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Abstract. This paper evaluates a process tracing technique developed to assess
pilot Situation Awareness (SA) in air combat missions. Using the tool, the
assessment of pilot SA and translation of pilot behavior to an observer
assessment form is done through observation and analysis by Subject Matter
Experts. The tool is found to impose minimal interruption to the task
performance, which is desired from an assessment tool that is to be applied in a
highly dynamic environment such as air combat. It is also found to be
advantageous in providing comprehensive and detailed information of the
dynamic changes in pilot SA and the situation assessment process, as well as
the quality of SA acquired. Some problems with the tool are identified and
modifications to minimize them are proposed.
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1 Introduction

Developing and maintaining a good Situation Awareness (SA) is highly critical in the
aviation domain. Problems with SA have been identified to be a major causal factor in
both military and commercial aviation mishaps [1]. SA is defined as “the perception
of the elements in the environment within a volume of time and space, the
comprehension of their meaning, and the projection of their status in the near future”
[2]. Specifically for air combat environment, US Air Force operationally defined SA
as “a pilot’s continuous perception of self and aircraft in relation to the dynamic
environment of flight, threats, and mission and the ability to forecast and then execute
tasks based on that perception” [3]. In air combat, the ability to obtain a higher SA
would determine winning and losing in the battle. Enhancement of SA is therefore of
high interest. Various interventions, such as personnel selection, system design, and
training, are done as attempts to result in higher pilot SA. A valid assessment of pilot
SA is thus needed to evaluate the effectiveness of these interventions.
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Prior to the deployment of any assessment tool, an understanding of the pilot’s task
in air combat mission is necessary. This provides several implications on the
requirements that need to be fulfilled by the SA assessment tool, namely:

1. Practical, with minimum level of intrusion to task performance. The air combat
environment is highly dynamic. The fighter pilots need to obtain and process vast
amount of information to develop and maintain the awareness of many complex
and dynamic events that occur simultaneously in flight. Using an assessment tool
that potentially interfere with this process, such as stopping (freezing) the
simulations several times during task performance, may alter the task nature.

2. Capture the dynamic changes of SA. The faster the environment changes, the faster
one’s SA has to be updated. Developing and maintaining a pilot’s SA is
synonymous with being involved in a three-dimensional spatial relationship that is
further complicated by the fourth dimension of time compression. A pilot may
have perfect SA at one time and completely losing it at another time if he does not
update his SA at the same pace as the system’s dynamic. Therefore, capturing the
changes in pilot SA would provide useful information regarding his ability to
develop, maintain, and recover from lost of SA.

3. Assess the achievement of different stages of pilot SA. Air combat situation
assessment involves the loop of “search - detect — perceive — interpret - project”.
The pilot needs to scan and search for contacts and information from various
sources of information, such as radar, visual lookout, tactical data link displays,
and voice communication with ground and airborne controller and friendly
aircrafts. This information is then analyzed to obtain further information of enemy
status in relation to own or friendly aircraft in terms of relative status (e.g., relative
speed, distance, closure rate, and threat level) and predict enemy’s intentions and
actions, which may affect the pilot’s decision of actions. Capturing the stages of
SA achieved by the pilot can determine the quality of his situational assessment.

To date, Situation Awareness Global Assessment Technique (SAGAT) [4] is a
method that is most commonly used to assess SA. The pilot SA can be assessed
objectively by querying their perception, comprehension, and projection of future
status, and then checking the responses with the actual situation. This allows an
assessment of the stages of SA achieved by the pilot. The method requires the mission
to be frozen and displays blanked out at randomly selected times. The collection of
SA data at several points makes it possible to capture the changes in SA from moment
to moment. However, although the method has received many validation studies [5,
6], there are some concerns in applying this method in air combat scenarios. As the
method requires freezing of missions, it cannot be applied in real life situations. Even
in simulated missions, the freezing can be intrusive to pilot performance and may
change the nature of the task, thus violating the first requirement.

Another commonly used method is Situation Awareness Rating Technique (SART)
[7]. SART is a subjective measure of SA; it requires the participants to rate the level
of their SA using a Likert-type scales. The method includes three dimensions which
are believed to be related to SA, i.e., attentional demand, attentional supply, and
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understanding of the situation. SART is advantageous as it is relatively lower in cost
and easier to administer and implement. However, the rating may be potentially
confounded by workload and perceived performance rather than based on SA alone
[8]. The participants may not exactly know their own awareness level, i.e., it is
possible that they are not aware that they have low SA. SART rating was found to be
more related to operator’s confidence level of his/her SA [9]. The method itself is
basically non-intrusive. However, if the ratings are to be collected several times to
capture the changes in SA within one mission, a certain level of interruption to the
mission cannot be avoided. Finally, it is not possible to determine the levels of SA
achieved using this method.

Tham [10] developed a method to assess pilot SA specifically in air combat
environment. The method is based on process tracing technique by Subject Matter
Experts. It seems to be non-intrusive and able to capture the dynamic changes of pilot
SA as well as the stages of SA acquired, thus fulfilling the requirements described
previously. This paper aims to review this method in a greater detail to reveal its
potential application in air combat missions. Several recommendations are proposed
to further improve the method.

2 Process Tracing Technique to Assess Pilot SA

The tool developed by Tham is based on process tracing technique [11], which is to
be completed by Subject Matter Experts (SMEs) using an observer assessment form.
The participants are asked to think aloud during the mission. The process tracing can
be performed concurrently during task performance, or retrospectively using a
playback of the recorded scenarios. The technique tracks and monitors the SA and SA
processes of the pilot, rather than measuring it quantitatively. The completed observer
assessment form would indicate the progress of the different SA processes and SA
achievement associated with each and every enemy aircraft, as well as that of ground
threats and friendly force.

The method was applied in an experiment that aimed to examine the differences in
pilot SA in performing air combat missions with and without the use of Joint Tactical
Information Distribution System (JTIDS). The air combat environment was simulated
using a PC-based game called Jane’s USAF. The air combat scenarios were made up
of multiple enemy fighter aircraft, bombers and helicopters at different ranges and
headings, Surface to Air Missiles (SAMs) and Anti-Aircraft Artilleries (AAAs), as
well as friendly aircrafts. Eight experienced fighter pilots (with minimum of 900 total
flying hours, of which no less than 600 hours were on fighter aircraft) participated in
the experiment. The assessment of pilot SA was performed by a SME, who was a
fighter pilot with 1200 flying hours, 1000 hours of which were on fighter aircraft. The
recorded missions were reviewed during debriefing to get the participants to further
elaborate on the decisions made and maneuvers executed, as well as to fill in
information gaps due to non-verbalization by the participants. The SME completed
the observer assessment form through numerous reviews of the recorded simulations
and explanations obtained during debriefing. Figure 1 shows an example of a
completed observation sheet.
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Fig. 1. Example of a completed observation sheet

The pilot knowledge of the enemy aircraft is noted with ranges, because the
distance separation between aircrafts is one of the most important factors that
influence all tactical decisions, game plans and maneuvers in air combat. The level of
threat posed by an enemy aircraft is usually determined by its aircraft type and
weapons, particularly its radar capability and weapon effective ranges. Knowledge of
critical ranges is extremely important to successfully avoid detection and weapon
employment by the enemy. Ranges, together with aircraft aspect (i.e., relative
heading), determine the full picture of the threat level. For instance, an enemy at 20
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nautical miles (nm) coming straight would be more threatening than one beaming
(going across) at 15 nm. The monitoring of ranges also parallels the scrutiny of the
temporal dimension. The elapse of ranges are reflective of the time elapse, except that
in air combat the effects of elapsed time can be accentuated or attenuated by the
effects of relative heading.

The SME, as far as possible, defines different critical situations based on the
breaks in the chain of events or occasions. For every distinct events taking place
during the mission, the observer has to provide an account and relevant comments on
the development of the situation. This would make the assessment more meaningful,
as the development of the processes of situations and the subsequent attainment of SA
can be better understood in the context of the situation(s).

The SME analyzes the behavior and verbalized thoughts of the pilots to infer
quality of SA achieved. The following annotation scheme is used to note the stage of
pilot’s knowledge of the enemy aircraft:

e Stage 0: when an enemy aircraft first appears on radar

e Stage 1: accurate identification of existence of the enemy aircraft

e Stage 2: accurate perception of the enemy aircraft, e.g., type, range, bearing, and
altitude

e Stage 3: accurate interpretation of the enemy information, e.g., threat level, if there
is an opportunity of getting into offensive position

e Stage 4: accurate prediction of the next status: e.g., enemy’s reaction, projection of
relative position.

3

For combat performance, the events associated with each bandit comprise “no
action”, “evade enemy”, “kill enemy”, “killed by enemy”, “damaged by enemy” and
“spike awareness” (the awareness of being engaged by the enemy aircraft). These
events represent all the possible options available to the pilot when dealing with
bandits. The accomplishment of these combat performance events would be recorded
and was annotated by “yes” and “no” for each and every situation encountered during
the mission. Therefore, the assessment of the participant’s combat performance is
specific to the respective situation but not to that of the overall mission. Self
awareness is assessed in terms of occurrence of navigational deviation and loss of
awareness of own position (lost or off-track through unintentional means, whereas
deliberate deviation for engagement with enemy does not constitute loss of own
awareness), occurrence of loss of control of own aircraft (i.e., flying the aircraft in
out-of-acceptable speed/heading/altitude that may be construed as dangerous), and
occurrence of loss of awareness of wingman’s position.

For instance, in Figure 1, situation B (the gray-shaded part), can be read as follows.
For enemy aircraft #2, the knowledge of the pilot in the range of 25-20 nm was noted
by “B: 01234”. This indicates that situation B began with the enemy aircraft #2
appearing on the pilot’s radar display in that range and that Stage I through Stage 4
knowledge level was achieved. The vertical down-pointing arrow indicates the
progress of the situation with the #2 bandit closing in until it got shot in the range
bracket of 15-10nm. In the process as marked by the diagonal arrow pointing to the
right, bandits #3, #4 and #5 also appeared on the radar and Stage 3 achieved on #3
while only Stage I achieved on #4 and #5. From the Combat Performance rows, the
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form indicates that #2 was destroyed but the participant also suffered damages though
he was aware of the incoming missile from his positive spike awareness. The
participant was also unaware of the SAM in situation B as indicated in the form.

3 Evaluation of the Process Tracing Technique

3.1 Advantages

An evaluation of the process tracing technique, with its associated observer
assessment form in the representation format as shown, reveals its advantages as
follows:

e The technique imposes minimal interruption to the task performance of the pilots.
Although they were asked to think aloud during the mission, they were told to do
so not at the expense of their performance. Indeed, pilots have been doing so since
training days, and think aloud has become a habit. In instances when the
participants did not verbalize their thoughts and actions, such information can be
obtained during the debriefing by playing back the recorded mission.

e The completed form can provide an understanding of the dynamic changes of
pilot’s awareness and task prioritization. For instance, from the completed
observation forms of the experiment [10], the following information regarding the
situation assessment of fighter pilots can be obtained. When the participants
encountered multiple enemy aircrafts at ranges 20nm and beyond, Stage 3
knowledge for all bandits can be achieved while up to Stage 4 was obtained for the
nearest bandit. The moment one to two bandits closed in within the participant’s
own weapon’s range (around 20nm), more attention was allocated to these bandits.
Stage 3 was still maintained for the nearest and next nearest bandit but the
knowledge level of the rest of the bandits had dropped to Stage 2 or even Stage 1.
If there were more than one bandit closing in to less than 10nm, information level
of the other bandits was dropped to Stage 2 or Stage 1. When one or more bandits
were acquired and found to be inside Snm, the participant could only concentrate
on one at a time to obtain a lock-on for shots. These were so-called “pop-out”
bandits that had not been detected previously and had suddenly appeared and
acquired by the pilot on the radarscope or JTIDS in close proximity. At such close
ranges, the participant did not process information beyond Stage I but only
attempted to achieve lock-on and get the bandit within missile envelope (i.e.,
dynamic launch zone of missile or DLZ) and shoot as fast as possible. This was
carried out without information processing to check for actual bearing, range and
aspect angle, as they were not deemed as critical at that moment. Only after the
nearest or highest-threat bandit was dealt with, he would then acquire information
on others through radar search or JTIDS. The compression of time and space
determined that once the enemy was within the killing zone, there was no need to
“spare extra brain bytes” to process such information but to just get the bandit
within weapon envelope and shoot.

e The technique was found to be able to reveal the differences in pilot SA when
flying with and without the use of JTIDS. The differences identified were mainly
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associated with quality (the level of completeness of the situation depiction). For
instance, in a situation where there were multiple (more than two) bandits closing
in from beyond 20nm, the pilots flying with JTIDS were noted to be able to
achieve at least Stage 3 and up to Stage 4 knowledge, while they were only able to
achieve up to Stage 3 when flying without JTIDS.

3.2 Limitations

Despite of these advantages, several drawbacks of the tool were identified. First,
although there was a noticeable difference in the speed of information processing and
rate of SA development from initial detection (Stage 1) to interpretation (Stage 3) of
bandits between operations with and without JTIDS, it was not clearly shown in the
observation form. This suggests that the use of range (nm) as a reference to note down
the SA progression is not sensitive enough. Second, to be valid, the judgment of SA
level achieved by the pilots can only be done by SMEs who are highly experienced
and have high exposure to the missions. However, this is unavoidable for a tool that is
targeted to provide a specific and detailed assessment of SA. The dependency on the
SME can perhaps be reduced with the use of a list of observable events and behaviors
pertinent to good SA processes, such that trained observers can also perform the
assessment. The achievement or non-achievement of these events can be used to
indicate the level of SA attained, as well as the stages of situation assessment reached.
Finally, it is difficult to quantify the overall pilot SA using this tool, which is
sometimes required as an input for statistical analysis. As a result, comparing the SA
level across pilots, missions, or system designs using this tool is not as
straightforward as using other methods such as SAGAT and SART. Nevertheless, the
method offers a deeper understanding of the processes involved in SA acquisition and
maintenance, revealing the ‘hows’ rather than the ‘whats’ of SA.

3.3 Proposed Modification

Several modifications were proposed to mitigate the identified problems and to
enhance the tool. An observation sheet with the proposed modifications is illustrated
in Figure 2. The major modification is an inclusion of time dimension to the tool to
improve the sensitivity in recording the progress in SA development. This time
element also allows for easier interpretation of the data, informing what situation the
pilot is facing from moment to moment, how many enemies he is exposed to at the
same time frame, indicating his workload level and providing explanations to his
achievement of SA. In addition, using this timeline format allows for an easier
comparison of the SA progression across pilots or missions. Figure 3 used three lines
to illustrate the different progressions in SA and action of the pilots. Line 1 shows that
contact with the enemy is done within a shorter period of time compared to Line 2
and 3. A faster successful engagement would imply a more effective development of
SA and weapon engagement by the pilot. Another situation where a pilot has a slow
detection and interpretation of the enemy aircraft, which leads him to have a difficulty
in gaining a point of advantage over the enemy and such that he has to evade for
survival, can be translated in a similar shape to Line 3.
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Fig. 2. A simple illustration to the proposed modification
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Fig. 3. Illustration of different progression in SA and action

Some modifications to the notation are also proposed, i.e., using alphabets to
represent the enemy aircrafts instead of situations, and incorporating the actions taken
to deal with the enemy within the time frame instead of on separate rows. Another
additional feature proposed is to note the direction of enemy approaching. As
mentioned previously, a combination of ranges and relative heading can indicate the
threat level of the enemy aircraft. For instance, Figure 2 indicates that enemies B and
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C are approaching at the same ranges, but B is beaming while C is coming straight.
Thus, the pilot who understands that B has lower threat would decide to engage C
first and perhaps ignore B if time and resources do no permit a successful engagement
with B. As all of these are shown in the observation sheet, we can understand that “no
action” taken on enemy B does not mean that the pilot had a low SA on B, but that he
had a good picture of the overall situation and an effective management of resources.

4 Conclusion

Air combat environment is highly dynamic. A tool to assess pilot SA that does not
alter this dynamic nature is desired. In this study, a measurement tool based on
process tracing technique was evaluated. The tool was found to be powerful to elicit
the situation assessment strategies and processes, produce comprehensive and detailed
information on pilot SA, and trace the dynamic changes in SA from moment to
moment. Based on this information, further investigation can be done to find out the
source of SA decrement and the behavior that can help to recover loss of SA. The tool
is thus viewed to have a good potential to be applied in air combat missions.
However, some problems with the method were also noted, and modifications to
minimize these problems were proposed. However, further studies to evaluate and
validate this modified tool are required.
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