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ABSTRACT 

 

The purpose of this thesis was to extend the understanding of how complementary 

motion and visual cues affect performance in perceptual tasks in dynamic motion seats. 

In Experiment 1, participants received motion cues from a dynamic motion seat and a 

visually presented attitude indicator that simultaneously displayed bank angles of 10°, 

20°, 30°, and 40°. Participants were required to estimate each bank angle from the 

attitude indicator. The addition of motion cues from the motion seat that were consistent 

with the attitude-indicator did not improve performance compared to when no motion 

seat cues were provided. The addition of inconsistent cues from the motion seat reduced 

estimate accuracy. Experiment 2 was identical to Experiment 1 except that participants 

were required to estimate bank angles from the motion seat. The addition of consistent 

visual cues increased estimate accuracy compared to having no visual cues, and 

inconsistent visual cues decreased estimate accuracy.
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INTRODUCTION 

Over the past 30 years, there have been dramatic increases in both the research 

and application of simulator training in aviation (Klyde et al., 2013). Simulators are used 

as training devices in aviation because they provide a relatively risk-free means to 

practice complex, and in some cases, life-threatening procedures (e.g., recovery from an 

unusual orientation; Lee & Myung, 2013). Increases in safety awareness within the 

aviation industry have amplified the demand for simulator training. As a consequence of 

the growing safety awareness, the number of commercially-available simulators 

continues to grow as technological developments in simulation technology continue to 

improve. These developments increase the demand for advanced simulators that can 

replicate all in-flight scenarios (Maran & Glavin, 2003). A fundamental question is what 

degree of precision does a flight simulator need to replicate real-life aviation in order to 

provide the most effective training and research? The degree of precision with which a 

flight simulator replicates actual flight is known as fidelity, and has been a topic of debate 

within the aviation industry for decades (Maran & Glavin, 2003). Although many 

aviation researchers and pilots believe that highly precise simulators are needed for 

adequate flight training, there is little objective evidence to support this belief. Cheaper 

low-fidelity simulators have been gaining popularity in training research because of the 

lack of support for the benefits of high-fidelity simulators. This increase in popularity has 

led to increased research exploring the cognitive and perceptual experiences of operators 

within low-fidelity simulators. The goal of the present research was to evaluate how 

motion cues from a low-fidelity motion cueing seat affect operators’ ability to perceive 

their spatial orientation. 
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Simulation Fidelity 

Fidelity has been defined as the extent to which the appearance and behaviour of 

the simulated environment matches the appearance and behaviour of the system that is 

being simulated. A high level of fidelity presumably equates to a more realistic 

simulation (Farmer, van Rooij, Riemersma, Joma & Morall, 1999). Miller (1953) 

proposed two distinct, complementary categories of simulator fidelity - engineering and 

psychological. Engineering fidelity, or physical fidelity, is defined as the degree to which 

the simulated environment replicates the environmental characteristics of the real task. 

Increasing the engineering fidelity of the simulator inevitably leads to increases in cost. 

For example, increasing the engineering fidelity of a visual display could involve 

implementing a display that subtends the entire visual field, with the highest possible 

resolution and refresh rate. Psychological fidelity, or functional fidelity, is defined as the 

degree to which the skills and psychological responses in the real task are captured in the 

simulated task. It is measured by comparing the operator’s behavioural and physiological 

responses during the simulation to completing the same task in the field. A high-

psychological fidelity simulator may elicit very similar, or the exact behavioural and/or 

physiological responses that would be produced by completing the same task in real-life 

flight. Researchers can gain insights into the psychological fidelity of the simulator by 

measuring sensory reflexes such as reaction time, and eye movements in response to 

simulated tasks. This data would then be compared to the same measurements taken 

during actual flight. If the simulator elicits the same behaviours produced by actual flight, 

it can be presumed to have high psychological fidelity (Sadowski & Stanney, 2002) 
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Since the introduction of simulators in aviation training research, many 

researchers have held the assumption that more realistic simulators provide more 

effective research and training. This assumption was made evident in the early aviation 

training literature beginning with Adams (1961), who wrote a textbook chapter in support 

of the highest fidelity of simulation for transfer of training. Several quantitative studies 

regarding fidelity in transfer of training were conducted by military and aerospace 

personnel (Cooper, 1963; Bird & Daniel, 1963; Smedal, Rogers, Duane, Holden & Smith, 

1963) following Adams (1961). The fidelity of the visual and motion systems of training 

simulators have primarily been the focus of transfer of training research and flight 

training administration. For example, the degree of fidelity in training simulators is 

regulated and monitored by the relevant aviation authorities (e.g., FAA in USA and 

Transport Canada in Canada). These authorities have classified simulators across four 

levels of fidelity (A, B, C, and D). A and B have basic visual displays, and motion 

systems with 3-axis motion, while C and D have visual displays with highly specific 

visual parameters and 6-axis motion systems. Currently the FAA and Transport Canada 

require 6-axis platform motion for the highest level of pilot training and evaluation 

(Robinson, Mania & Perey, 2004). 

Many aviation researchers have questioned whether the most realistic simulation 

of a flight task provides the most benefits for transfer of training and pilot performance. 

Furthermore, are the benefits of high-fidelity simulators worth the high costs associated 

with purchasing, operating and maintaining the equipment (Salas & Cannon-Bowers, 

2001)? The findings in most transfer of training studies, especially those related to 

motion cueing, are scattered and conflicting. Woodruff, Smith, Fuller and Weyer (1976) 
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explored the effects of simulator training with motion and no motion in a group of 

beginner pilots and did not find any benefits of adding motion cueing in terms of 

performance within the simulators and performance in the field afterwards. Three more 

studies (Martin & Waag, 1978a, 1978b; Nataupsky, Waag, Weyer, McFadden & 

McDowell, 1979) also showed little evidence of a transfer benefit when using motion 

versus no motion during simulator training. Contrary to the findings of Woodruff et al. 

(1976), Richard and Parrish (1984) demonstrated a significant benefit of motion cueing in 

pilot performance during a simulated hover task. Overall, there have been mixed results 

in support of motion systems benefiting transfer of training in flight simulation.  

Cognitive and Sensory Research in Aviation Psychology 

 One limitation of transfer of training experiments is that they do not provide an 

explanation as to why combining some sensory cues (e.g., auditory cues) with a visual 

scene produce consistent performance benefits, while incorporating other cues (e.g., 

motion) have shown inconsistent benefits. Recent research has begun exploring basic 

cognitive and sensory processes that play an underlying role in how humans perceive 

sensory cues provided by simulators. Of the many perceptual and cognitive processes, 

multisensory integration seems to be a highly studied area of interest.  

 Wickens, Small, Andre, Bagnall and Brenaman (2008), among other aviation 

researchers (Lam, Mulder & van Passen, 2007; Eriksson, 2009), have explored cues 

across sensory systems in their research in order to examine fidelity from a 

cognitive/sensory perspective. Wickens et al. (2008) compared pilot performance in 

recovering from an unusual pitch with the use of auditory and visual cues versus tactile 

and visual cues versus only visual cues. Wickens et al. (2008) found that having 
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multisensory cues significantly improved pilots’ response times to the unusual pitch 

compared to purely visual cues. Many studies within aviation psychology have shown 

that simulators that provide multisensory cues tend to enhance performance in simulator 

training (Sarter, 2000; Tannen et al., 2004). This is especially the case when simulators 

provide sensory information that includes adding auditory cues (Tannen et al., 2004), and 

tactile cues (Wickens et al., 2008) to a visual display. One exception to this observation 

seems to be simulators that combine visual stimuli with full-platform motion, which has 

shown inconsistent evidence supporting these complementary sensory cues (McCauley, 

2006). 

Motion Cueing – Platform Motion 

 Motion platforms can move in several combinations of translational and/or 

rotational axes. Translational degrees of freedom can include surge motion (forward and 

backward), sway motion (side to side) and heave motion (up and down), while rotational 

degrees of freedom can include bank motion (tilting of the horizontal axis side to side), 

pitch motion (tilting of the vertical axis forward and backward), and yaw motion (a 

movement of the nose from side to side) (Sears & Jacko, 2009). Fidelity in motion 

platforms is generally measured using recordings of all variables of motion within the 

airplane simulator. These measurements are then compared with corresponding 

measurements from the pilot’s seat in an actual airplane (Ashkenas, 1985). High-fidelity 

motion platforms must be able to simulate all six forms of motion (hence 6 degrees of 

freedom) and precisely replicate all movements perceived in an actual airplane.  

A common 6 degree of freedom motion platform consists of a frame with six or 

more extendable actuators connecting a fixed hexagon-shaped base to a moveable 
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platform. The multiple actuators extend and contract in order to provide specific types of 

motion. Six degree of freedom motion platforms are the most commonly used motion 

systems for flight simulators due to the FAA requirements for high-fidelity motion to be 

used for pilot training and evaluation (Burki-Cohen et al., 2009). A 6 degree of freedom 

platform on its own does not necessarily provide high fidelity motion; however, when 

paired with an appropriate flight model and visual display, 6 degree of freedom platforms 

can effectively provide high fidelity motion. Although the benefits of high fidelity motion 

have not been consistently demonstrated objectively, most expert pilots subjectively 

prefer motion to no motion in flight simulators (McCauley, 2006). 

Pilots’ subjective preference for motion 

 From the 1970’s through the 1990’s, many aviation psychology researchers have 

included questionnaires examining pilots’ subjective preferences of the simulators being 

used in their experiments. Caro, Jolley, Isley and Wright (1972) reported that pilots prefer 

motion cues in simulation, presumably because motion cues increase how realistic the 

simulated flight tasks feel. The authors also noted that more experienced pilots might 

require more sophisticated motion systems because they would be capable of detecting 

more subtle differences from the aircraft motion as opposed to novice pilots. Parrish, 

Houck and Martin (1977) reported an investigation of motion in a helicopter simulator. 

They found that pilots performing slalom manoeuvres preferred motion, but objective 

performance measures indicated no advantage of the motion compared to no motion. 

Parrish et al. (1977) found that pilots tended to control the simulated helicopter 

differently between the motion and no motion conditions. In the motion condition, the 

way in which the pilots performed the slalom task more closely resembled the way it 
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would be completed in an actual helicopter, compared to the no motion condition. This 

difference in behavior supports the pilots’ subjective preference and suggests a greater 

level of psychological fidelity in this particular study despite showing no objective 

performance benefits of motion. 

 An important series of experiments was conducted that explored whether 

precisely simulated motion was needed in order to achieve the naturalistic control 

behaviors and subjective pilot preference found in Parrish et al. (1977).  Reid and Nahon 

(1988) compared a no-motion condition to several different motion algorithms on a high-

fidelity motion platform, while Bussolari, Young and Lee (1988), and Lee and Bussolari 

(1989) compared no-motion to high-fidelity motion, 2-degrees of freedom motion, and a 

1-degree of freedom heave motion. In all three studies it was found that most pilots 

disliked the no-motion conditions, while showing no preference differences between any 

of the motion conditions, and no performance differences amoung all conditions. This 

finding is distinct from Parrish et al.’s (1977) findings given that a very limited amount of 

motion was found to be acceptable to pilots. Parrish et al. (1977) only demonstrated that 

pilots’ consistently disliked the extreme case of no motion compared to the other extreme 

case of full platform motion. The findings of Reid and Nahon (1988), Bussolari et al. 

(1988) and Lee and Bussolari are consistent with an interpretation that low-fidelity 

motion may be sufficient to contribute to flight training. These investigations of pilot 

preference do not provide information about training transfer. However, as McCauley 

(2006) noted, in decisions about whether or not to purchase, maintain, and operate a 

motion system, pilot preference and acceptance of the simulator are legitimate factors to 

be considered, independent from transfer of training. 
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Alternative motion cueing 

The use of high-fidelity motion systems comes at a high cost. Bartel and Foster 

(2004) estimated that the cost of a 20-year life cycle of one high-fidelity motion platform 

with hydraulic actuators would total $1.32 million US, while a high-fidelity simulator 

with electric actuators would total $0.93 million US. These estimates included 

procurement, maintenance, and electricity but did not include costs for the construction 

and maintenance of a facility that can accommodate the size and weight of the system, 

nor did the estimates include the cost of labour associated with running the system. Thus, 

the actual cost of using a high-fidelity motion system may be much greater than estimated 

(Burki-Cohen, Sparko & Go, 2007). 

Given the high price of operating a high-fidelity motion system, researchers have 

explored the option of using alternative, lower-fidelity motion systems that come at a 

lower cost (Burki-Cohen et al., 2007). Dynamic motion seats were explored as a possible 

alternative to platform motion in early motion fidelity research (Lee & Bussolari, 1989); 

however, technological limitations such as limited degrees of freedom (traditionally, 

motion seats only functioned along the vertical and longitudinal axes) prevented their 

widespread acceptance. Recent advances in motion technology have allowed 

manufacturers to address many of these limitations, which has led to a resurgence of 

dynamic motion seats in aviation training research (Pasma, Grant, Gamble, Kruk & 

Herdman, 2011). Empirical findings suggest that pilots’ performance and subjective 

acceptance for motion-cueing seats is similar to that of full-platform motion (Burki-

Cohen et al., 2009). Grieg (1996) performed a study using a multi-axis dynamic cueing 

seat in a helicopter-training simulator. Subjective pilot ratings indicated that the addition 
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of multi-axis dynamic motion seats to fixed base rotary wing training devices produced 

significant improvements in simulation realism, and (subjectively) provided a more 

realistic cognitive workload. 

By implementing precision drive motors coupled with bellcranks and push-pull 

linkages, the performance of modern dynamic motion seats has greatly improved from 

the early motion seats. Furthermore, modern dynamic motion seats operate in more than 

just vertical and longitudinal axes. Current dynamic motion seats provide motion in five 

independent axes of control using four axes of movement: vertical, longitudinal, lateral 

and roll. (Sutton, Skelton & Holt, 2010).  

Grieg (1996), Burki-Cohen et al. (2009), and Bussolari et al. (1988) explored 

pilots’ subjective acceptance of dynamic motion seats as an alternative to high-fidelity 

motion. Given the encouraging results of these studies, it seems important to conduct 

further objective research in understanding how motion cues from dynamic motion seats 

affect and are perceived by human operators. Nicholson, Townsend, Staples, Gamble and 

Herdman (2012) conducted a study exploring the effects of congruency of motion cues 

(provided by a dynamic motion seat) on participants’ ability to recover from a simulated 

disturbance along the roll axis. Nicholson et al. (2013) did not find any significant 

improvements in performance between a no-motion and a congruent-motion condition 

(visual disturbance cue and motion cue bank in the same direction). However, they found 

that participants committed significantly more control reversals (initially corrected in the 

wrong direction) and over-corrections when presented with incongruent motion cues. The 

finding of increased control reversals is consistent with Burki-Cohen et al. (2009), as 

vestibular inputs are generally perceived before visual inputs. A significantly larger 
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amount of control reversals within the incongruent condition demonstrates that 

participants were initially perceiving and reacting to motion cues from the dynamic 

motion seat before they were able to perceive the direction of the visual stimulus. 

Although the results of Nicholson et al. (2013) are encouraging, no performance 

enhancements were found from combining congruent motion and visual cues. Because 

sophisticated dynamic motions seats have only recently been developed (Sutton et al., 

2010), research using these systems is in its infancy. It is important to continue to 

develop our understanding of how motion cueing from dynamic motion seats affects 

operators’ sensory systems (primarily the vestibular system) and how these cues are 

perceived, in order to find a low-cost alternative to platform motion systems.  

Vestibular system 

 The vestibular system is the non-auditory portion of the inner ear that plays a 

primary role in sensing motion and perceiving spatial orientation of the head. This system 

is sensitive to the magnitude and angular motion of head movements as an individual 

rotates or translates (moves in a linear direction, without rotation) through space (Moore, 

Hirasaki, Raphan & Cohen, 2001). The sensory information is then carried through the 

central nervous system and to the vestibular nuclei where it is processed and then 

combined with spatial information collected by other sensory systems (Cohen, Maruta & 

Raphan, 2001). Two separate but complementary organs that are sensitive to different 

types of head movements collect vestibular sensory information. These organs are the 

semicircular canals that are responsive to rotational movements of the head, and the 

otolith, which are responsive to translational movements and forward and backward 

acceleration (Camis & Creed, 1930).  
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Semicircular Canals 

 The inner ear is equipped with three interconnected tubes (known as the 

semicircular canals) that are each responsible for detecting separate directions of head 

rotations. These three canals include the horizontal canal, which senses movement on a 

vertical basis, as the head rotates up and down on the neck, the superior canal, which 

detects head rotations on the anterior-posterior axis, and the posterior canal, which 

detects rotations on the sagittal plane. Each canal is partially filled with fluid known as 

endolymph and is equipped with a dome-shaped structure, called the ampullary cupula, 

which houses bundles of hair cells called cilia. When the head rotates in a specific 

orientation, the endolymph of the corresponding canal will flow through the canal, which 

displaces the cupula and cilia within it (see Figure 1). In contrast, linear accelerations of 

the head produce equal forces on the two sides of the cupula, which does not create a 

displacement. The movement of the cilia modulates the receptor potential of the hair cell, 

which transduces the motion signal of the endolymph into electrical signals that are sent  

 

Figure 1. Inner ear illustration showing the semicircular canal, hair cells, ampulla, 

cupula, vestibular nerve and endolymph. Retrieved May 13, 2014 from 

 http://www.cami.jccbi.gov/aam-400/phys_intro.htm. 

 

http://www.ncbi.nlm.nih.gov/books/n/neurosci/A2251/def-item/A2380/
http://www.cami.jccbi.gov/aam-400/phys_intro.htm
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through the vestibular nerve and initially to the vestibular nucleus of the brain stem to be 

decoded by neurons (Rabbitt, Damiano & Grant, 2004). 

Otolith 

 The otolith organs are located proximal to the ampullary culpa of the 

semicircular canals within the inner ear (see Figure 2), and are responsive to translational 

accelerations commonly produced by inertial or gravitational force. The utricle and 

saccule are the two main otolith organs. These organs consist of gravity crystals, or 

otoconia, which are embedded in a gelatinous membrane that also encapsulates cilia that 

are fixed relative to the skull. The otoconia becomes displaced within the gelatinous 

membrane during translational accelerations, which then bends the cilia. Much like the 

cilia of the semicircular canals, the bending of the otolith cilia creates electrical impulses, 

 

Figure 2. Illustration of the anatomy of the vestibular system within a single ear. 

Retrieved May 13, 2014 from http://www.answers.com/topic/vestibular-system-1.  

 

 which are then projected to the vestibular nucleus (Rabbitt et al., 2004). Signals from the 

utricle tend to elicit eye movements as opposed to signals from the saccule, which mainly 

project to the motor cortex areas that control posture. The way in which the brain 

interprets signals from the otolith is complex, and not yet fully understood. Because 

http://www.answers.com/topic/vestibular-system-1
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gravity is equivalent to a constant translational acceleration, the brain must be able to 

distinguish between gravitational pull and translational movements that are not caused by 

gravity. Schöne and Udo De Haes (1968) have shown that humans can distinguish 

between gravitational pull and non-gravitational translational movements quite well, the 

neural mechanisms that allow for these distinctions however, are not yet fully understood 

(Cian et al., 2014).  

Vestibular Nucleus  

Once the cilia of the semicircular canals and/or otolith have transduced vestibular 

stimulation into electrical impulses, the electrical signals move through the vestibular 

nerve and into the brain stem to an area known as the vestibular nucleus (Wilson & 

Melvill Jones, 1979). The vestibular nucleus is the primary processor of vestibular input 

and consists of four major regions, the medial, superior, lateral, and inferior. They are 

located under the floor of the fourth ventricle and extend from the rostral medulla to the 

caudal pons in two parallel columns (Khan & Chang, 2013). The medial vestibular 

nucleus is the largest and makes up the medial column. The lateral column consists of the 

superior, lateral, and inferior vestibular nuclei. The medial and superior vestibular nuclei 

receive input from the semicircular canals and send signals to the motor nuclei of the 

extraocular muscles in order to stabilize the eyes on a visual target while the head is 

moving (vestibulo-ocular reflex). The medial nucleus also sends input to the cervical 

spinal cord in order to coordinate movements between the head and neck (vestibulospinal 

reflex) (Khan et al., 2013). The lateral vestibular nucleus receives signals from the 

cerebellum, the semicircular canals, and otolith organs and sends input to the spinal cord. 

The primary function of this nucleus is to coordinate reflexive tone in the trunk muscles 
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and limbs in order to maintain balance and posture. The inferior vestibular nucleus 

receives information from the otolith organs and then projects to the other vestibular 

nuclei as well as the cerebellum (Khan et al., 2013). Input from the inferior vestibular 

nucleus is used by the cerebellum to monitor vestibular performance and to readjust 

reflexive muscles during changes in acceleration. The cerebellum plays a primary role in 

updating vestibular information in order for the brain to accurately perform the vestibulo-

ocular and vestibulospinal reflexes.  

Vestibulo-Ocular reflexes 

During gaze shifts, in which the eyes and head are oriented to a new visual target, 

the eyes generally reach the target by a rapid saccadic movement followed by a head turn 

toward the target. In order to maintain the eyes on the target position during the turning 

of the head, the eyes must turn in the opposite direction of the head turn at the same rate. 

This reflex is know as the vestibulo-ocular reflex, and is a product of the interaction of 

the visual and vestibular systems (Lackner & DiZio, 2005). Once the eyes are fixed on 

the visual target, the vestibulocollic reflex stabilizes the head in the desired position if an 

environmental force imposes additional body movements. Ebenholtz and Shebilske 

(1975) have shown that even in the dark, with no visual cues presented, the vestibulo-

ocular reflex produces an involuntary pattern of eye movements that reposition the eyes 

when the body is presented with angular accelerations. However, during constant body 

rotation in the dark, the semicircular canal signals decay and the involuntary eye 

movements will gradually stop. In contrast to rotation in the dark, if vision is allowed, the 

presented rotation will continue to drive the vestibulo-ocular reflex (Lackner et al., 2005). 

Compensatory eye movements induced by linear acceleration are dependent on the 
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orientation of the presented motion and include ocular counter-rolling of the eyes when 

the body is tilting (Miller & Graybiel, 1962), ocular counter-rolling during head pitch 

(the doll’s eye reflex; Ebenholtz & Shebilske, 1975), and elevations and depressions of 

the eyes during exposure to decreases and increases in background gravitoinertial 

acceleration during linear translations of the body (Lackner et al., 2005). The vestibulo-

ocular reflex has also been shown to be affected by the visual aspects of a target. For 

example, when an individual is undergoing left-right translational movements, the 

amplitude of lateral eye movements rapidly increases when the visual target becomes 

closer in distance, as would be required to prevent losing sight of the closer object 

(Telford, Seidman & Paige, 1997). 

Vestibulo-Spinal reflexes 

 Vestibular information is used for postural control, particularly in the case of 

gravitational force (Lackner et al., 2005). Antigravity reflexes are key to standing upright 

without constant conscious awareness of body position. Reflexes related to standing, 

balance and body position are usually generated by a complex interaction of the visual, 

vestibular and proprioceptive systems. For example, when a pilot is presented with 

motion in the yaw axis, they will first experience a vestibulo-ocular reflex of counter-

rolling of the eyes and then the head, in the opposite direction of the yaw motion. This 

reflex is then followed by the corresponding counter-rolling of the shoulders, and other 

task appropriate body parts (Wilson et al., 1979). The lateral vestibular nucleus is the 

primary area in facilitating the vestibulospinal reflex. Translational signals from the 

otolith organs are carried from the lateral nucleus through the lateral spinal tract and 

projected to each level of the spinal cord (Khan et al., 2013). Rotational signals from the 
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semicircular canals are projected to the medial vestibular nucleus and then through the 

medial vestibulospinal tract to motor neurons that coordinate head and neck movements 

(Khan et al., 2013). 

Proprioceptive system 

 The proprioceptive system consists of the interconnection of the spinal cord, 

muscles and joints, and allows organisms to sense the relative position of neighbouring 

parts of the body and strength of effort being employed in movement. The proprioceptive 

system is the primary sense that allows organisms to navigate through the space around 

them and react rapidly to changing environments, which happens through the 

displacement of its receptors (Proske & Gandevia, 2012). Proprioceptive receptors, 

known as proprioceptors, are found throughout the body, within the skin, joints, and 

muscles, and commonly interact with one another before their sensory information 

reaches the brain. For example, the displacement of the knee is commonly accompanied 

by the displacement of surrounding skin cells and leg muscles, which all contribute 

information to the corresponding cortical areas (Proske & Gandevia, 2012).  

Muscle Spindles 

Muscle spindles have recently been accepted by most physiologists as the primary 

proprioceptor, as opposed to proprioceptors within the joints and skin (Proske & 

Gandevia, 2012). Muscle spindles are composed of two types of nerves, which are called 

primary and secondary endings. Primary endings respond to changes in a muscle’s length 

due to stretching, and the speed at which the change in length occurs (Matthews, 1972). 

Primary endings are therefore believed to contribute both to the sense of limb position 

and movement velocity. Secondary endings are found within the same muscle fibers but 
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are not sensitive to the velocity of muscle length change. Secondary endings signal only 

the length change itself, so contribute only to the sense of position and not muscle 

movement (Proske & Gandevia, 2009). Once stimulated, these nerve endings transduce 

the kinesthetic energy from the moving muscle into electrical impulses, which are then 

projected to the spinal cord through primary and secondary sensory fibers (see Figure 3) 

and then to the brain for processing. Electrical impulses for limb position and movement 

velocity project through the spinal cord and into the brain (Proske & Gandevia, 2009). 

Information regarding limb position and movement velocity project to the premotor 

cortex, which is a site of convergence of visual, tactile, and proprioceptive information; it 

is also involved in the control of movement of the mouth, neck, and limbs. Within the  

 

Figure 3: Muscle spindle illustration showing the primary and secondary endings within 

a muscle. These receptors project electrical impulses to the spinal cord through afferent 

primary and secondary sensory fibres. Efferent motor neurons that relay information from 

the spinal cord to the muscle are also shown. Retrieved June 1, 2014 from 

http://www.answers.com/topic/muscle-spindle.  

 

http://www.answers.com/topic/muscle-spindle
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areas of premotor cortex associated with the limbs, many neurons respond to tactile 

stimulation of the corresponding limb and also respond to visual stimuli placed near the 

tactile receptive field (Graziano, 1999). 

Vection 

 It has been well established that physical motion can be perceived without actual 

physical motion stimulating the vestibular and/or the proprioceptive systems, as long as 

the eyes perceive the changes that would be expected from motion (Burki-Cohen et al., 

2007). This illusion of motion is known as vection. While vestibular motion cues 

immediately yield a sensation of self-motion, large-field (consuming a large degree of the 

visual field) visual motion can be interpreted as either exocentric motion (where the 

observer is stationary in a moving environment) or egocentric motion (where the observer 

is moving through a stationary environment) or a combination of both (Riecke, 2010). 

When presented with large-field visual motion, the observer typically perceives 

exocentric motion for up to 30 seconds after motion onset, followed by a brief period of 

mixed exocentric motion and egocentric motion, and finally exclusive egocentric motion 

(Dichgans & Brandt, 1978). 

Vection was demonstrated in a series of experiments by Wong and Frost (1978) 

where, after being presented with rotational optic flow (the pattern of apparent motion of 

environmental objects, surfaces, and edges in a visual scene caused by the relative motion 

between an observer and the scene) for 30 seconds, participants reported subjective 

egocentric motion without any vestibular stimulation. A study by Berthoz, Pavard and 

Young (1975), explored the weighting of visually induced linearvection (the perception 

of translational motion) when presented at the same time as forward and backward 
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vestibular stimulation. Presenting optic flow to the peripheral of participants’ visual field 

was used to induce linearvection. Latencies to the onset of linearvection were generally 

reported after one second. 

Several other studies within the field of cognitive psychology have uncovered 

factors that lead to the most effective ways to produce the vection illusion. Dichgans and 

Brandt (1978) demonstrated that the subjective experience of vection can be enhanced as 

objects move faster in visual scenes. Furthermore, Brandt, Dichgans and Koenig (1973) 

showed that subjective circularvection (the perception of rotational motion) velocity 

increased linearly with increasing stimulus movement up to 120° per second, and roughly 

matched the stimulus velocity. Increasing stimulus velocity beyond 120° per second did 

not increase circularvection velocity any further. In fact, when stimulus rotation was 

faster than 120° per second, the moving stimulus was no longer perceived to be 

stationary. In terms of simulator applications, this suggests that there might be maximum 

movement and/or optic flow velocities beyond which simulation effectiveness could 

weaken, leading to a decrease in psychological fidelity (Riecke, 2010).  

Another factor determining the onset and strength of vection is the field of view 

subtended by the moving visual stimulus. Although Andersen and Braunstein (1985) 

demonstrated that stimuli as small as 7.5° can induce vection, larger stimuli generally 

enhance vection in all measures, and optic flow subtending the full visual field results in 

the strongest vection to a point where it is indistinguishable from actual egocentric 

motion (Brandt et al., 1973).  

Although earlier studies reported that optic flow presented to the peripheral visual 

field is more effective in inducing vection than optic flow presented to the central field of 
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vision (Johansson, 1977; Brandt et al., 1973), later studies demonstrated that optic flow 

presented in the peripheral and central fields of vision have similar influences on vection 

when the visual stimuli are perceived at equal depth. When perceived depth was held 

constant, vection strength increased linearly with increasing stimulus size, independent of 

where the stimulus was presented in the visual field (Andersen & Braunstein, 1985). 

With decades of research consistently demonstrating the illusion of egocentric 

motion using purely visual stimuli, it is quite clear that the visual system has a strong role 

in the perception of motion (Brandt et al., 1973; Warren & Kurtz, 1992). Several 

multisensory studies within aviation research have suggested that motion simulators may 

produce redundant multisensory cues when presented with visual displays of motion. If 

the perception of egocentric motion is adequately produced through a visual display, 

adding physical motion may provide minimal benefits to pilot performance (Kappé, Van 

Erp & Korteling, 1999; Eriksson, 2009). The phenomenon of vection is a primary reason 

why the need for simulating physical motion when using broad angle high-fidelity visual 

displays is a subject of debate (Burki-Cohen et al., 2007). With the depth of research 

demonstrating the optimal methods of producing the illusion of egocentric motion and the 

visual display technology to incorporate these methods, it is possible that motion cues 

may not be necessary at all for flight simulators. It is, however impossible to ignore the 

data that consistently demonstrate the more naturalistic behaviours of pilots during 

simulation training when physical motion cues are provided. This positive behavioural 

evidence along with pilots’ consistent subjective dislike for flight simulators with no 

motion is what perpetuates the debate over the usefulness of physical motion in 

simulation-based training. It is now important to further our understanding of exactly 
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how the visual system interacts with the vestibular and proprioceptive systems in relation 

to perceiving physical motion cues through specific types of motion simulators.  

Integration of Visual and Motion Cues 

 To integrate multisensory information, the nervous system continually changes its 

emphasis, or weight, on visual, vestibular and proprioceptive information to maintain 

optimal spatial awareness as environmental conditions change. When combining visual 

and vestibular/proprioceptive information, the brain does not attend to all unimodal 

sensory inputs equally. This continuous change in emphasis, or reweighting, requires 

complex computations that have been demonstrated in many multisensory studies in 

perception of egocentric motion (Angelaki, Gu & DeAngelis, 2009, Morgan, DeAngelis 

& Angelaki, 2008. The complex reweighting computation underlying visual-vestibular 

integration can be quantified by an adaptive process in which the central nervous system 

down-weights (attends less to) unreliable sensory stimuli while simultaneously up-

weighting (attends more to) more reliable sensory stimuli through top-down processing 

(e.g., contextual information provided by visual cues), or bottom–up processing (strength 

of neural activation in unimodal cortical areas) (Blair, Kiemel, Jeka & Clark, 2012). 

 It has been well documented that the medial superior temporal cortex (MST) 

shows the greatest amount of activation to both visual (optic flow) and vestibular 

(translational head movements in the dark) information related to egocentric motion. The 

MST has therefore been assumed to be the primary cortical area for the integration of the 

visual and vestibular senses (Morgan et al., 2008). Recent findings regarding the 

integration of visual and vestibular stimuli have suggested that visual-vestibular bimodal 

cells in the MST may not show the same activation patterns as other multisensory areas, 
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such as visuotactile and visual-auditory bimodal cells (Angelaki et al., 2009; Morgan et 

al., 2008). Morgan et al. (2008) explored how the response to visual and vestibular 

stimuli in the MST related to the responses to the unimodal components presented 

separately, and whether the strength of both the unimodal stimuli affected the activation 

pattern. Unlike bimodal cells associated with integrating other sensory information, 

bimodal cells in the MST predominantly show a subadditive firing pattern (more activity 

than the greatest unimodal response, but less than the sum of both unimodal responses). 

A subadditive firing pattern generally suggests that there is a deactivation of unimodal 

sensory activity after the integration of the multiple senses. Morgan et al. (2008), found 

that with a combination of visual and vestibular cues, MST cells tended to weight visual 

information greater than vestibular information. However, when the strength (coherence) 

of the visual motion cue was reduced, it was found that the MST systematically 

decreased the visual weights and increased the vestibular weights.  

Brandt, Bartenstein, Janek and Dieterich (1998) induced circularvection in human 

participants using a rotating visual display. Through the use of Positron Emission 

Tomography (PET) they found significant activation of the medial parieto-occipital 

visual area (area of the visual cortex close to V5 known for motion perception) as well as 

deactivation of the posterior insula of the vestibular cortex (area where vestibular and 

proprioceptive inputs integrate). Lesions in the parieto-occipital visual area have been 

associated with spatial disorientation due to the perception of tilted vertical orientations 

(Brandt, Dieterich & Danek, 1994). Brandt et al. (1998), suggested that this deactivation 

pattern can also be found in the visual centres associated with the visual-vestibular 

interaction when the visual stimulus provides weaker stimulation than the vestibular 
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stimulus. Seemungal et al. (2013) demonstrated that vestibular activation with a TMS 

reduced cortical activation in visual area V5, whereas activation in visual  areas V1 and 

V2 remained the same. The effect on V5 activation was vestibular specific, as egocentric 

motion perception produced by auditory vection had no effect on V5 activation. 

Theoretically, these activation data allow for a selective suppression of visual egocentric 

motion perception during physical egocentric motion while leaving other visual functions 

intact, such as colour and form perception (Seemungal et al., 2013). The visual-vestibular 

interaction is therefore not necessarily always dominated by either the visual or 

vestibular/proprioceptive systems but is dependent on the relative strength of the stimuli. 

If one of the bimodal stimuli is much stronger, then the brain will favour this input 

modality and a pattern of deactivation will occur in the weaker unimodal sensory centre 

(Brandt et al., 1998). Mardirossian, Karmali and Merfeld (2014) have, however, 

demonstrated that when visual and vestibular unimodal inputs are of similar strength, the 

brain will place greater weight on the visual information.  

Mardirossian et al. (2014) found that when estimating the degree of postural sway 

(full body motion along the bank/tilt axis, in this case produced by standing on a motion 

platform), the combined visual and vestibular estimate of motion is more accurate than a 

unimodal vestibular input but is not significantly more accurate than unimodal visual 

cues alone. Van Beuzekom and Van Gisbergen (2000) presented participants with motion 

cues at 15°/second in the full 360° tilt axis in a dark room, and asked them to estimate 

their orientation. They found a strong negative correlation of estimate accuracy and tilt 

magnitude when tilts of 60° or less were presented, followed by no correlation of 

estimate accuracy and tilt magnitude between 60° and 90°, and a positive correlation 



 

 

24 

between 90° and 180°. Van Beuzekom and Van Gisbergen (2000) have shown that the 

ability to accurately estimate orientation, within the tilt axis, is generally dependent on 

the magnitude of tilt. This finding may be an important theoretical concept when 

analyzing the effectiveness of motion cues in a flight simulator. It is possible that benefits 

of motion cueing may be task specific due to the way in which operators perceive 

different magnitudes of the motion cueing in simulated tasks. Further research regarding 

spatial orientation in flight simulators needs to be conducted because misjudgment of 

spatial orientation is reported to be an important factor in a substantial proportion of 

aviation accidents. The likelihood of such misjudgment is particularly high when there 

are conflicting interactions between vestibular and visual input (Regan, 1994).  

Present Research 

The goal of the present research was to evaluate how motion cues from a low-

fidelity motion-cueing seat affect operators’ ability to judge their spatial orientation. 

Nicholson et al. (2013) found that incongruent cues from a motion seat increased 

operators’ control reversals and overcorrections while correcting from orientation 

disturbances. These are encouraging results in relation to the way in which operators 

react to dynamic motion seat cues. The following study extends Nicholson et al.’s work 

by exploring the effects of dynamic motion seat cueing on an operator’s ability to 

perceive spatial orientation. 

Two experiments were conducted to examine how visual and motion seat cues are 

used to perceive spatial orientation. Experiment 1 explored how adding complementary 

motion seat cues affected the ability to perceive changes to the orientation of a visual 
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display. Experiment 2 investigated how adding complementary visual orientation cues 

affected the ability to perceive motion cues created by a dynamic motion seat. 

Experiment 1 

Experiment 1 was designed to determine if adding consistent motion cues from a 

dynamic motion seat would enhance the ability to accurately estimate the magnitude of 

bank angles presented on a visual display (i.e., attitude indicator). Inconsistent motion 

seat cues were also presented in order to explore whether conflicting motion seat cues 

would interfere with the ability to estimate bank angles presented on an attitude indicator. 

It is hypothesized that when visual and motion seat cues are inconsistent, accuracy in 

estimating inconsistency will increase with larger magnitude disparities. It is expected 

that consistent motion seat cues will not significantly enhance one’s ability to estimate 

the magnitude of motion within a visual display beyond no motion. Given the results of 

Nicholson et al. (2013) and Mardirossian et al. (2014) inconsistent motion seat cues are 

expected to significantly decrease an individual’s ability to estimate the magnitude of 

visual motion cues.  

Method  

Participants 

Twenty-six participants (19 females) were recruited from the Carleton University 

psychology participant pool and were compensated with 1% course credit. Ages ranged 

from 18 to 33 years (M = 21.54, SD = 3.13). All participants were required to have 

normal or corrected-to-normal vision and not to have any current or past problems with 

vertigo or back injuries. 

Design 
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 A 3 (Motion Condition: No Motion vs. Consistent Motion vs. Inconsistent 

Motion) x 4 (Visual Bank Angle: 10° vs. 20° vs. 30° vs. 40°) repeated measures design 

was used. Both factors were mixed and trials from these conditions were randomly 

presented such that there were an equal number of trials from each motion condition and 

each visual bank angle.  

Apparatus and Materials 

An ACME America VMax True Q Dynamic Motion Seat provided motion cues 

that simulated helicopter roll at bank angles of 10°, 20°, 30°, or 40°. The physical “tilt” of 

the motion seat cues was drastically less than these bank angles, but was subjectively 

representative of a helicopter rolling at these magnitudes. Each motion cue consisted of 

one movement, either left or right that was generated by two separate parts of the motion 

seat that moved simultaneously. The first part was the back pan, which swayed left/right 

for up to approximately 500 ms depending on the bank angle. The second part was the 

seat pan, which tilted left/right based on the magnitude of the bank angle (see Figure 4). 

Once the back pan and seat pan movements reached the desired bank angle, the seat 

slowly returned to its resting state (0° bank angle) such that any movement following the 

execution of motion cue was not obviously apparent. Participants were secured to the 

motion seat by lap and shoulder belts with their feet resting flat on a level surface.  
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Figure 4. Dynamic motion seat used in Experiments 1 and 2. This figure illustrates the 

four possible types of motion cues that the seat can provide, however only simultaneous 

back pan sway (1) and seat pan tilt (4) motion cues were used here. Retrieved June 1, 

2014 from http://www.acme-worldwide.com/dynamic_motion_seat_VMax.htm. 

 

Visual motion cues were presented on an inside-out attitude indicator1 (see Figure 

5), where a fixed aircraft symbol was presented on a horizon line. The horizon tilted at 

10°, 20°, 30°, or 40°, left/right to indicate the magnitude and direction of the bank angle 

and then returned to level (0° bank angle) once the desired bank angle was reached. The 

visual motion cues displayed on the attitude indicator and the physical motion cues 

provided by the motion seat occurred simultaneously. Because the motion seat cues did 

not physically move to the desired bank angle while the visual motion cues did, the visual 

cues had a faster roll rate than the motion seat cues in order to reach the desired bank 

                                                 
1 As opposed to an outside-in attitude indicator, where the horizon line remains fixed and 

the aircraft symbol tilts to display the aircraft’s orientation.  
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angle at the same time. The attitude indicator subtended a visual angle of approximately 

11° and was presented against a black background on a 47-inch LCD monitor with a 60 

Hz refresh rate. The monitor was centred approximately 127 cm in front of the 

participants and remained stationary throughout the procedure. A PC  

 

Figure 5. Inside-out attitude indicator used to provide visual motion cues in Experiments 

1 and 2. The white horizon line and background tilts at varying angles while the aircraft 

symbol remains fixed. 

 

connected to the monitor and the motion seat was responsible for synchronizing the 

visual and physical motion cues.  

Participants responded on a Cedrus RB-740 button box (see Figure 6). 

Participants first pressed either a “Y” or “N” button to indicate if the motion seat and 

visual cues matched or did not match and then pressed either a “10” “20” “30” or “40” 

button to indicate the magnitude of the visual cue. 
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Figure 6. Button box used in Experiments 1 and 2. Participants first pressed either “Y” or 

“N” to indicate if the physical and visual cues matched or did not match and then pressed 

either “10” “20” “30” or “40” to indicate the magnitude of the visual cue (Experiment 1) 

or the motion seat cue (Experiment 2). 

 

Procedure 

Participants were tested individually in a single session in a noise-controlled lab. 

Participants provided informed consent and demographic information, and were then 

seated and secured in the motion seat.  

Participants began with a familiarization block, where they were trained to 

distinguish between physical (motion seat) and visual (attitude indicator) bank angle 

magnitudes (10°, 20°, 30° or 40°). The familiarization block consisted of 16 motion cues 

(two per bank angle in each direction) accompanied by a consistent visual cue (e.g., a 40° 

tilt to the right with the attitude indicator moving 40° to the right). The familiarization 

block always began with the 40° physical/visual cues and proceeded in descending order 

of bank angle magnitude.  

 Once the familiarization block was completed, participants were instructed to first 

indicate whether the magnitudes of the physical motion cue provided by the motion seat 
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and the visual cue shown on the attitude indicator were consistent or inconsistent2. Then, 

they were to estimate the bank angle of the visual motion cue, as quickly and accurately 

as possible. Participants completed one practice block of 15 trials (five per each motion 

condition) and then four experimental blocks with 36 trials each, for a total of 144 

experimental trials. In the no motion condition, a visual cue was presented without a 

physical cue (i.e., the motion seat did not move). In the consistent motion condition, the 

magnitude and direction of visual and motion cues were identical. In the inconsistent 

motion condition, the visual and motion cues were in the same direction but differed in 

terms of magnitude. Participants were debriefed following the experimental trials and any 

outstanding questions were answered. The entire experiment was approximately 40 

minutes.     

Results and Discussion 

It was not possible to synchronize the motion seat with the button box, therefore 

reaction times in the consistency judgment and bank angle estimation tasks were not 

analyzed. Post-hoc comparisons used 95% confidence intervals (Jarmasz & Hollands, 

2009). 

Consistency Judgment Data. Consistency judgments were not recorded in the no 

motion condition, thus these data were analyzed using a 2 (Motion Condition: consistent 

motion vs. inconsistent motion) x 4 (Visual Bank Angle: 10° vs. 20° vs. 30° vs. 40°) 

repeated measures analysis of variance (ANOVA) (see Figure 7). There was a significant 

main effect of visual bank angle, F(3, 75) = 23.06, MSE = .02,  p < .001, ηp2 = .50. 

                                                 
2 Accuracy in determining whether each motion seat cue matched the visual motion cue 

was included as a secondary analysis. Participants were asked to complete this task 

primarily to force them to attend to both the visual and motion seat cues simultaneously. 
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Participants were significantly more accurate in judging consistency when the visual cue 

was 10° (M = 86.5%, SE = 2.4), than when it was 20° (M = 64.1%, SE = 2.3), 30° (M = 

66.7%, SE = 2.5), or 40° (M = 71.7%, SE = 2.0). There were no other significant 

differences in consistency judgments between visual bank angles. The main effect of 

 

Figure 7. Consistency judgment accuracy as a function of visual bank angle and motion 

condition. 

 

motion condition was also significant, F(1, 25) = 7.16, MSE = .06,  p = .01, ηp2 = .24, 

with higher accuracy in the consistent motion condition (M = 76.8%, SE = 0.2) than in 

the inconsistent condition (M = 67.7%, SE = 0.2). There was no Motion Condition x 

Visual Bank Angle interaction, F(3, 69) = 2.21, MSE = .03, p = .10, ηp2 = .09. 

Accuracy in the inconsistent motion condition was analyzed using the magnitude 

of the disparity between the motion and visual cues as a factor. This analysis was used to 

explore whether the size of the cue disparity had an effect on accuracy. A one-way 

repeated measures ANOVA with three levels (Disparity: 10°, 20°, 30°) showed a 

significant main effect of disparity between the motion and visual cues, F(2, 50) = 
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175.50, MSE = .008,  p < .001, ηp2 = .88. Participants were significantly more accurate in 

estimating consistency when the disparity magnitude was 30° (M = 95.1%, SE = 1.9), 

than when it was 20° (M = 78.8%, SE = 2.5), and 10° (M = 46.4%, SE = 3.1), and 

significantly more accurate when it was 20° than 10° (see Figure 8). 

 
Figure 8. Consistency judgment accuracy as a function of visual and motion-cue 

disparity (Experiment 1). 

 

Bank Angle Estimation Data. Bank angle estimate data were analyzed using a 3 

(Motion Condition: no motion vs. consistent motion vs. inconsistent motion) x 4 (Visual 

Bank Angle: 10° vs. 20° vs. 30° vs. 40°) repeated measures ANOVA (see Figure 9). 

There was a significant main effect of visual bank angle, F(3, 75) = 8.32, MSE = .09,  p = 

.001, ηp2 =  
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Figure 9. Bank angle estimation accuracy as a function of visual bank angle and motion 

condition. 

 

.25. where participants were more accurate in estimating bank angles when the visual cue 

was 10° (M = 84.3%, SE = 3.0), than when it was 20° (M = 74.5%, SE = 4.3), 30° (M = 

67.5%, SE = 4.1), or 40° (M = 62.3%, SE = 3.4). Accuracy was also significantly greater 

at 20° than at 30° or 40°.   

The main effect of motion condition was also significant, F(2, 50) = 11.51, MSE 

= .02,  p < .001, ηp2 = .32. Accuracy was significantly greater in the no motion (M = 

74.1%, SE = 2.7) and consistent motion conditions (M = 75.6%, SE = 2.5), than in the 

inconsistent motion condition (M = 66.8%, SE = 2.8). There was a significant Motion 

Condition x Visual Bank Angle interaction, F(6, 150) = 6.57, p < .001, ηp2 = .21. An 

examination of Figure 8 reveals that the interaction was primarily driven by the motion 

condition (consistent vs. inconsistent) having large effects at the two extremes of the 

visual bank angle condition (10° and 40°), with relatively little effect at 20° or 30°. That 

is, relative to the no motion condition, inconsistent motion cues decreased bank angle 
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estimate accuracy at 10° but did not appear to affect estimation accuracy at 20°, 30° or 

40°. Relative to the no motion condition, consistent motion cues significantly increased 

accuracy only at 40° but not at 10°, 20° or 30°. 

Accuracy in the inconsistent motion condition was analyzed using the magnitude 

of the disparity between the motion and visual cues as a factor. This analysis was used to 

explore whether the size of the cue disparity had an effect on accuracy. A one-way 

repeated measures ANOVA with three levels (Disparity: 10°, 20°, 30°) showed that bank 

angle estimation accuracy did not differ as a function of the disparity between the motion 

and visual cues, F(2, 50) = 2.95, MSE = .02,  p = .08, ηp2 = .11. 

The present study found a significant main effect of visual bank angle on 

accuracy. Participants could more accurately judge consistency at 10° compared to 20°, 

30° and 40°. Motion cue consistency also had a significant main effect as participants 

were significantly more accurate when the cues were consistent than when the cues were 

inconsistent. Participants’ ability to judge cue consistency was significantly more 

accurate at greater magnitude disparities (e.g., 30°) than lower disparities (e.g., 10°). This 

finding supports the hypothesis that when visual and motion seat cues are inconsistent, 

accuracy will increase with larger magnitude disparities. This finding shows that 

participants could accurately perceive the difference between high magnitudes and low 

magnitudes of visual motion, or the inverse, and became less accurate at smaller 

disparities.  

Consistent motion seat cues at lower magnitudes did not significantly enhance 

participants accuracy over no motion. Indeed, consistent motion only provided a 

significant benefit over no motion (and inconsistent motion) at 40° bank angles. Although 
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there was a significant main effect of visual bank angle magnitude, these findings cannot 

directly be compared with Van Beuzekom et al.’s (2000) results, as participants in this 

study were estimating bank angles based on the information provided by the attitude 

indicator whereas Van Beuzekom et al. required participants to estimate the magnitude of 

physical motion. When collapsed across motion conditions, bank angle estimate accuracy 

showed the same negative relationship with magnitude as Van Beuzekom et al. (2000), in 

that lower bank angle magnitudes produced higher estimate accuracy.  

The finding that there was no difference in bank angle estimation accuracy 

between the consistent motion condition and the no motion condition at lower bank 

angles is consistent with Nicholson et al. (2013) and Mardirossian et al. (2014). The 

finding that a consistent motion cue does not help an observer estimate the magnitude of 

a visual cue may reflect a greater weighting of the visual cue when it occurs 

simultaneously with a motion cue. Given the characteristics of the task used here, it may 

be the case that the motion cue is providing a redundant and less discernible cue than that 

provided by the visual information and is therefore being down-weighted. The finding 

that inconsistent motion cues interfere with the estimation of a visual bank angle mirrors 

the findings reported by Nicholson et al. (2013) and Mardirossian et al. (2014). This 

interference effect suggests that although some vestibular information from the motion 

cue is down-weighted (or deactivated) during the integration the visual and vestibular 

systems, this vestibular information is still processed and subsequently interferes with the 

processing of inconsistent spatial orientation information. 
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EXPERIMENT 2 

The purpose of Experiment 2 was to explore whether consistent and inconsistent 

visual cues would affect the perception of vestibular motion in the same way that 

consistent and inconsistent vestibular motion affected the perception of visually induced 

motion in Experiment 1. To this end, participants were to estimate the magnitude of a 

bank angle based on cues provided by a motion seat while viewing either consistent or 

inconsistent visual cues displayed on an attitude indicator. Given that the participant’s 

task is to estimate the bank angle provided by the motion seat, Experiment 2 is more 

comparable to Van Beuzekom et al. (2000) than Experiment 1. Based on Van Beuzekom 

et al.’s findings, it is hypothesized that consistency judgments and bank angle estimates 

will be perceived more accurately at lower bank angles than at higher bank angles. It is 

also expected that, relative to baseline (no visual cues), consistent visual cues will 

significantly enhance the ability to estimate the magnitude of the physical cues provided 

by the motion seat and inconsistent visual motion cues will significantly impair this 

ability. This hypothesized pattern of results was demonstrated by Mardirossian et al. 

(2014) using a postural sway paradigm. 

Experiment 2 incorporates the same materials and methods as Experiment 1, 

except that participants were asked to estimate the magnitude of the bank angle based on 

the physical cues provided by the motion seat and not the visual cues displayed on the 

attitude indicator. In the no visual condition, the attitude indicator was not displayed 

during a physical motion seat cue. In the consistent visual condition, the attitude indicator 

moved in the same direction and magnitude as the cue provided by the motion seat. In the 
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inconsistent visual condition, the attitude indicator moved in the same direction as the cue 

provided by the motion seat, but at a different bank angle magnitude.  

Method 

Participants 

 Thirty participants (17 females) were recruited from the Carleton University 

community and psychology participant pool and were compensated with 1% course 

credit. Ages ranged from 18 to 27 years (M = 20.4, SD = 2.7), all participants were 

required to have normal or corrected-to-normal vision and not to have any current or past 

problems with vertigo, motion sickness, or back injuries.  

Design 

 A 3 (Visual Condition: No Visual vs. Consistent Visual vs. Inconsistent Visual) x 

4 (Motion Bank Angle: 10° vs. 20° vs. 30° vs. 40°) repeated measures design was used. 

Both factors were mixed and trials from these conditions were randomly presented such 

that there were an equal number of trials from each motion condition and each visual 

bank angle.  

Procedure 

 Experiment 2 was identical to Experiment 1 except that the participant’s task was 

to estimate the magnitude of the bank angle based on the physical cues provided by the 

motion seat instead of the visual cues displayed on the attitude indicator. 

Results and Discussion 

It was not possible to synchronize the motion seat with the button box, therefore 

reaction time data were not analyzed.  Post-hoc comparisons used 95% confidence 

intervals (Jarmasz & Hollands, 2009) 
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Consistency Judgment Data. Consistency judgments were not recorded in the no 

visual condition, thus these data were analyzed using a 2 (Visual Condition: consistent 

visual vs. inconsistent visual) x 4 (Motion Seat Bank Angle: 10° vs. 20° vs. 30° vs. 40°) 

repeated measures ANOVA. As shown in Figure 10, there was a significant main effect 

of motion seat bank angle magnitude, F(3, 87) = 56.43, MSE = .01,  p < .001, ηp2 = .66. 

Participants were significantly more accurate in judging consistency when the motion 

seat cue was 10° (M = 88.8%, SE = 2.0), than when it was 20° (M = 60.7%, SE = 2.2), 

30° (M = 71.5%, SE = 1.5), or 40° (M = 75.9%, SE = 1.9).  

 

Figure 10. Consistency estimation accuracy as a function of motion seat bank angle and 

visual condition. 

 

Estimating consistency was also more accurate at 40° than it was at 20° or 30° bank and 

more accurate at 30° than 20° bank angles. Although consistency judgment accuracy was 

higher in the consistent visual condition (M = 77.5%, SE = .02) than in the inconsistent 

condition (M = 70.9%, SE = .03), this difference did not reach significance, F(1, 29) = 
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2.83, MSE = .09,  p = .10, ηp2 = .09. There was no Visual Condition x Motion Seat Bank 

Angle interaction, F(3, 87) = .79, MSE = .01, p = .50, ηp2 = .03. 

Consistency judgment accuracy in the inconsistent visual condition was analyzed 

using the magnitude of the disparity between the motion and visual cues as a factor. This 

analysis was used to explore whether the size of the cue disparity had an effect on 

consistency judgment accuracy. A one-way repeated measures ANOVA with three levels 

(Disparity: 10° vs. 20° vs. 30°) showed a significant main effect of disparity, F(2, 58) = 

175.97, MSE = .007,  p < .001, ηp2 = .86. Pairwise comparisons using 95% confidence 

revealed that participants were significantly more accurate in estimating consistency 

when the disparity magnitude was 30° (M = 97.1%, SE = 0.9), than when it was 20° (M = 

83.1%, SE = 2.4), or 10° (M = 55.5%, SE = 2.2), and significantly more accurate when it 

was 20° than 10° (see Figure 11). 

Bank Angle Estimate Data. Bank angle estimate data were analyzed using a 3 

(Visual Condition: no visual vs. consistent visual vs. inconsistent visual) x 4 (Motion 

Seat Bank Angle: 10°,vs. 20° vs. 30° vs. 40°) repeated measures ANOVA. As shown in 

Figure 12, there was a significant main effect of motion seat bank angle F(3, 87) = 

51.58, p < .001, ηp2 = .64. Participants were significantly more accurate in estimating 

bank angles when the motion seat cue was 10° (M = 87.9%, SE = 2.0), than when it was 

20° (M = 50.4%, SE = 3.0), 30° (M = 53.5%, SE = 2.0), or 40° (M = 55.6%, SE = 3.0). 

There were no other significant differences in bank angle estimates between motion seat 

bank angles. 
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Figure 11. Consistency judgment accuracy as a function of visual and motion-cue 

disparity (Experiment 2). 

  

The main effect of visual condition was also significant, F(2, 58) = 67.35, MSE = 

.03, p < .001, ηp2 = .70. Motion seat bank angle estimation accuracy was significantly 

greater in the no visual (M = 63.9%, SE = 1.7) and consistent visual conditions (M = 

70.4%, SE = 2.0), than in the inconsistent motion condition (M = 50.5%, SE = 1.9). There 

was a significant Visual Condition x Motion Seat Bank Angle interaction, F(6, 174) = 

6.62, p < .001, ηp2 = .19. Inconsistent visual cues significantly decreased estimate 

accuracy at 10°, 20°, and 40° magnitude, below no visual, while consistent visual cues 

only improved accuracy at 40° magnitude above no motion. 
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Figure 12. Bank angle estimation accuracy as a function of motion seat bank angle and 

visual condition. 

 

Bank angle estimate accuracy in the inconsistent motion condition was analyzed 

using the magnitude of the disparity between the motion and visual cues as a factor. This 

analysis was used to explore whether the size of the cue disparity had an effect on bank 

angle estimate accuracy. A one-way repeated measures ANOVA with three levels 

(Disparity: 10° vs. 20° vs. 30°) showed that bank angle estimation accuracy did not differ 

as a function of the disparity between the motion and visual cues, F(2, 58) = 3.06, MSE = 

.01, p = .07, ηp2 = .10. 

The main effect of motion seat bank angle magnitude in the present study is 

similar to Van Beuzekom et al.’s (2000) results in that the lowest bank angle condition 

(10°) yielded the highest magnitude estimation accuracy. However, unlike Van 

Beuzekom et al., bank angle estimation accuracy did not decline as the motion cues 

progressively increased beyond 20°. In the present study estimate accuracy significantly 

decreased beyond 10° and then statistically leveled off. This discrepancy might be 
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attributable to differences in the motion cue velocities and accelerative forces produced 

by the different motion systems. Van Beuzekom et al., (2000) presented physical motion 

cues at a roll rate of 15°/second compared to 200°/second in the present study.  

The main effect of motion condition is consistent with Mardirossian et al.’s 

(2014) findings. Specifically, the presence of an inconsistent visual cue impaired 

performance on this task at all magnitudes with the exception of 30° in the present study. 

A consistent visual cue enhanced the ability to estimate bank angle magnitude using a 

physical motion cue, although this only occurred at 40° bank angles. Consistent visual 

motion cues may not have provided the same benefits in Experiment 2 as it did in 

Mardirossian et al.’s (2014) study due to the restricted bank angle magnitudes used here.   

General Discussion 

 The present study explored the effects of dynamic motion seat cueing on 

operators’ perceived spatial orientation, by examining the accuracy with which operators 

could perceive their spatial orientation across varying magnitudes of bank and varying 

conditions of cue consistency. Participants were presented with simultaneous displays of 

visual motion (attitude indicator) and dynamic motion seat cues, and were required to 

estimate bank angles based on either the visual motion cues provided on an attitude 

indicator (Experiment 1) or the physical cues provided by a motion seat (Experiment 2).  

 Both experiments provided evidence to support Van Beuzekom et al. (2000), in 

that bank/tilt motion is processed differently depending on bank angle magnitude, with 

smaller magnitudes being easier to estimate. Unlike Van Beuzekom et al. (2000), the 

present study did not investigate the full range of bank as the dynamic motion seat was on 

a fixed base platform and was only capable of providing a limited range of bank motion. 
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 The results of Experiment 1 are similar to many previous motion cueing studies 

(e.g., Burki-Cohen et al., 2007; Hall, 1989). Providing complementary motion cues 

through the use of a dynamic motion seat did not provide any benefits beyond a visual 

display. With very little evidence supporting a benefit of full platform motion, and 

similar results using alternative motion cueing, it may be the case that motion cueing 

does not provide significant benefits to tasks that primarily involve vision. Experiment 2 

provided evidence that estimating bank angles based on physical (motion) cues was 

assisted by the inclusion of consistent and concurrent multisensory stimuli (i.e., visual 

cues), as opposed to motion cues alone. It has been shown in human (Brandt et al., 1973) 

and primate (Morgan et al., 2008) studies that the brain selectively deactivates one of the 

visual or vestibular systems during their integration but generally favours visual 

information. Therefore, redundant vestibular cues do not tend to enhance this specific 

multisensory perception. Furthermore, the present study uses a simple, 2-dimensional 

inside-out attitude indicator to represent visual motion. If inconsistent visual information 

from the attitude indicator produces significant decreases in the accuracy of vestibular 

motion estimates, it may be that the visual system is so dominant in the visual-vestibular 

interaction, that circularvection or linearvection need not be presented in order for the 

brain to weight visual motion information greater than vestibular motion information.  

 Experiment 1 shows that during the integration of the visual and vestibular 

systems, the MST does not completely deactivate the lesser-weighted sense (here, 

activation in the vestibular system). If the lesser-weighted sense was completely 

deactivated, then the inconsistent motion condition would not have impaired bank angle 
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estimation accuracy. This significant decrease in accuracy demonstrates that there was 

some form of interference from the vestibular system while perceiving visual motion.   

Future Directions 

Lee (1989) suggested that instead of using high-fidelity motion systems, it might 

be more economical to implement motion seats for cueing the onset of motion, as 

opposed to simulating the entire movement of the aircraft. This idea has been shown to be 

successful when simulating surge (Burki-Cohen, 2007). Experiment 1, however, shows 

that even if the motion-seat cue is congruent with the visual display, the inclusion of 

motion cues that are discrepant with the visual display may compromise the operator’s 

sense of spatial orientation.  

 Despite inconsistent evidence, pilots and the FAA strongly support the inclusion 

of motion cueing systems in training. Subjectively, pilots feel that motion cueing adds to 

the psychological fidelity of the simulation and have shown a consistent dislike for 

simulators that do not provide motion cues. As noted by Miller (1953), capturing the 

most naturalistic behaviours possible within a simulation is extremely important. Because 

there is little evidence that high-fidelity motion systems provide significant benefits over 

lower-fidelity motion systems (e.g., dynamic motion seats), it would be logical to 

continue researching the utility of dynamic motion seats in aviation training. While 

dynamic motion seats do not provide a benefit over platform motion in terms of operator 

performance and transfer of training, the financial burden of procuring, operating and 

maintaining a motion seat is far less than it is for a full motion platform.  

 Although dynamic motion seats have shown few benefits of consistent motion 

cueing, the present study and Nicholson et al.’s (2013) work have demonstrated that 
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inconsistent and incongruent motion cues generally disrupt performance in recovering 

from unusual orientations. Because pilots are usually trained to ignore vestibular cues 

during flight and focus completely on their instruments, using a dynamic motion seat to 

train pilots to ignore incongruent motion cues may be an effective approach to training. 

Limitations 

 A limitation of the present study was that reaction times to visual and motion seat 

cues were not accurately measured. The software provided by the motion seat 

manufacturer did not allow for it to be synchronized with the button box. As such, 

reaction times were recorded after 200 ms of motion cue onset, regardless of the bank 

angle, despite slight temporal differences between magnitudes.  

Conclusion 

In conclusion, including motion cueing in flight simulators is expensive and thus 

centralizes training to the few institutions that can afford this initial and long-term 

financial and technical investment. Dynamic motion seats provide a low-cost alternative 

to high fidelity motion systems and have been shown to elicit the same pilot performance 

within a limited number of flight tasks. The present study examined the ability of 

operators to perceive their spatial orientation in a dynamic motion seat through the use of 

both visual and motion seat cues. In Experiment 1 it was found that adding 

complementary motion seat cues did not benefit participants’ ability to perceive their 

orientation through a visual display, although motion cues that were inconsistent with 

those indicated on the visual display disrupted orientation perception. In Experiment 2, it 

was found that adding complementary visual motion cues did benefit participants’ ability 

to perceive their orientation during motion seat cues. These findings show that motion 
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cues for dynamic motion seats affect operators’ perception of spatial orientation. It is 

likely that these results were observed under these testing conditions due to the way that 

the visual and vestibular systems integrate with one another. Pilots however, consistently 

show a preference for motion systems in flight simulation, which drives the need for 

finding a more economical instrument for providing motion cues. More research needs to 

be conducted on dynamic motion seats in order to determine whether or not they are the 

solution to this need.  
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Appendix A – SONA Posting 

 

Study Name: The Role of Vision in the Perception of Vestibular Motion 

 

Experimenter’s Name: Ben Townsend, Masters Student, Department of Psychology 

 

Experimenter’s Phone: 613-520-2600 ext. 2487 
 

Experiment Location: VSIM Building, room 2210 

 

Description: This experiment will assess how visual information affects your ability to 

detect the magnitude of motion cues. Specifically, you will be secured in a motion-cueing 

seat that simulates an aircraft banking at various angles. At the same time, a horizontal 

line displayed on a large-screen monitor will tilt left or right. Your task will be to judge 

the magnitude of the simulated bank angle and to determine whether or not the horizontal 

line tilt was consistent with the bank angle. In rare occasions, participants may 

experience nausea that is typically mild (no vomiting) and lasts for less than 5 minutes 

once the simulation ends. This study has received clearance by the Carleton University 

Psychology Research Ethics Board (Ethics Approval: 14-048). 

 

Eligibility Requirements: Normal or corrected-to-normal visual acuity 

 

Duration: 1.0 hour 

 

Percentage: 1.0 Percentage 

 

Preparation: None 
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Appendix B – Informed Consent Form 
Informed Consent Form 
 

Study: The Role of Vision in the Perception of Vestibular Motion 

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: 14-048). Please ask the researcher to clarify any 

concerns that you may have after reading this form. 
 

Research Personnel: 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 Herdman Professor Psychology chris_herdman@carleton.ca 520-2600 x.8122 

Ben Townsend MA Student Psychology ben_townsend@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: Simulators are more commonly being used to train vehicle operators (pilots, drivers) 

because they offer a cost-effective alternative to real-world training. Many simulation 

environments now use motion and/or motion cueing to enhance the realism of the simulation. 

However, given that our visual system is dominant (i.e., if our eyes tell us that we are moving, 

then we believe that we are moving), it is not clear that motion is critical for improving 

simulation-based operator training. The purpose of this study is therefore to assess the extent to 

which the visual system plays a role in perceiving simulation-based motion. 
 

Task: In this study, you will be seated and secured in a motion seat positioned in front of a large-

screen monitor. A horizon line will appear on the monitor and will tilt either to the left or the 

right. The line tilt will be accompanied by a motion cue from the seat that will make you feel like 

you are tilting either left or right by varying degrees. Your task is to judge the magnitude of the 

motion cue and to determine whether the tilted horizon line was consistent or inconsistent with 

the motion cue. In some cases, the horizontal line will not be visible, in which case you will be 

asked to only judge the magnitude of the motion cue. All responses will be made using a button 
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box. You will have unlimited time to respond, at which point the next trial will begin. The 

experiment will begin with some practice trials to help you become familiar with the motion seat 

and the various magnitudes of simulated tilt. The experiment consists of 3 blocks of 48 trials 

each, for a total of 144 experimental trials. Breaks will be provided 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% credits for your participation. 
 

Potential Risks/Discomfort: It is possible that you may experience mild nausea during this 

experiment. In the unlikely event that this occurs, please inform the experimenter immediately. 

The experiment will be terminated and you will be asked to close your eyes to alleviate the 

nausea. You will be given full credit even if you cannot continue the 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, 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 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. If you wish to do so, you will still receive full credit. Your 

participation in this experiment is completely voluntary.  

                                                                                                                                                                                                      
I have read the above description of the study assessing the role of vision in the perception of 

vestibular motion. 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:    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

64 

 

 

 

 

 

 

 

 

 

 

 

Appendix C – Debriefing Form 

 

Debriefing 

 

The Role of Vision in the Perception of Vestibular Motion 

 

Thank you for your participation. The study you have just participated in is designed to 

investigate the extent to which your visual system plays a role in perceiving vestibular 

motion. Previous research shows that motion cues tend to enhance performance in 

simulation-based training. However, the association between motion fidelity (how 

realistic the cue is) and performance has not been strongly established. One reason why 

motion may not be that important in simulation-based training is because our visual 

system tends to dominate over other sensory systems. In other words, if our eyes “tell” us 

that we are moving, then we believe we are moving – even if our vestibular system 

(responsible for detection motion) tells us that we are completely stationary. If the visual 

system plays a dominant role in perceiving motion, then it is possible that motion cueing 

is only providing redundant information and is therefore not essential for simulation-

based training. It is hypothesized that inconsistent visual stimuli will decrease one’s 

ability to accurately perceive self-motion. If you are interested in learning more about 

how vestibular motion cues affect performance in simulated environments, then please 

see the following: 

 

Grant, P. R., Yam,  B., Hosman, R., & Schroeder, J. A. (2006). Effects of simulator 

motion on pilot behavior and perception. Journal of Aircraft, 43, 1914 – 1924.  

 

Harris, L., Jenkin, M., & Zikovitz, D. C. (1999). Vestibular cues and virtual 

environments: Choosing the magnitude of the vestibular cue. Virtual Reality, 229 

– 236. 

 

 

This study has received clearance by the Carleton University Psychology Research Ethics 

Board (Ethics Approval: 14-048). Should you have any ethical concerns regarding this 

study then please contact Dr. Shelley Brown (Chair, Psychology Research Ethics Board, 

613-520-2600, 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: 
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Name Title Department Study Role Contact Info. 

Ben Townsend MA Student Psychology Principal 

Researcher 

520-2600 x. 

2487 

Dr. Chris 

Herdman 

Professor Psychology Faculty Advisor 520-2600 x. 

8122 

 


