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The Effects of Screening, Training, and Experience of Air Force Fighter Pilots: The Plasticity of the Ability to Extrapolate and Track Multiple Objects in Motion
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Experienced US Air Force fighter pilots, novice pilots, and control non-pilots were tested on a single experimental paradigm that examined their ability to extrapolate and track multiple objects in motion. The number of trajectories and the time durations were manipulated in each task. Both manipulations affected performance; however, there were no differences between experienced fighter pilots, pilots, and control non-pilots. The results are discussed in terms of cognitive plasticity, and its implications and applications to the screening and training of pilots. Specifically, the results imply that extrapolating and tracking motion are abilities that are less susceptible to change, and hence should be used as criteria for initial screening and selection of fighter pilots.

In the aviation setting, and particularly in the tactical aviation setting, pilots are required to perform with great accuracy and speed a wide variety of specific cognitive operations. The screening, training, and experience of pilots are intended to ensure that pilots possess high performance abilities on the cognitive operations needed for piloting. Some cognitive abilities are more susceptible to change and hence are relatively easy to improve with practice, whereas other operations are more hard wired and are therefore harder to modify. For example, visual mental rotation has been shown to improve with practice (e.g., Bethell-Fox & Shepard, 1988). Air Force pilots who use visual mental rotation for piloting were found to have superior abilities in this type of cognitive operation (e.g., Dror, Kosslyn, & Waag, 1993). Hence, it is very important to examine the plasticity of the cognitive operations required for piloting. Such applied research has far reaching implications for the criteria used for screening, as well as for designing training programs for pilots. The present study examines the ability of Air Force pilots, novice pilots, and non-pilots to perform two cognitive operations needed for piloting: Extrapolating and tracking multiple objects in motion.

Pilots are required to keep track of the spatial position of objects in their environment. Whether the objects in the surrounding environment are static, such as an air strip, or whether they are in motion themselves, such as other aircraft, the pilots own motion causes objects to constantly change their relative position in space. Since there are multiple objects in the environment, pilots are required to simultaneously track the motion of multiple objects. Tracking multiple objects in motion requires that attention be divided or shifted between focal points, or that the focal region be expanded. Various models of attention fall within such distinctions, and all can theoretically account for the way attention is allocated to multiple objects. 

Pilots occasionally disengage from direct visual contact with the external surroundings so they can attend to cock-pit displays. During that time, they cannot perceptually track the relative position of objects and therefore need to extrapolate their changing position. The process of extrapolating motion relies on various imagery mechanisms. Specifically, the processes of image scanning and image transformation may play an important role in extrapolating motion. Image scanning can be used to scan along the trajectory of a moving object even when the object is not visible, which enables one to anticipate its position. Image transformation can be used to shift and rearrange objects in an image, which enables one to keep track of the spatial position of moving objects that are no longer visible. 

The use of perception for tracking motion and imagery for extrapolating motion is especially interesting since various studies have established that visual perception and visual mental imagery share many of the same mechanisms (for reviews, see Farah, 1988, & chapter 4 of Kosslyn & Koenig, 1992). For example, Positron Emission Tomography (PET) studies show that similar brain substrates are used in perception and in imagery (e.g., Kosslyn et al., 1993; Roland & Friberg, 1985). Other studies show that brain damage selectively affects imagery and perception in similar ways (e.g., Bisiach & Luzzatti, 1978; Levine, Warach, & Farah, 1985). Thus, it was of great interest to compare the performance abilities between visual tracking and visual extrapolating in a single study with a within-participant design using identical stimuli for both tasks.

Air Force fighter pilots have been extensively exposed to situations where they are required to track and extrapolate the motion of multiple objects. Previous research on motion extrapolating has examined memory of the last stimulus in a sequence that was presented along a possible rotation path (Freyd & Finke, 1984, 1985). Participants in the study remembered the last stimulus as being beyond their position. This representational momentum was analogous to physical momentum; i.e., the size of the representation momentum depended on the velocity implied by the preceding stimuli. Similar results were obtained in tasks that required participants to judge the vanishing point of a target (Hubbard, 1990; Hubbard & Bharucha, 1988; for a review, see Hubbard, 1995). Hence, it seems that motion extrapolating is a natural, and somewhat automatic, cognitive mechanism. This research, however, has not examined the process of intentionally extrapolating multiple objects over relatively long time duration. Previous research on the process of motion tracking (e.g., Hillstrom & Yantis, 1994; Intriligator, Nakayama, & Cavanagh, 1991; Pylyshyn, 1989; Pylyshyn & Strom, 1988; Yantis, 1992,) was performed as a means of examining the cognitive mechanisms that underlie attention. For example, Pylyshyn (1989) examined how unitary and spatially focused attention can simultaneously index several different locations, and suggested a resource-limited mechanism called the FINST model. Hillstrom & Yantis (1994), on the other hand, examined visual motion in terms of guiding attention. However, such research on both tracking and extrapolating of motion has not been applied to the aviation setting where it is highly applicable. Furthermore, until now no study has looked at both processes, and there was no single experimental paradigm that could examine and compare both processes.

In the study reported here, I examined the abilities of US Air Force fighter pilots, novice pilots, and non-pilots to extrapolate and track the motion of multiple objects using a single experimental paradigm. I used the applied setting of the tactical aviation environment because the highly agile fighter aircraft –which operate across the spectrum of flight attitudes and orientations– impose high demands on the pilots. Air Force fighter pilots depend on extrapolating and tracking of motion for the successful accomplishment of missions, as well as for safety. The high speed and maneuverability of fighter aircraft puts the pilots in extreme situations of constant and rapid change affecting the spatial positioning of the aircraft and their relative spatial position to objects in the surrounding environment. 

In an earlier study on visual-spatial abilities of pilots (Dror, 1992; Dror et al., 1993) pilots were found to be better than non-pilots in some visual-spatial abilities but not in others. Specifically, they were found to be better at making metric spatial judgments, but not categorical spatial judgments, and they mentally rotated objects better than non-pilots. In contrast, pilots did not extrapolate motion of a single object, scan images, or extract visual features from objects obscured by visual noise better than non-pilots. It was of interest to determine the relation between the results of the previous and present study. This was especially interesting because pilots were better than non-pilots at image transformation, but not at image scanning, and both processes may by used to extrapolate motion.

Other researchers used the aviation setting to examine the ability of pilots to perform an auditory selective attention task (Gopher, 1982; Gopher & Kahneman, 1971). These studies used the dichotic listening paradigm to examine the ability of pilots to rapidly reorient attention to specific auditory stimuli and channels. Gopher and Kahneman (1971) found that military pilots were more accurate at such tasks than flight cadets. Gopher (1982) studied the longitudinal affect of pilot training on the performance of such tasks; a group of flight cadets were tested every four months throughout their two-year flight training. The study showed that as pilot training progressed, pilots' performance was more and more accurate. The same auditory selective attention task was also admin- istered to professional bus drivers (Kahneman, Ben-Ishai, & Lotan, 1973). The results showed that bus drivers who had more errors on the task were more prone to accidents. The above studies demonstrate that training and experience in situations that require extensive use of specific cognitive mechanisms improve the processing ability of those mechanisms. However, whereas vision is the primary perceptual modality used by pilots and bus drivers, Gopher & Kahneman (1971) and Gopher (1982) focused their research on auditory stimuli. Although some cognitive subsystems used in attention mechanisms may be used in processing stimuli from different modalities, it seems important to specifically examine the primary channel that is used. The study reported here examines performance of Air Force fighter pilots, novice pilots, and non-pilots on visual tasks that require extensive use of attention and imagery mechanisms to achieve awareness of the spatial positions of objects in the environment. 

Two tasks, using identical stimuli, were designed to tap into the underpinnings of motion extrapolating and motion tracking. The difficulty of trials within each task was manipulated, so as to vary the amount of processing and thus affect accuracy rates and response times. The increase in response time and error rate as a function of difficulty reflects the processing ability of specific subsystems themselves –independent of the processes involved in encoding the stimulus and generating the response itself. This method allowed us to evaluate the ability of subsystems that perform specific types of operations (Sternberg, 1969).

 Method

The participants were tested individually on each task in one testing session which averaged about fifty minutes. Half the participants were first tested on the motion tracking task and then on the motion extrapolating task; the other half were tested in the reverse order. The participants were given verbal instructions and then were asked to paraphrase them, and any misconceptions were corrected. The participants began each task with a set of practice trials. During the practice trials, the computer gave feedback by beeping when the participants made an incorrect response, and the participants were encouraged to ask questions. During the test trials, no feedback was provided and no talking was allowed. The tasks required that the participants respond by pressing keys marked "yes" (the "b" key) and "no" (the "n" key) on the computer keyboard. The participants used two fingers of their dominant hand to press the keys. The tasks were administered on a Macintosh II ci computer with a high resolution video display card (24 bit video card). The computer was connected to a color 13 inch multiscan trinitron super fine pitch Sony monitor. The tasks were administered by a computer program that used the Shell and Macglib libraries of Micro M.L. Inc. All participants sat so that their heads were approximately 50 centimeters from the computer screen. The participants were asked to respond as quickly as possible while remaining as accurate as possible.

Participants

Fifty-eight participants were tested in both experiments. Thirty-four were pilots, who formed two distinct subgroups: 20 pilots were very experienced and highly trained fighter pilots (pilots of F-15s and F-16s), and 14 pilots were novice pilots who had never flown fighter aircraft, but were selected to be fighter pilots and were waiting to begin their training. The mean flying hours of the experienced fighter pilots was 1650 (range 1000-3100). Their overall mean flying hours --including non-fighter aircraft-- was 2300 (range 1400-3400). Their mean age was 34.8 (range 29-41). The novice fighter pilots had all recently finished the Air Force undergraduate training and had approximately 300 flying hours on non-fighter aircraft. Their mean age was 26.1 (range 24-29). All the pilots were males and had completed at least a college education. The pilots were recruited and tested at Luke Air Force Base, AZ. The 24 control participants were university students who were matched to the pilots by gender, age, and education. 
Visual Extrapolation Task

Visual imagery enables us to mentally manipulate visual stimuli. We can manipulate and transform images in numerous ways. One such manipulation encompasses shifting and changing the spatial position of objects within a complex image (e.g., one can imagine rearranging items on the desk --shifting the phone and the computer to different locations). Indeed, such manipulations are often used in reasoning (Hayes, 1981). Motion can be accomplished in mental imagery by constantly shifting the spatial positions of objects within the image. Motion extrapolating requires such changes, whereby the imagined motion is based on previously seen motion.

The visual extrapolating task was a variant of one devised by Dror et al. (1993). In the previous study participants were required to extrapolate the motion of one object that was moving in a circular trajectory. Pilots were no better at this type of task than non-pilots. In the present study, participants were required to extrapolate the motion of multiple objects moving in various straight trajectories. It was assumed that it is more demanding when the motion of more objects had to be extrapolated. Similar to perceptual tracking, the attention system can deal with extrapolating the motion of multiple objects in a number of ways. In contrast to many studies of these mechanisms in perception, the study of attention mechanisms used in the analogous imagery task has been relatively neglected. In the motion extrapolating task a group of moving balls was presented and the participants attended to a subgroup of them that were flashing. All balls were then removed from the display, and the screen remained blank. Following a time delay the balls reappeared, as if they had been in constant motion while the screen was blank. One ball was presented as a probe and the participants were required to judge whether or not this ball was one of the balls that was flashing earlier. 

Materials
The stimuli were round disks (the "balls") 18 pixels in diameter -- corresponding to 0.668 cm and 0.765 degrees of visual angle-- which moved in straight trajectories on the screen. The balls' initial trajectories were random. The balls bounced off the edges of the screen but moved through each other. Twelve black balls were presented in motion on the screen while a subset of them (1, 2, or 3) flashed --changing colors from black to red and back to black every 60 ms. The speed of motion of the balls was 4.33 cm per second, which corresponded to 4.95 degrees of visual angle. The motion was created by displaying a new screen every 60 ms with each ball advancing 7 pixels in its trajectory --corresponding to 0.260 cm and 0.298 degrees of visual angle. The computer generated the new position for each of the balls throughout the trial. While the screen was blank the computer continued to generate the motion of the balls, however the balls were not displayed on the computer screen.

A total of 96 trials were prepared. The trials were constructed in 8 blocks of 12 trials each. Half the trials in each block should have been evaluated as "yes" trials --presenting a ball probe that had flashed earlier-- and the other half were "no" trials --presenting a ball that had not flashed earlier. For each of the 6 "yes" and "no" trials in every block, half had a short time delay and half a long time delay. The short time delay was 2 seconds and the long one 3.5 seconds. For each 3 trials in every block that had the same time delay and the same correct response, one required extrapolating the motion of 1 ball, one the motion of 2 balls, and one the motion of 3 balls. Thus, each block had 12 trials that included all possible combinations of variables. The trials within each block were randomly ordered with the constraint that the same number of balls, time delay, or response could not appear more than three times in succession. An additional 12 trials were prepared as practice trials. The block of practice trials had the same structure as the testing blocks and included all variable combinations. 
Procedure  

Frame 1: Each trial began with an exclamation mark on the computer screen. The exclamation mark remained until the participant was ready to begin the trial and pressed the space bar.

Frame 2: After pressing the space bar, 12 moving balls appeared on the computer screen. They moved in constant speed and in straight trajectories. The balls only bounced off the edge of the computer screen. The initial trajectories were random.

Frame 3: After 500 ms, a subset of balls (one, two, or three) began to flash (alternated between black and red every 60 ms) for 3.5 seconds. The participant was told to track the motion of the flashing balls, and to keep tracking them after the balls disappeared, as if they were still moving on the computer screen. 

Frame 4: After 3.5 seconds, all the balls (those which were flashing and those which were not) were removed from the display and the screen remained blank for a time duration of 2 or 3.5 seconds.

Frame 5: Following the time delay, all the 12 original balls reappeared moving on the computer screen. One ball was flashing. The participant was to respond "yes" if the flashing ball was one of the balls that was flashing earlier, and "no" if it was not. Immediately after the response, another exclamation mark appeared and a new trial began.

Motion Tracking Task

Tracking a single ball that is moving at high speed is not an easy task. Professional baseball batters need to track a ball moving at speeds of up to 100 mph --producing angular velocities greater than 500 degrees per second. Although professional baseball batters have superior skills at tracking a high-speed moving ball, they still cannot keep their eyes on the ball (Bahill & LaRitz, 1984). Tracking multiple objects is even more demanding because the attention system needs to cope with multiple objects moving in different directions at the same time. I tested pilots on a demanding task which required them to track up to 6 moving balls.

The motion tracking task was a variant of one used by Intriligator, Nakayama, and Cavanagh (1991), which was based on a task devised by Pylyshyn and Strom (1988). Moving balls were presented on the computer screen. The participants were asked to track a subset of the balls that were flashing and to continue to do so after they stopped flashing (and thus became indistinguishable from the other balls on the screen). The balls continued to move on the computer screen after the flashing stopped; following a time delay one of the balls was designated as a probe ball, and the participants had to judge whether or not it was one of the balls that had flashed earlier. 
Materials
     The same materials that were used in the extrapolating task were used here, except that 4, 5, or 6 balls were flashed and the balls did not disappear after the flashing concluded. The balls remained on the screen and the pilots had to track the balls that flashed earlier. To force actual tracking and not enable the pilots to rely on extrapolation, the trajectory of each ball was changed so the motion was random --every 60 ms the balls changed trajectory by a random degree shift of up to 30 degrees. To avoid confusion between colliding balls, the balls now bounced off each other when they collided.
Procedure  

Frame 1: Each trial began with an exclamation mark on the computer screen. The exclamation mark remained until the participant was ready to begin the trial and pressed the space bar.

Frame 2: After pressing the space bar, 12 moving balls appeared on the computer screen. They moved in constant speed and in random trajectories (every 60 ms the balls changed trajectory by a random degree shift of up to 30 degrees). The balls bounced off the edge of the computer screen and when they collided with each other. The initial trajectories were random.

Frame 3: After 500 ms, a subset of balls (four, five, or six) began to flash (alternated between black and red every 60 ms) for 3.5 seconds. The participant was told to track the motion of the flashing balls, and to keep tracking them after the balls stop flashing. 

Frame 4: After 3.5 seconds, the flashing balls stopped flashing and were indistinguishable from the other balls on the screen. All the balls (those which were flashing earlier and those which were not) continued to move on the computer screen for a time duration of 2 or 3.5 seconds.

Frame 5: Following the time delay, one ball began to flash. The participant was to respond "yes" if the flashing ball was one of the balls that was flashing earlier, and "no" if it was not. Immediately after the response, another exclamation mark appeared and a new trial began. As in the first experiment, half the trials were ‘yes’ trials and the other half were ‘no’.

Results

The data were analyzed using an analysis of variance. Separate analyses were performed for response times and error rates. The data included 0.8% responses that were outliers, which were defined as data that were greater than 2.5 times the mean of the remaining scores in that cell; these data were replaced by the mean of the cell. Incorrect responses were excluded from the analyses of response times. The analyses included one between-participant variable: Piloting Experience (control non-pilots, novice fighter pilots, and experienced fighter pilots); and 3 within-participant variables: Task (extrapolating and tracking motion), Time delay (short and long), and the Number of Trajectories (small, medium, and large). 

The participants were able to perform the tasks at an accuracy level of 76%. The tasks were not equally difficult; participants required more time to extrapolate motion, F(1,55)= 45.54, MSe= 6,886,511, p< .01 (with mean response time of 1206ms and 1409ms for the motion tracking and motion extrapolating tasks, respectively), and participants made more errors when they extrapolated motion, F(1,55)= 3.86, MSe= 984, p= .05 (with mean error of 23.4% and 26.1% for the motion tracking and motion extrapolating tasks, respectively). 

The number of trajectories affected performance; participants required more time as the number of trajectories increased, F(2,110)= 102.09, MSe= 2,206,827, p< .01 (with mean response time of 1,201ms, 1,326ms, and 1,397ms for small, medium, and large number of trajectories, respectively), and made more errors as the number of trajectories increased, F(2,110)= 125.40, MSe= 14,618, p< .01 (with mean error rates of 16.4%, 25.9%, and 32.0% for small, medium, and large number of trajectories, respectively). The time delay also affected performance; participants made more errors as the time delay increased, F(1,55)= 79.20, MSe= 76, p< .01 (with mean error rates of 21.6% and 27.9% for short and long time delays, respectively), but response time was not affected by the different time delays, F< 1. 

Interactions between the difficulty manipulations and task were apparent, and further reflected that the tasks were not equally difficult. I found an interaction between Task and  Number of trajectories for both response time (F(2,110)= 39.14, MSe= 1,031,352, p< .01) and error rates(F(2,110)= 26.65, MSe= 3,035, p< .01). In addition, I found an interaction between Task and Time delay, F(1,55)= 11.02, MSe= 333,923, p< .01, for response time, and F(1,55)= 3.02, MSe= 317, p= .08 for error rates. 

There was no main effect of Piloting Experience, F< 1, for both response time and error rates. Furthermore, there were no interactions between Piloting Experience and any of the other variables (Task, Time delay, and Number of Trajectories), in both response time and error rates; the only exception was an interaction in error rates between Piloting Experience and Number of Trajectories, F(4,110)= 4.83, MSe= 563, p< .01. Additional focused contrast analyses on this interaction showed that the interaction reflected that all participants had more errors at the more difficult conditions, but that both groups of pilots had less error than the control non-pilots at the easiest level of difficulty, F(1,110)= 61.37, MSe= 7,154, p< .01. This interaction was limited to error rate data and did not reflect any differences between the pilots and non-pilots at any other levels of difficulty, F< 1.

Discussion

The ability to track and extrapolate motion of multiple objects is important for piloting, and is especially critical in the tactical aviation environment. The processes of tracking and extrapolating motion are similar in the sense that both require pilots to keep an on-line account of the location of objects in space. Tracking is based on perception, whereas extrapolating is based on imagery. The study reported here examines the factors that affect the computational demands on the processes of tracking and extrapolating motion. The results clearly show that both the number of trajectories and the duration of the process are important factors in determining the difficulty of the task. The results further show that the process of extrapolating motion is more demanding than the process of tracking motion.

It was very interesting to find that pilots are not able to track or extrapolate motion better than non-pilots (the only exception for this was a very small difference in error rates on the easiest level of difficulty where pilots had 2% less errors than non-pilots). Furthermore, other pilots and control non-pilots had comparable ability to track and extrapolate motion as highly experienced fighter pilots. Hence, it is suggested that the ability to track and extrapolate motion is not a plastic ability that enhances with training and experience. Highly experienced fighter pilots, who have been extensively trained on tasks that require such abilities and have had considerable experience using those abilities, did not show superior performance to novice fighter pilots and control non-pilots. Although our tasks were more similar to a computer game than to the real world aviation environment, the tasks relied on similar cognitive mechanisms. Furthermore, Gopher, Weil and Bareket (1994) have shown that skills transfer from a computer game to flight performance, and it is reasonable to assume that such transference can also occur from flight performance to a computerized task.

The results of this study are consistent with the Dror et al. (1993) study on the visual-spatial abilities of pilots. One of the tasks used in their study required pilots to extrapolate motion. The results did not show any apparent differences between pilots and control non-pilots. In Dror et. al (1993), the task only required participants to extrapolate a single moving object and hence may have not been challenging enough for the pilots. In the current study, the motion extrapolating task was much more challenging, and also showed that pilots do not track motion better than non-pilots.

The plasticity of cognitive abilities used by pilots is an important topic for applied research. Some abilities are more plastic and can be enhanced by training and experience, whereas other abilities are more hard wired into the system and are less susceptible to change. The plasticity of cognitive abilities is probably why various studies have found pilots to possess superior performance on some abilities used in piloting, but not in others (e.g., Dror et al., 1993).

Fighter pilots are distinct from non-fighter pilots not only in training and experience, but also in the selection and screening processes employed by the Air Force. In a similar way, the non-fighter pilots are distinct from the control non-pilots. Hence, if this study showed performance differences, those differences could have resulted from the selection and screening of pilots, and not from training and experience that the pilots have received. The fact that no substantial differences were found suggests that the selection and screening of pilots and fighter pilots does not carefully examine abilities to track and extrapolate motion of multiple objects -- abilities that are critical for Air Force pilots. 

The level of the plasticity of cognitive abilities used in piloting has very important implications and applications to the selection and screening of pilots, as well as to their training. Abilities that are more plastic are easily modified, and should not be used as criteria for selection and training since pilots can acquire those abilities through training and experience. It is the abilities that are less plastic that need to be used for selection and screening of pilots because it would be a waste of resources (see comments below) to focus training on enhancing such abilities. The study reported here suggests that tracking and extrapolating of motion are abilities with a low level of plasticity, and hence need to be used as criteria for the selection and screening of pilots.

The study reported here focuses on the plasticity of specific abilities needed for piloting. Studying the plasticity of cognitive abilities in order to direct and guide screening, selection, and training is not limited to piloting. This approach is viable to a variety of real world environment where specific abilities are needed to successfully achieve specific goals.
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