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Escorting of HVAA
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Escorting of HVAA

➢Motivation.

➢ Future mission planning will involve 

a high value aerial asset such as a 

bomber or AWACS being escorted by 

one or several wingmen. 

➢A similar concept includes a piloted, 

exquisite aircraft commanding 

several, relatively inexpensive, 

Unmanned Aerial Vehicles (UAVs) 

or Collaborative Combat Aircrafts 

(CCAs). 



6

Escorting of HVAA

➢ Problem.

➢ Protect an HVAA which travels with 

constant heading. 

➢Wingman needs to block the red 

interceptor as far as possible from 

HVAA.

➢ Block: reach within fire range from 

interceptor. 
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Escorting of HVAA

➢ Problem.

➢ Red interceptor seeks to reach as close 

as possible to the HVAA and fire its 

weapons.

➢Wingman aims at maximizing the 

terminal distance between the HVAA 

and interceptor at the moment it reaches 

blocking range.
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Optimal Strategies
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Optimal Strategies

• Reach-avoid differential game between BW and R

• Both players know the speeds constant speed and heading of BA 

• R also knows the blocking parameter (range of weapon of BW)

• Dominance regions explicitly considering both f and   are separated by the Cartesian Oval (CO)

• r : distance R will travel to reach a given point in the CO

• rW : distance between the point in the CO and the current position of BW
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Optimal Strategies

• Without loss of generality, assume that the initial position of the HVAA is BA = (0, 0) and   

• The positions of BW and R in the relative frame are denoted by BW = (xW, yW) and R =  (xR, yR)

• The LOS angle from R to BW is  

• The current separation between BW and R
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Optimal Strategies

• Theorem: The optimal blocking point in the CO between R and BW such that R minimizes and BW 

maximizes the terminal distance between R and BA, corresponds to the optimal distance r* which is 

the real solution of the polynomial equation

  that minimizes the cost 

(1)
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Optimal Strategies

• Where
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Optimal Strategies

• Also 
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Optimal Strategies

• Proof. Define

  We can also find

  Also, solve for  in the following
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Optimal Strategies

The cost to be minimized is obtained (in terms of J1)

where

Expanding and substituting J1

  where
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Optimal Strategies

Find the first derivative of J2 with respect to r and set it equal to zero.

The resulting equation is as follows

After extensive simplification, eq. (1) is obtained.
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Example

• Optimal strategies implemented by both 

Wingman and Red Interceptor for  

    

• Minmax terminal distance between H 

and R.

V(x) = 32.2388
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Fig. Optimal play.
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Example

• Non-optimal strategies implemented by the Red Interceptor.

Fig. ‘aggressive’ maneuver by R. 

 J = 35.5943  > V(x)  

Fig. ‘passive’ maneuver by R.

J =  32.5533 > V(x) 
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Example

• Non-optimal strategies implemented by 

the Red Interceptor.

Fig. R implements Pure Pursuit on H. 

 J = 36.4824  > V(x)  
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Escorting of HVAA

➢Practical extensions.

• Low-end CCAs. Significantly slower than red 

interceptors, need to cooperate 2-on-1.

• High-end CCAs. Carry several weapons, could 

block sequential adversaries. Use terminal 

conditions of one stage for next stage.

• Include other tasks such as stationary enemies or 

tasks.

• Multiple CCAs, tasks and interceptors. Find 

optimal assignments.
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Virtual Target Selection 
for Multiple-Pursuer 

Multiple-Evader
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Virtual Target Selection for Multiple-Pursuer Multiple-Evader

Background.

• Pursuit and weapon target assignment problems involving mobile agents 
represent a relevant class of problems for the aerospace and defense 
community

• Scalable methods for performing weapon target assignment are desired

• Perform the optimization for an overall fleet of vehicles rather than 
individually

• Delayed decisions made by the pursuers is of interest to provide agility and 
flexibility to operations.
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Optimal Dubins Path 
on a Sphere



35

• Problem Statement:

• Find shortest geodesic curvature 
constrained path on surface of sphere.

• Results:

• Optimal path contained great circle arcs 
(𝐺) and arcs corresponding to minimum 
turning radius (𝐶).

• Optimal paths are of type 𝐶𝐶𝐶, 𝐶𝐺𝐶, and 

degenerate paths for 𝑟 ≤
1

2
.

Path Planning on a Sphere
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Free terminal orientation

• When the terminal orientation is free, the candidate solutions reduce to two segment paths, CG and  CC.

Initial configuration and final position Candidate optimal paths
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𝑠 : Distance travelled by vehicle
𝑋 𝑠  : Position of vehicle on sphere
𝑇(𝑠) : Direction of vehicle’s motion
𝑁(𝑠) : Lateral direction of vehicle

• On a sphere, Sabban frame was considered.

• 𝑠 : Arc length

• 𝑋(𝑠) : Position vector

• 𝑇(𝑠) : Tangent vector

• 𝑁(𝑠) : 𝑋 𝑠  x 𝑇(𝑠).

• Sabban frame is given by
𝑑𝑋(𝑠)

𝑑𝑠
= 𝑇 𝑠 ,

𝑑𝑇(𝑠)

𝑑𝑠
= −𝑋 𝑠 + 𝑢𝑔 𝑠 𝑁 𝑠 ,

𝑑𝑁(𝑠)

𝑑𝑠
= −𝑢𝑔 𝑠 𝑇 𝑠 .

Overview of Modeling
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Overview of Modeling

• Goal: Obtain shortest path connecting two configurations on a sphere.

𝐽 = min න
0

𝐿

1𝑑𝑠 ,

subject to

𝑑𝑋(𝑠)

𝑑𝑠
= 𝑇 𝑠 ,

𝑑𝑇(𝑠)

𝑑𝑠
= −𝑋 𝑠 + 𝑢𝑔 𝑠 𝑁 𝑠 ,

𝑑𝑁(𝑠)

𝑑𝑠
= −𝑢𝑔 𝑠 𝑇 𝑠 ,

𝑅 0 = 𝐼3,
𝑅 𝐿 = 𝑅𝑓 .
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Paths connecting initial and final configuration
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Paths connecting initial and final configuration
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Model with spherical coordinates
• Consider 𝑙: longitude, 𝐿: latitude, 𝜓: heading.

• Bounded force 𝐹 can act along 𝑦-axis (vehicle’s lateral 
direction).

• Model:
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Equivalence of Model
• Two steps involved:

• Show control inputs are the same, i.e., optimal 
segments are 𝐿, 𝑅, 𝐺   

• Show adjoint equation in both models evolve through 
same equation.

• Outcome:

• Results from one approach transfer to other approach
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