy on the motion cue discrimination task in Experiment 2 (96%) 

was similar to that reported in Experiment 1. As in Experiment 1, there was no effect of the 

memory tasks on the response times to the motion cue discrimination task in Experiment 2. A 

post hoc power analysis, using G*Power (Faul et al., 2009), revealed that in order to have an 

80% chance of finding a significant (p < .05) effect of the memory tasks on motion cue task 

response times with the current effect size of η
2
 = .101, a sample of 951 participants would be 

required. 

As in Experiment 1, there was an overall significant main effect of motion cueing on the 

memory task accuracy rates with higher accuracy in the No Motion condition (86%) than in the 

Motion condition (74%). This finding shows that processing motion cues interferes with the 

encoding of information into WM. There was also a significant main effect of Memory Task in 
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both the response time and accuracy data, with higher performance in the Spatial condition 

than in the Visual condition. This main effect was not expected given that efforts were made to 

equate the difficulty of these two tasks in Experiment 2a. That said, although this main effect of 

Memory Task is not ideal, it does not pose a major problem as the primary goal of this thesis is 

to determine the effects of motion cueing within each of the two types of memory tasks. 

 In sum, Experiment 2b provides clear evidence that encoding spatial information 

(visually) and discriminating between directional motion cues compete for WM resources as 

demonstrated by decrease in memory task accuracy. As predicted, no significant interference 

effects were observed in the visual memory task by discrimination of motion cues.  

General Discussion 

 The present research examined the link between visual-spatial WM and motion 

cueing. Two experiments were conducted in which a dual-task paradigm was used to assess the 

extent to which a motion cue discrimination task interfered with the rehearsal (E1) and the 

encoding (E2) of visual and spatial information. It was hypothesized that because participants 

were instructed to place equal effort on completing both the motion cueing task and the memory 

task, interference would be bi-directional. That is, processing motion cues was expected to 

impair the rehearsal/encoding of spatial information and the rehearsal/encoding of spatial 

information was expected to impair the processing of motion cues. Experiments 1 and 2 revealed 

that the motion cue task impaired memory (accuracy) for the retention and encoding of spatial 

information, but not visual information. 

This thesis is one of the few attempts to use a WM framework to constrain and 

understand the applied issue of using motion in simulator training. To date, research has tended 

to be focused on high-level measures such as the control and handling of the aircraft (de Winter, 
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Dodou, & Mulder, 2012) while neglecting the cognitive limitation of the operator. A better 

understanding of the cognitive limitations of operators will lead to more directed research in the 

field of flight simulation development.  Results from the current studies yield important 

information about WM as well as the impacts of simulator motion on WM. 

Working Memory 

In Baddeley’s model of WM (Baddeley, 2000; 2012), spatial location and motion 

information is processed by the inner scribe whereas visual information (e.g., form, appearance) 

is stored by the visual cache. The data reported here support Baddeley’s conceptualization of 

separable modules for the storage of location-based information versus appearance-based 

information. The current findings support the fractionation of the VSSP into visual and spatial 

subcomponents. That is, the discrimination of motion cues selectively interfered with the 

encoding and retention of location-based information but not appearance-based information. 

Results from the current research add to the base of behavioural, developmental, imaging 

and special population studies that suggest visual memory and spatial memory are distinctly 

different subcomponents of visual-spatial WM. Experiment 1 was a quasi-replication of the 

Darling et al. (2007) study where spatial tapping interfered with spatial WM but not visual WM. 

However, one limitation of the Darling et al. study was that the accuracy of the interference task 

(spatial tapping) could not be measured. This limitation was overcome in the current research by 

measuring both the response accuracy and response latency to the motion cues. Measuring 

accuracy on both tasks (motion cueing and memory task) allowed detection of bi-directional 

interference (E1b) in the motion/spatial condition only. Responding to motion cues reduced the 

accuracy of the spatial memory task whereas accuracy on the motion cuing task was also 

negatively affected by the spatial memory task.         
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Thomas and Seiffert (2010) demonstrated that active and passive self-motion interferes 

with the ability to track objects (spatial task), however, these effects occurred only after the 

tracking task has reached some level of difficulty. When Thomas and Seiffert’s participants only 

tracked one object there was no negative impact of self-motion but when they increased the 

objects to three, interference began to be observed. A similar threshold was discovered in the 

current research. In Experiment 1b participants where required to respond to three motion cues 

and this yielded minimal interference on the spatial memory task (accuracy of 78%). In 

Experiment 1c the number of motion cues was increased to ten and the accuracy on the spatial 

memory task decreased by 10%. Taken together, both the current research and Thomas and 

Seiffert’s research demonstrate that having two tasks that merely utilize the same resource is not 

enough to cause measurable interference. It would seem that there is a capacity to the spatial 

WM component and that capacity must be reached or exceeded before significant dual-task 

interference is observed.  

The current findings also relate to the interaction between aspects of WM and postural 

control (Lajoie et al., 1993; Makizako et al., 2013; Maylor & Wing, 1996). Postural control can 

be negatively affected by tasks that require spatial WM (Makizako et al., 2013; Woollacott & 

VanderVelde, 2008), and attempts to maintain postural control can negatively affect performance 

on spatial WM tasks (VanderVelde, Woollacott, & Shumway-Cook, 2005). There is the 

possibility that the current findings were at least partly due to the interference motion cues can 

cause on postural control. Although participants were seated (with no way of falling), the 

stability of their orientation was constantly being disrupted. If, as in postural control, there was 

an automatic ‘posture first’ response it would likely draw spatial resources away from the spatial 

WM task. 
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Motion simulator research also supports the notion that producing instability in ones’ 

sense of orientation or motion can selectively interfere with spatial WM. When Gresty et al. 

(2003) had participants perform a spatial and verbal WM task in a motion simulator that 

provided stable and congruent visual and motion movements there was little negative impact on 

either WM task. However, when the physical motion was opposite of the visual motion 

(instability of motion perception between the two modalities) performance on the spatial, but not 

the verbal task, suffered. Gresty et al.’s results were obtained with no requirement of the 

participants to actively monitor the motion of the simulator. Therefore, it is not surprising that 

the findings of the current research, which required participants to actively respond to both tasks, 

are consistent with the idea that the presence of simulator motion does require spatial WM 

capacity.                       

Flight Simulation 

The finding that discriminating between motion cues interferes with the encoding and 

rehearsal of spatial information in WM has direct applicability to the debate surrounding the 

need for motion in flight simulators. Basing requirements for motion in simulation-based training 

solely on subjective claims regarding its positive impact on simulation fidelity is tenuous. When 

considering the cost and complexity of motion flight simulators, as well as the safety risks 

associated with the potential interfere with the training of operators (specifically, the possibility 

of introducing information that is uninformative, or worse, confusing), a more rigorous 

investigation must take place. Objective data should be used to support these subjective claims 

when deciding whether or not to include motion in simulation. Unfortunately, because high-level 

quantitative data is often hard to obtain and subsequently to interpret, more attempts to 

understand how fundamental cognitive processes (including attention and memory) are involved 
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in the perception and processing of motion information should be made. The current research 

highlights two arguments, one in favour of the inclusion of motion in simulators and one 

partially against it.  

 Experiments 1 and 2 both demonstrated that discriminating between directional motion 

cues requires cognitive resources that appear to selectively overlap (interfere) with spatial WM. 

When flying under manual control in a real flight environment, pilots are constantly correcting 

attitude, sometimes according to their instruments and sometimes according to feedback from 

motion. In cases where pilots are using motion-induced forces exerted on the body to monitor the 

aircraft’s orientation, it follows from the results of the current research that any spatially-based 

task (e.g., map reading, path planning, remembering the form and location of symbols on a 

display), will be impaired relative to when these motion cues are not present. Furthermore, any 

visually-based tasks (e.g., remembering the appearance of visual references, numerical data, or 

gauge readings) will be relatively unaffected by motion information. If pilots are training in 

simulators without motion, then the cognitive resources used to monitor and respond to motion 

may be free to support spatial tasks resulting in an underestimation of the workload required to 

complete the same task during real flight. This argument therefore supports the idea that motion 

should be included in simulators, if not to increase immersion, transfer of training, or aircraft 

handling, then at the very least to accurately represent the cognitive demands associated with 

processing motion in real flight. 

 Based on this argument for the inclusion of motion in simulators, the experience level of 

the pilot in training must also be considered. Previous research has illustrated a difference in the 

benefits of motion (on specific flight tasks) across experience level (Noble, 2002). On tasks 

requiring pilots to react to disturbance motion (turbulence or unstable flight), simulator motion 
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was more beneficial for novice pilots than for experienced pilots. Given that novice pilots are 

not entirely familiar with how their control inputs will affect the attitude of the aircraft (de 

Winter et al., 2012), motion feedback provides additional information that may improve their 

performance. However, based on the previous logic, if the monitoring of motion information 

requires extra cognitive capacity it could be overwhelming to very inexperienced pilots. 

Therefore, when training novice pilots on tasks not related to disturbance motion, it may be 

beneficial to omit motion until they have reached some level of competency on basic aircraft 

handling.  

Strengths and Limitations 

There were two main limitations to the current experiments. First, the design of the 

dynamic motion seat restricted the amount of motion displacement.  The seat is designed to run a 

full flight model, thus it is difficult, but not impossible, to isolate motion channels. Here, the 

command to bank left or right using the seat pan and seat back provided the discrete left/right 

motion cues. Although the displacement of the seat pan and back (approximately 2.5 cm off level 

in each direction) was known and consistent across conditions and experiments, the magnitude 

(velocity) of the cues was unknown because the exact duration over which the cue was applied 

was unavailable. However, it was known that the motion cue was executed in less than one 

second. This limitation was likely not important for the current investigation as the main purpose 

of the motion cueing was to provide consistent proprioceptive direction cues. It may prove 

valuable to investigate the role of the magnitude of the motion cues in future research. It may be 

that more salient (greater displacement or longer duration) cues require less spatial WM to 

monitor, whereas less salient or possibly conflicting cues may require more spatial WM. 
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 Response latencies were longer in the Visual (font type, stimulus identity) condition 

than in the Spatial (location) condition in both experiments. This was the case even when there 

were more stimuli to remember in the Spatial condition (9) than in the Visual condition (6) in 

Experiment 2. However, participants’ responses in the Visual conditions were still sufficiently 

fast that they did not exceed the time allotted to respond (3 s in E1 and 5 s E2) and therefore did 

not influence accuracy rates. The difference in response latencies may have been due to different 

strategies when checking the probe items. That is, it is possible that on spatial trials, participants 

encoded the stimuli as a whole and were able to quickly determine if a part of the whole (an 

individual symbol) moved. However, on visual memory trials, participants likely had to examine 

each symbol in a serial fashion to determine if its font/identity had changed.  

Future Directions 

The primary function of dynamic motion seats is to provide discreet motion cues. The 

more widely used Stewart platform is capable of providing longer duration and larger 

displacements cues allowing for a more full-body movement (de Groot et al., 2011). Given that 

most motion simulators use Stewart platforms to induce motion, an important next step would be 

to attempt to replicate the current findings in a continuous motion environment rather than the 

discrete motion cue as was used here. Relative to processing discrete motion cues, monitoring 

continuous motion is likely to require more (or at least more sustained) effort and would 

therefore produce more interference on a secondary spatial task. Exploring the cognitive 

processing differences between discrete motion cues and full body motion experienced on a 

Stewart platform is important because if it can be demonstrated that discrete directional cues are 

cognitively the same as full motion, then providing complex and costly motion is unnecessary to 

simulate the cognitive demands associated with processing motion in real flight. 
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Finally, the use of motion cueing in the current studies presents a new paradigm for 

studying spatial WM. The way in which the dynamic motion seat was utilized for the current 

research was one of many ways in which it could have been used to load spatial WM. Extending 

similar findings (Darling et al., 2009) with a completely new method provides evidence for the 

robustness of the WM frameworks proposed by Baddeley (Baddeley, 1984; 1986; 1988; 1992; 

2012; Baddeley & Hitch, 1974).  

The current research helps to fill gaps in the literature between full-mission flight 

simulation research and basic WM research. The findings demonstrate that basic research can be 

useful to the simulation community. In a continuing attempt to improve flight simulators and 

make educated decisions on the inclusion of motion in simulators, the ways in which motion 

affects the operator must be understood. If motion does not provide additional training benefit 

there is no need to spend time and money on the inclusion of motion. The exceptions are 

situations related to disturbance motion in which aircraft handling performance has been shown 

to benefit from motion (de Winter et al., 2012). However, as demonstrated by the results of the 

current research, monitoring and responding to directional motion cues does cause interference 

to WM tasks, specifically spatial tasks, and therefore there is clear motivation to consider 

including motion in simulator-based training. 
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Appendix A: Participant Informed Consent 

Informed Consent Form 
 

Study: Effects of Motion Cuing on Visuo-Spatial Working Memory Tasks 
 

Faculty Sponsor: Dr. Chris Herdman, Department of Psychology, Carleton University, tel. 520-2600 x. 

8122 
 

The purpose of this informed consent form is to ensure that you understand both the purpose of the study 

and the nature of your participation. The informed consent must provide you with enough information so 

that you have the opportunity to determine whether you wish to participate in the study. This study has 

received clearance by the Carleton University Psychology Research Ethics Board (Ethics Approval: 13-

134). Please ask the researcher to clarify any concerns that you may have after reading this form. 
 

Research Personnel: In addition to the Faculty Sponsor named above, the following people are involved 

in this research and may be contacted at any time should you require further information about this study:  
Name Title Department Email Phone 

Chris Nicholson MA Student Psychology Chris_nicholson@carleton.ca 520-2600 x.2487 
 

Other Contacts: Should you have any ethical concerns regarding this study, please contact Dr. Shelley 

Brown. For any other concerns about this study, please contact Dr. Anne Bowker. 
Name Position Phone 

Dr. Shelley Brown Chair, Psychology Research Ethics Board 520-2600 x. 1505 

Dr. Anne Bowker Chair, Department of Psychology 520-2600 x. 8218 
 

Purpose: The purpose of this study is to determine how motion affects visuo-spatial working memory 

tasks. 
 

Task: In this study, you will be harnessed in a motion seat positioned in front of a large-screen monitor. 

Two objects will appear on the monitor. You will be asked to remember either the location or the visual 

characteristics of these objects for 15 seconds. On some of the trials, your seat will move during these 15 

seconds. Whenever the seat moves, please indicate whether the seat moved left or right by pressing the 

appropriate button. After 15 seconds have elapsed, two objects will appear on the screen. Your task is to 

indicate whether these two objects are the same or different from the first two objects you saw. If you 

were asked to remember the location of the objects, then respond “same” if the two objects appear in the 

same location as the objects in the first display (even if the visual characteristics of the objects are 

different). If your task was to remember the visual characteristics of the objects, then respond “same” if 

the two objects have the same visual characteristics as the objects in the first display (even if the location 

of the objects are different). The experiment consists of 4 blocks of 30 trials each, for a total of 120 trials. 

If required, you can take a break between each block of trials. 
 

Duration, Locale & Compensation: Testing will take place in VSIM 2210 and will take approximately 

one hour. You will receive 1.0% credit for your participation. 
 

Potential Risks/Discomfort: There are no potential psychological risks associated with participation in 

this experiment. Please note that your performance on the task in this experiment does not provide an 

indication of your suitability for university studies. However, if you feel anxious and/or uncomfortable 

about your performance, or if you begin to feel sick, then please bring your concerns to the researcher's 

attention immediately. 
 

Anonymity/Confidentiality: All data collected in this experiment will be kept strictly confidential 

through the assignment of a coded number and securely stored on a local computer for a maximum of ten 
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years. Similarly, this Informed Consent form will be kept for a maximum of ten years before being 

destroyed. The information provided will be used for research purposes only. You will not be identified 

by name in any reports produced from this study. Further, the information is made available only to the 

researchers associated with this experiment 
 

Right to Withdraw/Omit: You have the right to withdraw from this experiment at any time without 

academic penalty. Your participation in this experiment is completely voluntary. 

                                                                                                                                                                                                      
I have read the above description of the study assessing the impact of motion cuing on visuo-spatial 

working memory tasks. By signing below, this indicates that I agree to participate in the study, and this in 

no way constitutes a waiver of my rights. 

 

Name:        Date:      

 

Signature:       Witness:     
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Appendix B: Participant Demographic Questionnaire 

 

Participant Demographic Questionnaire 

 

 

Effects of Motion Cuing on Visuo-Spatial Working Memory Tasks 

 

Gender 

Male☐  Female☐ 

 

Age ________ 
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Appendix C: Participant Debrief 

 

Effects of Motion Cuing on Visuo-Spatial Working Memory Tasks 

 

Thank you for your participation in this study. This study is designed to investigate how your 

body’s perception of motion affects your ability to remember the location and identity of visual 

information. Research in the working memory literature has provided evidence that there are two 

distinct systems responsible for the storage of visual (identity-based) and spatial (location-based) 

information. It is hypothesized here that the task of responding to motion cues will selectively 

interfere with the storage of location-based information and not with the storage of identify-

based information. If this pattern of data is observed, then it will bolster the argument for the 

separability of visual and spatial storage. Furthermore, this finding would have practical 

implications for the use of motion cuing in simulators used to train drivers and pilots, insofar as 

driving a car and piloting an airplane both rely on spatial working memory. This experiment is 

the first in a series of experiments that will explore this line of research. If you are interested in 

learning more about visuo-spatial working memory, then please see the following: 

 

Darling, S., Sala, D. S., & Logie, R. H. (2009). Dissociation between appearance and location 

within visuo-spatial working memory. The Quarterly Journal of Experimental 

Psychology, 62, 417-425.  

 

Logie, R. H. (2011). The functional organization and capacity limits of working memory. 

Current Directions in 

Psychology, 20, 240-245. 

 

This study has received clearance by the Carleton University Psychology Research Ethics Board 

(Ethics Approval: 13-134). Should you have any ethical concerns regarding this study then 

please contact Dr. Shelley Brown (Chair, Psychology Research Ethics Board, 520-2600 ext. 

1505). Should you have any other concerns about this study then please contact Dr. Anne 

Bowker, (Chair, Department of Psychology, 613-520-2600 ext. 8218) or any of the following 

individuals: 

 

Name Title Department Study Role Contact Info. 

Chris Nicholson MA Student Psychology Principal Researcher Chris_nicholson@carleton.ca 

Dr. Chris Herdman Professor Psychology Faculty Advisor 520-2600 x. 8122 

 

 

 


