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ABSTRACT
This study proposes social navigation metrics for autonomous
agents in air combat, aiming to facilitate their smooth integration
into pilot formations. The absence of such metrics poses challenges
to safety and effectiveness in mixed human-autonomous teams. The
proposed metrics prioritize naturalness and comfort. We suggest
validating them through a user study involving military pilots in
simulated air combat scenarios alongside autonomous loyal wing-
men. The experiment will involve setting up simulations, designing
scenarios, and evaluating performance using feedback from ques-
tionnaires and data analysis. These metrics aim to enhance the
operational performance of autonomous loyal wingmen, thereby
contributing to safer and more strategic air combat. [Code]1
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1 INTRODUCTION
Autonomous aircraft in shared airspace must navigate safely and
efficiently while adhering to social norms expected in human-
centric environments [9]. These norms include respecting personal
space [1], maintaining comfortable velocities and accelerations [11],
and keeping a safe distance from other aircraft [10]. Research into
socially aware navigation aims to improve interactions between
autonomous agents and humans [12], but there is still a need for
new metrics to evaluate these methods more effectively [14].

The domain of air combat introduces additional layers of com-
plexity to social navigation [2]. Integrating a loyal wingman with
human pilots requires not only safety and efficiency but also a deep
understanding of tactics and formation dynamics, demanding a
sophisticated mix of social and combat skills [6]. This paper adapts
1Code: https://github.com/jpadantas/social-navigation-metrics
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socially aware navigation for air combat by introducing tailored
social navigation metrics for autonomous wingmen.

Our main contribution is developing these metrics and proposing
a validation process through a user study experiment with military
pilots in high-fidelity simulations. This research addresses a gap
in the existing literature and sets the stage for future integration
of autonomous systems in manned military operations, enhancing
both effectiveness and social compatibility.

2 PROPOSED SOCIAL NAVIGATION METRICS
To assess autonomous agents in air combat, we propose key metrics
focused on naturalness and comfort. Table 1 outlines these metrics,
detailing the aspects evaluated and the rationale for each.

Table 1: Summary of the proposed social navigation metrics.
No. Aspect Metric Description

𝑀1 Naturalness Velocity
Computes the mean of the squared velocities over the
time period, highlighting significant speed variations
from typical human norms

𝑀2 Naturalness Acceleration
Calculates the average of squared accelerations to as-
sess how naturally the acceleration changes compare to
human-like movements

𝑀3 Naturalness Jerk
Evaluates the mean squared jerk to identify abrupt
changes in acceleration, aiming for smoother, more
human-like trajectories

𝑀4 Comfort Minimum
Distance

Calculates the smallest distance between two agents by
iteratively comparing their positions over a given time
period and updating the minimum found

𝑀5 Comfort Collision
Risk

Assesses the collision risk by determining how often
two agents come within a critical distance or have a
closing velocity that predicts a potential collision

Naturalness: This metric evaluates the similarity of the wing-
man’s motion to human movements and the smoothness of its
path [12]. It involves analyzing the agent’s velocity, acceleration,
and jerk to assess movement smoothness and human-likeness, cru-
cial for human trajectory prediction research [13]. Humans typi-
cally exhibit trajectories with compatible velocities, accelerations,
and minimal jerk [12, 14]. To measure the wingman’s trajectory
smoothness, we calculate its average velocity, acceleration, and jerk
to determine if these averages meet predefined thresholds that ap-
proximate human pilot levels, which depend on the type of aircraft.
The squared derivatives ensure non-negativity, highlight significant
variations, and smooth noise for easier mathematical handling

Refer to Equation 1 for the naturalness metrics calculation. In the
equation, 𝑝 denotes position, with𝑤 and ℎ representing wingman
and human, respectively. Superscripts 𝑤 or ℎ indicate affiliation,
subscript 𝑡 denotes the current time, and 𝑇 is the total episode
duration. The symbol n indicates the derivative order, where n =

1, 2, 3 for velocity, acceleration, and jerk, respectively.

𝑀𝑛 =
1
𝑇

𝑇∑︁
𝑡=0

(
𝑑𝑛𝑝 (𝑡 )
𝑑𝑡𝑛

)2
, where 𝑛 =


1 for velocity,
2 for acceleration,
3 for jerk.

(1)
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Comfort: This metric assesses human comfort by minimizing
disturbance in interactions with autonomous agents. It emphasizes
maintaining safe distances and respecting personal spaces to reduce
impact on human activities [12].We propose twometrics to evaluate
comfort in shared airspace within air combat scenarios.

The first comfort metric measures the smallest distance main-
tained between the human and the wingman throughout the air
combat simulation. For specific calculation details, see Algorithm 1.

Algorithm 1 Calculate𝑀4: Minimum Distance Comfort Metric
1: Initialize minimum distance comfort metric:𝑀4 ← +∞
2: for 𝑡 = 0 to𝑇 do
3: Calculate distance for frame 𝑡 : 𝑑𝑡 ←

p𝑤𝑡 − pℎ𝑡


4: if 𝑑𝑡 < 𝑀4 then
5: Update minimum distance:𝑀4 ← 𝑑𝑡 ⊲ Record new minimum across all frames
6: end if
7: end for

The second comfort metric assesses the safety of autonomous
aircraft operations by calculating the risk of collisions based on the
principles of the Time to Closest Point of Approach (TCPA) [10].
The collision risk comfort metric, 𝑀5, increments in situations
where the distance 𝑑 between an autonomous aircraft and a wing-
man is less than a critical threshold 𝜀, recommended to be set at
0.5 nautical miles for initial trials [8], or when the closing velocity
𝑣close,𝑡 indicates a decreasing distance that could lead to a collision
within a critical time frame 𝑡critical. This metric effectively inte-
grates both proximity and Time to Reach (TTR), which calculates
the time until a potential collision by dividing the distance by the
closing velocity, providing a comprehensive evaluation of collision
risks. Refer to Figure 1 and Algorithm 2 for implementation details.

Algorithm 2 Calculate𝑀5: Collision Risk Comfort Metric
1: Initialize collision risk comfort metric:𝑀5 ← 0
2: for 𝑡 = 1 to𝑇 do
3: Calculate relative position vector: r𝑡 ← pℎ𝑡 − p𝑤𝑡
4: Compute distance: 𝑑𝑡 ← ∥r𝑡 ∥

5: Compute relative velocity vector: v𝑡 ←
𝑑pℎ𝑡
𝑑𝑡
−

𝑑p𝑤𝑡
𝑑𝑡

6: Calculate closing velocity: 𝑣close,𝑡 ←
r𝑡 ·v𝑡
𝑑𝑡

7: if 𝑑𝑡 < 𝜀 then ⊲ If within critical distance
8: Increment collision risk comfort metric:𝑀5 ← 𝑀5 + 1 ⊲ Log alert
9: else
10: if 𝑣close,𝑡 > 0 then ⊲ If distance decreasing

11: Calculate Time to Reach (TTR):𝑇𝑇𝑅 ← 𝑑𝑡
𝑣close,𝑡

12: if 𝑇𝑇𝑅 < 𝑡critical then ⊲ If below critical time
13: Increment collision risk comfort metric:𝑀5 ← 𝑀5 + 1 ⊲ Log alert
14: end if
15: end if
16: end if
17: end for

3 USER STUDY EXPERIMENT
This user study aims to validate social navigation metrics by com-
paring them against human pilot perceptions in simulated air com-
bat scenarios. The experiment will involve military pilots with var-
ied experience, selected based on flight hours, system proficiency,
and simulation experience. Experiments will be conducted in a high-
fidelity simulation framework, Ambiente de Simulação Aeroespacial
(ASA) [4, 5], that mimics air combat dynamics, where pilots will
operate alongside a loyal wingman following the evaluated metrics.

The simulation scenario evaluates the feasibility and effective-
ness of continuous Combat Air Patrol (CAP) operations, aiming
to defend a strategic point of interest, and the Defensive Counter
Air (DCA) index will be used to evaluate the performance of the

human-autonomous team in achieving the mission objectives [3].
Data will be gathered via post-trial questionnaires assessing nat-
uralness and comfort. The analysis will be conducted using the
AsaPy Library [7] to correlate these data types, validating the so-
cial navigation metrics and demonstrating their applicability in
human-autonomous air combat teaming.
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Figure 1: Human-wingman personal space metric depiction.

4 CONCLUSION
This study introduces social navigation metrics to enhance human-
autonomous collaboration in air combat, aiming to align with pilot
expectations and improve team performance. Thesemetrics can also
optimize autonomous agents’ algorithms, including those based on
behavior trees and reinforcement learning techniques.
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