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  Abstract 

In aeronautical context, operators are confronted with complex dynamic situations in 

which they must represent the spatial state of several events and their possible 

evolutions. For example, a pilot in dense air traffic must be able to anticipate multiple 

trajectories to avoid collision. However, there is no description in the literature of a 

visuospatial anticipation span, i.e., how many dynamic events is an individual able to 

anticipate simultaneously? The objective of this study is twofold: (1) to set up a 

research protocol that objectively measures a visuospatial anticipation span and (2) to 

determine its limit. This study is based on the representational momentum paradigm 

(Freyd & Finke, 1984), which classically measures the ability to anticipate the 

movement of a single target (Hubbard & Bharucha, 1988) or a scene (Blättler, Ferrari, 

Didierjean, & Marmèche, 2011). The originality of this study is that 21 participants 

had to recall the position of five targets moving simultaneously in different directions. 

The results show for the first time that the individual is able to anticipate the trajectory 

of five events. This study may guide future studies aiming at further understanding 

the limits of human anticipation and thus improving human-vehicle collaboration 

through the development of adaptive autonomous systems. 

  Introduction 

In the aeronautical context, operators (air traffic controllers, pilots) are confronted 

with complex dynamic situations in which they must represent the spatiotemporal 

state of several events and anticipate their evolution. For example, a pilot can visualize 

nearby traffic using his Traffic Collision Avoidance System (TCAS; Figure 1) and a 

controller can access traffic on his Air Traffic Control (ATC) screen. These display 

systems have many dynamic elements representing an air traffic situation. Since these 

operators perform a multi-tasking activity, they do not focus their attention on all these 

dynamic elements at all times. However, it seems that the operators manage to 

maintain a global coherence of the situation in what is commonly called Situation 

Awareness (SA) (Endsley, 1995). This model is described with three levels, from 

perception to projection (i.e., anticipation). It is the elements perceived at level 1 that 



6 Jarry, Blättler, & Ferrari 

can be projected into level 3. However, the studies on visuospatial span highlight the 

limited ability to integrate information, and the number of elements that operators can 

project in their SA can therefore be investigated. It is widely agreed that the 

visuospatial span of short-term memory is about 6 (Kessels, van Zandvoort, Postma, 

Kappelle & de Haan, 2000), but this type of measurement does not incorporate the 

dynamic dimension that is essential in aeronautical situations. The aim of this study 

is to measure the limit of the number of dynamic elements that the individual can 

represent to him/herself: i.e., a visuospatial anticipation span. 

 

Figure 1. Simplified representation of the content of a Traffic Collision Avoidance System 

(TCAS) screen. The operator reading the screen is spatially symbolized by the aircraft at the 

bottom of the image. Each element (diamond) represents a moving object in the airspace near 

the aircraft. Each arc represents a distance in nautical miles from the aircraft (5, 10, 15 to 20 

nautical miles). 

Visuospatial anticipation has been studied for about 40 years in the Representational 

Momentum (RM) paradigm. RM is defined as the tendency of an individual to 

memorize the spatial position of a moving target or scene further away than it actually 

is (Freyd & Finke, 1984). Thus, when the individual observes a moving object, he or 

she represents its spatial position as shifted in time, i.e., ahead of time. When 

participants are asked to indicate the last spatial position of a moving target that 

disappears unexpectedly, they respond further than the actual position of 

disappearance (see Figure 2; Hubbard & Bharucha, 1988). 

The authors explain these results by the momentum metaphor theory which suggests 

that the principle of momentum is incorporated in mental representations. Thus, 

mental representations would incorporate a component of inertia like that observed 

for moving objects. Indeed, a physical object in motion cannot be immediately 

stopped because of its momentum, in the same way a mental representation of this 

motion cannot be immediately stopped because of a similar momentum within the 

representation system. Thus, the processes underlying RM allow for the production 

of visuospatial anticipation. Integrating the measure of visuospatial anticipation into 

the model of classical SA provides an objective measure of the “projection” 
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component of this model. Although this study only addresses the question of how 

many dynamic elements an individual can anticipate, another advantage of choosing 

visuospatial anticipation as measured by RM study methodology is that these 

processes are involved in perception, action, and cognition at the same time. 

Approaching SA through the lens of visuospatial anticipation would allow for a very 

broad spectrum of SA projections to be addressed. 

 

Figure 2. Materials and results adapted from Hubbard and Bharucha (1988). Target 

movements were horizontal leftward or rightward or vertical upward or downward. The black 

circles correspond to the disappearance points of the stimuli. The white circles correspond to 

the disappearance positions recalled by the participants on average. 

Visuospatial anticipation has most often been studied through perceptual processes 

and attributed to a function of compensating for neural delays between retinal cell 

activation and the corresponding cortical activation (Nijhawan, 2002; Devalois & 

Devalois, 1991). Indeed, even if this delay may seem short (of the order of a hundred 

ms), the position of an object may have moved. Thus, an action towards this object 

may be delayed if no compensation is exercised. In this context, the speed of 

movement of an object has a direct impact on the extent of the visuospatial 

anticipation that is elaborated. The greater the speed of movement on the retina, the 

greater the extent of anticipation (Berry, Brivanlou, Jordan, & Meister, 1999). While 

this compensation is present at early stages of visual processing (see Hubbard 2005 

for a review) other research shows that visuospatial anticipation appears at higher 

stages. Indeed, Hubbard and Bharucha (1988) showed that implicit knowledge of 

gravity force is integrated into visuospatial anticipation: a target moving downward 

(as if the target were falling) elicits a greater magnitude of visuospatial anticipation 

than if the movement is upward (see also Hubbard 2020 for a comprehensive review). 

Again, the implication of implicit knowledge of gravity is relevant to the interaction 

an individual has in, for example, grasping an object that is thrown at them (see also 

Hubbard, 2005 and 2006 for the influence of other types of implicit knowledge of 

physics such as centripetal and frictional force). Processes concerning action plans, 

involved during direct interaction with a moving object, have been shown to be 
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integral to the development of visuospatial anticipation. If an observer actively 

controls the target movement, then the magnitude of visuospatial anticipation is 

greater than if the observer passively observes the same target movement (Wexler & 

Klam, 2001; Blättler, Ferrari, Didierjean, & Marmèche, 2012). While the examples 

provided above can be considered to involve low-level processing, other research 

shows the involvement of higher-level processes such as conceptual knowledge (a 

drawing labeled “rocket” elicits greater visuospatial anticipation than if the same 

drawing is labelled “building”, Vinson & Reed, 2002), allocation of attentional 

resources (the more resources are focused on the target, the less visuospatial 

anticipation there is, Hubbard, Kumar, & Carp, 2009) or expert knowledge (a plane 

landing scene seen from the pilot’s point of view is anticipated more if the observer 

is an expert pilot than a novice, Blättler, Ferrari, Didierjean, & Marmèche, 2011). 

In the aforementioned experiments and the rest of the literature regarding visuospatial 

anticipation, no research asks the question of how many elements the cognitive system 

can anticipate. Studies by Blättler et al. (2010, 2011, 2012) and Khoury, Blättler, and 

Fabre (2020) show that participants are able to produce visuospatial anticipation when 

viewing natural scenes (driving or flying from the driver/pilot’s perspective). 

Although the scenes used have multiple elements, they all move in the same direction 

(approach). Finke, Freyd, and Shyi (1986) measured visuospatial anticipation of a 

dynamic pattern of three black dots with different directions. The induction was done 

by the successive presentation of 3 images. Afterwards, a fourth image was presented. 

The participants were then asked to answer whether “yes” or “no” the fourth image 

was similar to the third (Figure 3). The number of “yes” answers was higher when 

image 4 corresponded to the continuation of the induced movement. The authors thus 

observed visuospatial anticipation of the dynamics of the dot pattern. However, the 

authors did not assess the visuospatial representation of each dot. Thus, a strategy 

implemented by the participants could be to look at only one of them.  

 

Figure 3. Material adapted from Finke, Freyd and Shyi (1986). Each image was presented 

successively to induce movement in the targets (image 1 to 3). Image 4 appeared and 

participants were asked to compare it to the previous image. Participants were then asked to 

answer whether “yes” or “no” image 4 and image 3 were the same. In this example, images 

3 and 4 are the same. 
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The question remains, what happens when the individual observes elements moving 

in different directions? To address this shortcoming, in order to measure a visuospatial 

anticipation span, the present study is an adaptation of the Finke et al. (1986) protocol. 

Participants’ response intake is modified to obtain a measure of anticipation for each 

element. The scene represents an aeronautical situation in the appearance of a TCAS. 

This display features a central triangle symbolizing the aircraft being flown and five 

dots representing various aircraft moving around the aircraft (no altitude information 

is presented as this is not a collision avoidance task). After a motion induction of the 

five aircraft, participants respond by pointing to the last seen position of the 5 targets 

on a touch screen in a specified order for each trial. Participants are expected to recall 

the last position of the aircrafts further along their own movement direction. 

  Method 

  Participants 

A total of 21 students (21 male) in engineering school participated in the experiment 

(ages 21 to 23 years). Participants were recruited on a voluntary basis. They all gave 

their consent to participate and were told that they were free to stop the experiment at 

any time. All participants had normal or corrected vision. 

Sample size was defined using a power test with RStudio power.t.test (power of test 

= 0.9, true difference mean = 0.45, standard deviation = 0.45 and significance level 

= 0.05). 

  Stimuli and apparatus 

10 scenes were created on an image processing software. Each scene was composed 

of 5 targets (black dots of 24 pixels in diameter) in which a number is written (from 1 

to 5; see Figure 4. The spatial distribution of the targets was different for each scene. 

The induction of movements was done by the sequential presentation of 3 images. 

From one image to the next each target moved 40 pixels in a straight line either on the 

vertical axis (up/down, down/up) or on the horizontal axis (left/right, right/left). A 

triangle of 62 pixels in height with a base of 58 pixels symbolized the aircraft being 

flown and remained stationary. The experiment was presented on a 19-inch square 

touch screen with a definition of 1080x720 pixels. 

  Procedure 

Before the beginning of the experiment participant gave their consent and were told 

that they were free to stop the experiment at any time. Age and gender were collected 

for this experiment in an Excel spreadsheet along with the participant’s number. They 

were also aware that their data were anonymised and will be kept confidential. 
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Participants were seated 60 cm away from the touchscreen. They were instructed to 

recall the last perceived position of the 5 targets using the touchscreen in a clockwise 

direction following the ascending order of the numbers written on each target (from 1 

to 5; see Figure 4). 

The experiment began with a familiarization phase (2 trials). One trial consisted of a 

motion induction phase of the 5 targets. The presentation time of the images was 250 

ms. The interstimulus interval (ISI) was 250 ms. Each scene was presented 10 times 

to participants (10 times * 10 scenes = 100 trials). Once 5 responses (position of the 

target on the screen, x’, y’) were recorded, another trial was presented (Figure 5). 

 

Figure 4. Example of an image presented during the experiment. The black triangle in the 

centre of the image symbolized the plane being flown. The black dots were the targets. A 

number from 1 to 5 was written in the centre of the dot. 

 

Figure 5. Diagram of a trial. Stimuli 1, 2 and 3 were used to induce a movement to each 

target (1 to 5). The images appeared sequentially for 250 ms. The interstimulus interval (ISI) 

was 250 ms. After a retention interval set at 250ms, the response image without the 5 targets 

appeared. Participants were then asked to point to the last perceived position of the targets 

(corresponding to stimulus 3) on the touch screen. Once 5 responses were recorded, another 

trial was presented. 
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  Results 

The difference between the vanishing point (x,y) and the recalled point (x’,y’) is called 

displacement. For each direction of motion, the displacement of the recalled point 

along the axis of motion is called VS-displacement (for Visuospatial displacement), 

and the displacement along the orthogonal axis, O-displacement (for Orthogonal-

displacement) (see Figure 6). 

 

Figure 6. Example of a participant’s response and the calculation of the measurements. The 

black circles correspond to the disappearance points of the targets. The white circles 

correspond to the points recalled by the participants. The displacement of the white circle 

along the continuous motion axis is VS-displacement and the displacement along the dashed 

orthogonal axis is O-displacement. 

  VS-displacement analysis 

Thus, for each target and for each trial, a pixel value was obtained which could be 

positive or negative signifying the direction of the shift of the participants’ 

visuospatial representation. Five means were calculated according to the prescribed 

recall number, from Mtarget1 to Mtarget5 (see representation of results Figure 7). These 

differences provide the magnitude of anticipation of the final position of each target. 

For each mean, if the value is significantly positive then a visuospatial anticipation is 

obtained. 

Student’s t tests were performed to assess whether the means were significantly 

different from 0. VS = + 33 pixels (SD = 7), t(20) = 21.1, p < .001. Tests were 

significant for targets 1, 2, 3, 4, and 5, t(20) = 30.9, p < .001 (M target1 = + 42 px, SD = 

6); t(20) = 18.965, p < .001 (M target 2 = + 41 px, SD = 9); t(20) = 17. 437, p < .001 

(Mtarget3 = + 50 px, SD = 13); t(20) = 7.45, p < .001 (Mtarget4 = + 23 px, SD = 14); t(20) 

= 4.122, p < .001 (Mtarget5 = + 10 px, SD = 11), respectively. 

A repeated measures One-Way ANOVA was conducted with target number (1-5) as 

a within-group factor to observe if there was an effect of response order on 

anticipation magnitude. The analysis revealed an effect of response order, F(4,80) = 
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57, p < .001. Bonferroni post hoc tests revealed that the magnitude of anticipation for 

Target 1 is not different from Target 2 or Target 3; Target 1 vs. Target 2, p = 1; Target 

1 vs. Target 3, p = .072. All other tests were significant; p < .05. 

 

Figure 7. Graphical representation of the means of the differences between the vanishing 

position (at 0) and the position recalled by the participants as a function of the response 

order (target 1 to target 5). Variances are expressed as standard errors. 

  O-displacement analysis 

A Student’s t test was performed to assess whether the mean O-displacement (+78 px, 

SD = 5) was significantly different from zero. O-displacement is indeed different from 

zero, t(20) = 63.147, p < .001. 

  Discussion 

The aim of this study was to measure the limit of the number of dynamic elements 

that the individual can anticipate simultaneously: i.e., a visuospatial anticipation span. 

For this purpose, participants were asked to recall the last position of 5 targets, with a 

proper motion, presented in the same scene. Participants were expected to recall the 

last position of the targets further in the direction of their own movements. 

The results show that participants are able to anticipate a situation with five moving 

targets. Indeed, the overall average visuospatial anticipation of the five targets was 

significantly positive. This experiment allows for the first time to observe visuospatial 

anticipation for several elements, each of which has its own motion. Indeed, unlike 

Finke and Freyd (1985) and Finke et al. (1986) who evaluated a global pattern of three 

targets, here the visuospatial representations of each target were evaluated. Thus, the 

visuospatial anticipation span can be considered to be at least up to 5 items. However, 

a finer level of analysis puts this result into perspective. 
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The target-by-target analysis reveals that the magnitude of visuospatial anticipation 

changes with the recall order. Indeed, the magnitude of visuospatial anticipation 

increases until the third recalled target and then decreases rapidly. This evolution of 

the magnitude of visuospatial anticipation could be explained by the time that passes 

between the moment of target disappearance and recall. Indeed, there is a confounding 

variable between response time and recall order. The higher the recall number, the 

more the time to give the answer is important. This effect is classic in the RM literature 

(Freyd & Johnson, 1987; De Sá Teixeira, Kerzel & Lacquaniti, 2019). Freyd and 

Johnson (1987) show that visuospatial anticipation varies according to the retention 

interval (i.e., time between the last position seen and recall). These authors show that 

the magnitude of visuospatial anticipation increases up to 300 ms of IR and then 

decreases up to 900 ms. Thus, for these authors, this dynamic evolution of the 

visuospatial representation refers to the momentum metaphor. This metaphor implies 

that the inertia component, like the one observed for moving objects, is integrated in 

the visuospatial representation that participants make of the objects. This dynamic 

property of the visuospatial representation is therefore a sine qua non for showing that 

what is being measured is visuospatial anticipation. The pattern of results obtained in 

the study presented here seems to correspond to this dynamic property of the 

visuospatial representation. Thus, what is measured can be considered as visuospatial 

anticipation. Nevertheless, in this study the response times of the participants were 

not recorded, thus not allowing for comparative temporal analyses with previous 

studies (e.g., Freyd and Johnson, 1987). 

Several limitations must be overcome in order to measure an anticipatory span (1) the 

consideration of displacement along the orthogonal axis, (2) the disappearance of 

anticipatory traces over time, and (3) the maximum number of elements that an 

individual is able to anticipate simultaneously. Regarding (1) it is observed here that 

the amount of O-displacement is larger than those observed in previous studies (e.g., 

Hubbard & Bharucha, 1988). Thus, the relationship between O-displacement and the 

number of moving elements presented in a scene should be checked in future studies. 

Regarding point (2), Jarry, Blättler and Ferrari (2022) have indeed shown that after a 

delay of 1125 ms visuospatial anticipation is no longer observed. These authors also 

show that after a longer delay of 2250 ms participants are behind “reality”. As the 

method presented here asks participants to recall the position of elements in a precise 

order, the greater the number of elements to be recalled, the greater the recall time of 

the last elements. Thus, if recall occurs after 2250ms it may be that the anticipatory 

traces have faded because of time and not because of an exceeded span. Future studies 

should therefore disambiguate this point. Regarding (3), these initial results on 

visuospatial anticipation span are novel, but the numerical limit of visuospatial 

anticipation remains to be explored. Future studies will need to increase the numbers 

of dynamic features presented while carefully controlling the recall time in order to 

clearly establish a visuospatial anticipation span. 
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Once the visuospatial anticipation span is established, it will be possible to study its 

variations by the factors already identified in the visuospatial anticipation literature. 

The operationalization of visuospatial anticipation span assessment method will be an 

asset in the HMI optimization. For example, in the aviation environment, it has been 

observed that an experienced pilot anticipates more than a novice (Blättler et al., 

2011). The same may be true regarding the visuospatial anticipation span. Indeed, 

studies on cognitive expertise show that the development of chunks or templates (e.g., 

Gobet and Simon, 1996) through the strategic links maintained by the elements 

present in a familiar scene considerably increases the number of elements that the 

individual can picture. Moreover, Ferrari, Didierjean and Marmèche (2006) have 

shown an anticipation component in the representations of chess experts. If chess 

experts do not perceive a physical movement of the pieces on the chessboard, they 

infer a strategic dynamism (i.e., the possible future moves from a perceived 

organization of pieces on the chessboard). It could be that pilots and air traffic 

controllers integrate visuospatial and strategic anticipation components to their 

representations. This research direction could reinforce the classical SA model of a 

generic anticipation structure based on integrative processes of perception, action and 

cognition. 

The completion of the macroscopic model of SA by a finer understanding of the 

projection processes, in particular its spatiotemporal and numerical limits, will allow 

to improve initially the HMIs (e.g., TCAS and ATC) and the future interactions 

between human agents and artificial agents (e.g., autonomous vehicles). 
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