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Abstract—Rapid collision identification and avoidance is a 

necessary capability for distributed implementation of path 

planning tools on formation flying spacecraft. This paper 

presents an approach for rapid collision identification, and 

fuel optimal trajectory shaping around collisions, while in 

natural motion and along reconfiguration trajectories. 

Collision identification and trajectory shaping is also 

explored with respect to multiple maneuvering craft. The 

Hill-Clohessy-Wiltshire relative motion dynamics are 

utilized. A semi-analytic approach is used which exploits a 

full decoupling of the equations of relative motion into 

phase-space.  Algorithm implementation as part of on-orbit 

control toolbox allows for near real-time fuel-minimized 

collision-free maneuvers planning. 1 2
 

TABLE OF CONTENTS 

1. INTRODUCTION ............................................................1 
2. DECOUPLED RELATIVE MOTION AND OPTIMAL 

RECONFIGURATION .............................................................3 
3. COLLISION IDENTIFICATION .......................................3 
4. COLLISION AVOIDANCE ...............................................6 
5. SUMMARY OF RESULTS ................................................6 
6. CONCLUSIONS ..............................................................8 
7. ACKNOWLEDGEMENTS ................................................8 
8. REFERENCES ................................................................8 
9. BIOGRAPHY ..................................................................9 

1. INTRODUCTION 

Satellites flying in close proximity to one another for a 

mission, whether as part of a distributed satellite formation 

or a rendezvous of spacecraft on-orbit, can provide 

advantages over a single monolithic system. However, 

formation flying and rendezvous operations in close 

proximity inherently brings the risk of collision between 

spacecraft. While performing maneuvering for repositioning 

or station keeping operations, minimizing fuel usage is a 

key consideration. The tradeoff between minimizing fuel 

and maintaining safe trajectories creates the inevitable 

dilemma of trading fuel for safety or vice-versa. The 

DARPA F6 program, exploring fractionated satellite 

formations, is seeking to deploy a cluster of satellites to 

perform a common mission via distributed operations. 
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Additionally this mission seeks to demonstrate distributed 

cluster formation flight including the mission objective of 

the development of safe, autonomous, efficient and rapidly 

re-configurable multi-body cluster flight techniques 

including a demonstration of rapid defensive cluster scatter 

and re-gather maneuvers [1].  The program needs require 

rapid and safe maneuvers on a timeline which precludes the 

use of ground based mission planning. This mission requires 

a system which can provide rapid collision-free path 

generation on-board each satellite. 

Relative motion of satellites in proximity to one another has 

been an active area of interest and research since well before 

artificial satellites. Some of the most well known equations 

to describe relative motion are the Hill-Clohessy-Wiltshire 

HCW equations and their solutions [2, 3]. The HCW 

equations are given in Equation (1) and the solutions are 

given in Equation (2). The rotating frame of interest is 

known as the Local Vertical Local Horizontal (LVLH) 

frame.  The LVLH frame is centered on, and rotates with, 

the circular reference orbit comprised of the prime  axis 

pointing radially away from the Earth, the  axis points in 

the direction of the velocity vector, and the  axis completes 

the right-handed coordinate frame and points in the 

direction of the orbital angular momentum vector. The 

origin of the LVLH frame may or may not contain a host 

satellite but is the reference orbit upon which the relative 

motion is defined. It is illustrated in Equation (2) that in-

plane motion, along  and , is decoupled from out-of-plane 

motion along the axis. 

With the safety of mission-critical and expensive satellites 

on the line, there is a great interest in collision avoidance. 

This paper focuses on low velocity collisions which can be 

modeled within HCW dynamics described above. It is 

assumed that mission planners will design relative 

formations to accomplish a mission and so that the elements 

of the formation, under natural motion, do not collide with 

one another.  While a stable closed orbit formation may be 

desirable for long-term passive collision avoidance in 

natural motion, every mission will require some 

maneuvering to create the desired configuration. There may 

also be a need to reconfigure elements within a formation, 

change the geometry, or add another member to a formation. 

In each of these cases, the safety of the elements cannot rely 

entirely on passive-safe natural motion. The establishment 
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of starting and ending positions, maneuver duration and 

trajectory for a maneuvering is known as path planning.  

One relatively simple way of ensuring safety on either end 

of a reconfiguration, used by several authors, is to restrict 

the motion to leave from or enter safety ellipses [4-7].  

Collision avoidance within path planning is vital to the 

safety of both satellites in natural motion (i.e. not thrusting) 

and satellites performing reconfiguration maneuvers. 

Several authors have implemented various approaches to the 

optimal reconfiguration problem with collision avoidance 

constraints. Linear and nonlinear programming is one of the 

most promising approaches to fuel optimal path planning 

with collision avoidance constraints. Campbell formulated a 

linear program to find minimum time/fuel maneuvers 

switching times [4, 8]. Collisions constraints are added by 

adjusting in the initial and final maneuvering times. 

Richards et al. used a mixed-integer linear program to solve 

for optimal trajectories [9, 10]. The mixed-integer model 

contains a number of nonlinear inequality constraints: 

obstacle avoidance, collision avoidance, and plume 

avoidance. Nonlinearities are removed by adding a series of 

slack variables to the linear constraints Berger et al. 

continued this work by including trajectories which 

naturally do not collide during the reconfiguration for a 

range of spacecraft faults [11, 12]. These “active safe” and 

“passive safe” trajectories illustrate a range of fuel 

consumption options in terms of safety during 

reconfiguration [13]. Massari et al. developed an 

accompanying approach with inequality constraints via an 

interior point method [14].  While promising, programming 

methods can be very computationally burdensome and their 

complexity can grow quite rapidly with the addition of more 

satellites and nonlinear-constraints.  

Other approaches are not as promising as programming 

methods. However, a few of these methods do present 

various ideas in which collision avoidance can be 

formulated into the fuel-optimal reconfiguration problem. 

Early papers by Kelley and Stern focused on implementing 

a set of ΔV maneuvers and waypoints to pursue or evade 

other spacecraft during a maneuver [15, 16]. Garcia-

Taberner et al. applied a finite element analysis approach to 

reconfiguration of multiple satellites where variable 

duration time-steps are considered the nodes [17]. Various 

authors have considered the possibility of formation control 

in deep-space and Earth orbit with the use of artificial 

potential functions [18-25]. Artificial potential function 

methods use various control schemes to reduce the potential 

barrier around a satellite and generate a collision avoiding 

trajectory. The use of genetic algorithms is another approach 

taken to find trajectories for spacecraft maneuvering with 

imposed collision constraints [26-28]. This approach 

doesn’t guarantee fuel optimality; it is computationally 

expensive and cannot be 

simultaneously executed in a 

distributed path planning 

environment, i.e. individual satellites 

in a formation would not be able to 

separately plan their joint maneuver.   

Singh et al. formulated a deep-space 

optimal control reconfiguration 

problem with two spacecraft by 

making the cost function independent 

of time [29]. The approach is limited 

by the number of satellites that can be 

added to the constraints and has to be solved numerically. 

Kim et al. makes a similar contribution for a dual and multi-

spacecraft maneuvering in deep space [21, 30]. These 

papers recognize that the solution approach may lead to sub-

optimal solutions. Because of the computational burden 

from numerical searches, lack of optimality and the 

unrealistic dynamics, these approaches cannot be 

implemented on-board a small spacecraft.   

Within each of discussed path planning approaches, there 

are a few common hurtles to collision-free path generation. 

None of the methods address collision identification except 

through the use of relative distance formulations on discrete 

time-steps. In all but one of the formulations the time step of 

the analysis used is critical to collision identification for 

later trajectory avoidance. The approaches often require 

large processing time or require complex software programs 

to solve for the trajectories. Some of the methods don’t 

account for the natural motion of other objects preferring 

instead to formulate the problem in deep-space. If collision 

avoidance is to be maintained during any sort of singular or 

multi-satellite reconfiguration, a new approach to path 

planning will need to be formulated.  

This paper presents a new method for collision 

identification and avoidance for formation flight and along 

optimal reconfiguration trajectories. Section 2 will describe 

the decoupling of relative motion in the HCW frame to 

facilitate collision identification and optimal 

reconfiguration. Section 3 develops a rapid collision 

identification process. Section 4 generates the necessary fuel 

optimal deviation to shape a trajectory around collisions. 

Section 5 discusses implementation simulations and results. 

These results show a significant reduction in computation 

requirements versus other methods. The following 

conclusions section illustrates how the speed and efficiency 

of this approach allows for the implementation of on-board 

path planning of fuel-optimal collision-free formation flying 

trajectories.  

 

 

 

(1) 
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(2) 
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2. DECOUPLED RELATIVE MOTION AND 

OPTIMAL RECONFIGURATION 

Fully exploiting the HCW equations is hampered by the 

couple nature of the in-plane motion. P.L. Palmer developed 

an approach to decouple the dynamics of relative motion via 

linear combinations of the state dynamics [31].  Palmer uses 

the transform relationship of Equation (3) along with the  

matrix of Equation (4) below to transform the in-plane 

coordinates, , to a set of phase-space, or commonly known 

as Palmer space, coordinates, . The phase-space state 

transition matrix defined in Equation (5). From this equation 

it is apparent that the first two states, , are decoupled 

from the remaining two states, . Eccentricity 

differences create the oscillation observed in the dynamics 

of the  states. Semi-major axis differences create the 

dynamics observed in the final states including a secular 

relative drift. Note that if one eliminates the differences in 

semi-major axis, i.e. , a closed stable relative-orbit 

can be achieved solely from the oscillations in eccentricity 

and the coupled dynamics (also known as a safety ellipse). 

 

 (3) 

 (4) 

 

Where  is the same as in Equation (2) 

(5) 

 

Prior to his decoupling work P.L. Palmer developed the first 

complete analytic representation of the fuel-optimal 

continuous thrust transfer [32]. This was done by expressing 

the variable thrust functions as a Fourier series 

appended to the right hand side of Equation (1). 

He uses an optimal control strategy to minimize 

the energy used.  The resulting closed form 

analytic solutions to the thrust functions for each 

state are given in Equation (6) in terms of the 

Lagrange parameters, , of the cost function. 

Equation (7) represents the optimal costs of the 

transfer as a function of the Lagrange parameters 

and the boundary constraints. Equation (8) 

highlights the relationship between the boundary 

constraints, , and the prime vector, . The coefficients A 

and B are given in Equation (9) for completeness. The 

results closely match the discrete transfer results in that the 

optimal thrust is along the prime vector [33].  

 

 

  

(6) 

  

Where  

 (7) 

, for in-plane motion 

,             

for cross-track motion 

(8) 

and 

 

Where  

(9) 

 

Palmer later incorporated these results into decoupled 

natural motion to explore results for minimum transfer time, 

methods to reduce eccentricity and altitude differences, as 

well as the constant thrust solution [31].   Equation (10) 

below illustrates how the optimal phase-space coordinates, 

, incorporate the integral constraints, , of the optimal 

thrust derived in reference [32]. 

 

 

Where  is the same as in Equation (2), and 

 

(10) 

 

These approaches allow for a completely analytic 

representation of natural motion and motion along a fuel 

optimal trajectory within the HCW frame. With this 

representation one can now move on to the task of collision 

identification and then fuel-optimal avoidance.  

3. COLLISION IDENTIFICATION  

Due to the coupled HCW equations of motion, it is difficult 

to identify if and when relative motion trajectories will cross 

and satellites collide. However, phase-space decoupling 

 

 
(11) 
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 (14) 

  

(15) 
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allows for a simplified analytic identification of collision for 

objects in natural motion. Several geometries of keep-out 

zones (KOZ)s are extended around a satellite to create a 

buffered region which, when entered by another satellite, 

will constitute a collision.  Zero crossing methods will be 

utilized to identify if and when a satellite crosses into a 

KOZ, constituting a collision.    

For any two satellites in relative motion, the origin of the 

HCW frame can be placed onto either of the satellites 

through a linear addition of the equations of motion: 

. Where  represents the state of satellite 2 

with respect to an origin centered on satellite 1.  By placing 

the origin of the HCW frame on the satellite for which 

collision identification is desired, for example satellite 1, a 

collision with satellite 1 can be found by identifying when 

satellite 2’s motion crosses the new origin, i.e. x = y = z = 0.  

In phase-space, a collision with the in-plane origin is 

represented in phase-space through the relationship of 

Equation (11).   The phase-space representation of the 

motion can also be found in terms of the initial conditions of 

the motion via Equation (5). The phase-space equations of 

motion for a collision, in terms of initial state conditions, are 

given in Equations (12)-(14) below. The maximum time in 

which the sum of Equations (12)-(14) will no longer cross 

zero is given by Equation (15). 

The small displacements , ,  form rectangular 

KOZ centered about the origin.  The right-hand sides of 

these equations represent the collision distance, scaled by 

the mean motion ( ), from the origin with respect to each 

axis of motion. A collision occurs when the equality 

constraint is satisfied for all three equations simultaneously. 

A representation of the motion in terms of Equations (12)-

(14) for one orbit is found in Figure 1. The horizontal lines 

represent rectangular KOZ boundaries. The simple 

oscillatory motion from eccentricity differences and from 

out-of-plane motion can be distinguished from the drifting 

oscillation due to separation caused by semi-major axis 

differences. Here it can be seen that a collision has occurred 

if all three of the equations fall within their respective 

horizontal KOZ tolerances at the same time. The motion in 

Figure 1 starts inside the safe area defined by the KOZs.   

To identify collisions, a timeline of the tolerance crossings 

is developed for each equation. Representative KOZ 

timelines for each of the Equations (12)-(14) and the 

combined overlap in timelines are illustrated below the 

graph in Figure 1. A numerical set of secant and bisection 

methods are used to identify the exact crossing times 

between each peak. Note that this is the only numerical 

analysis required within this approach. By noting the 

overlap of all three timelines, a combined timeline is 

developed. The start of this combined timeline is identified 

as the collision point. Data on the time of collision and the 

state can be passed back to path planning tools. If no 

overlap is found, the trajectory is collision-free while 

moving in the linearized HCW frame 

Commonly, satellite KOZs are associated with a 

representation of the error covariance about estimated states 

[34]. These probability density clouds can be approximated 

with ellipsoids centered at the estimated state location and 

sized according to the allowable state errors. Ellipsoidal 

KOZs can be added to the collision identification process by 

building from rectangular KOZs.  To fit an ellipsoidal KOZ 

Figure 1: Collision Distance Functions with Keep-out Zones & Timelines 
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on the origin, the right hand side of Equations (12)-(14), 

must each be squared and divided by the maximum of the 

allowable error squared for that axis. Adding the equations 

together and setting them greater than or equal to one 

satisfies the definition of an ellipsoidal KOZ. This 

combined inequality equation for a collision distance away 

from an ellipsoidal KOZ is given in Equation (16) below.  

 

  

(16) 

  

Optimal Trajectories 

The process of collision identification can now be extended 

to motion along an optimal trajectory, from the optimal 

reconfiguration work described earlier. The complete 

analytic description of the motion along an optimal path 

within the influence of the natural motion dynamics is given 

in Equation (6).  These equations are related to the natural 

motion via the integral constraints and transformed into 

decoupled phase-space via Equation (10) and related via 

Equation (12). Equations (17)-(19) are the resulting set of 

collision identification equations along an optimal path with 

an object in natural motion. Again the small 

displacements , ,  represent the rectangular 

KOZ tolerances. The frame of motion is linearly shifted so 

that the origin lies on natural motion object of the analysis. 

Zero crossing times are identified using secant and bisection 

methods on each equation based on initial starting points. 

Starting points are created by finding the approximate half 

period of each of the periodic collision functions and using 

every half period throughout the maneuver time.  

 

 

(17) 

 

(18) 

 

(19) 

Where the constants of optimal thrust are: 

 

 

 

  

Simultaneous Maneuvering Spacecraft  

An important area of interest for formation reconfiguration 

involves the collision identification and maneuvering in the 

presence of other maneuvering spacecraft.  It is assumed 

here that each of the spacecraft in the formation utilizes the 

same distributed path planning software and thus follows an 

optimal path described by the thrust functions of Equation 

(6).  Here Satellite 1 is defined by the initial state, , final 

state and time of flight and Satellite 2 is also defined by its 

initial state, , and final state and time of flight. A unique 

set of thrust parameters is defined with regards to each of 

the satellite’s two-point boundary value problems.  For 

multiple maneuvering spacecraft the process is no different 

than previous sections. The origin of the coordinate frame is 

shifted to one of the maneuvering satellites. The relative 

distance between the satellites can be found by subtracting 

their states: , Where  is the motion of 

Satellite 1 in a frame centred on Satellite 2. The resulting 

distant to the new origin is comprised of the motion defined 

by Equations (17)-(19), defined for each satellite, and then 

subtracted as above. Collision can be rapidly identified from 

their KOZ timelines. This method allows for collision 

identification for multiple maneuvering spacecraft from 

only the initial states, desired final states and desired times 

of flight.   
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4. COLLISION AVOIDANCE  

Once a collision has been identified along an optimal 

trajectory, the exact time and state of collision is passed to 

path planning tools for trajectory shaping around the 

collision. If it is necessary to deviate around a collision, the 

least additional cost deviation should be made to circumvent 

the obstacle. The optimal trajectory deviation problem is 

illustrated in Figure 2 below for the deviation of an optimal 

trajectory around two representative obstacle alternatives. 

This problem can be broken up into two unique boundary 

value problems, a terminal state deviation problem from to 

to , and an initial state deviation problem from  to tf.  Here 

 represents the time of closest approach to the obstacle but 

could also represent the identified collision time.  

 

Figure 2: Optimal Path Deviation Depiction 

To find the least additional cost deviation from an optimal 

trajectory it is necessary to understand the effect of a 

deviation in boundary constraints on the maneuver cost. The 

deviation in cost along an optimal path can be found by 

taking the variation of Equation (7) with respect to the 

initial and then final states.  The variation in the Lagrange 

multipliers with respect to the states can be found by taking 

the variation of Equation (8). Taking the variation with 

respect to the initial state results in Equation (20) below for 

both the cross-track and in-plane first order cost deviation to 

the optimal path. Likewise, the first order cost deviation to 

the optimal path for a variation in the final state results in 

Equation (21) below. From these equations it is apparent 

that the deviation in cost is a function of the product of the 

prime vector and the state vector. By selecting a deviation 

direction perpendicular to these vectors, the first order 

deviation in cost is reduced to zero. The phase-space 

decoupling of the in-plane motion significantly aids in the 

determination of a minimum cost deviation direction in the 

four dimensional phase-space. The decoupled nature allows 

the first two components to be separated from the final two 

components producing two unique solutions which can be 

recombined to provide the optimal four-dimensional 

deviation direction.  

Once a terminal state deviation direction and an initial state 

deviation direction are identified, the optimal trajectory can 

now be joined together. The terminal and initial state 

deviations direction may not always point in the same 

directions but will lie close to one another, and if  equals 

one-half of the time of flight they will line up exactly. Note 

that the deviation vectors always align for cross-track 

motion. In-practice, selecting the deviation where the new 

trajectory is stressed more produces the lowest overall costs 

by reducing the second order cost deviations. For example, 

an obstacle at  less than half of the maneuver time, the 

terminal deviation direction should be selected because the 

path will have to deviate more near the starting point, and 

vice versa if  is larger than one-half of the maneuver time. 

The magnitude of the deviation is chosen by determining the 

needed displacement from Equations (17)-(19) so that that 

the minimum of the displacement equations makes it above 

its KOZ line. The addition of the displacement causes the 

shape of the equations to change slightly and thus a small 

iteration is needed to drive all of the distance equations 

above the KOZ limits at the deviation point. Final collision 

identification check must be completed on both halves of 

the new trajectory to ensure it remains collision free around 

the first obstacle. Subsequent obstacles can be handled in 

the same manner for each segment of the trajectory.   

5. SUMMARY OF RESULTS 

This work has stepped through a process for rapidly 

identifying a collision between object in natural motion, 

objects on optimal paths with those in natural motion and 

, for in-plane 

motion 

, for 

cross-track motion 

(20) 

, for in-plane motion 

 for 

cross-track motion 

(21) 

Where, is from Equation (4); 
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objects on optimal paths with other objects on optimal 

paths. Phase space decoupling of the HCW equations and 

the analytic results of the optimal thrust functions allow for 

an analytic solution to collision identification which can be 

rapidly implemented on a small satellite.  

Comparisons with programming and artificial potential 

functions, the most promising of alternative methods, show 

that they impart a heavy computational burden on the 

system and may not be completely optimal. Artificial 

potential functions may get stuck in local minima and not 

provide a globally optimal solution. Roger et al. cited the 

large computational requirements of the method for 

reconfiguration and even state that use of artificial potential 

functions is not well suited for moving obstacles [23].   

In an example of the Mixed-integer linear programming 

approach used in [9], Richards uses 9000+ constraints to 

describe the motion. The two satellite reconfiguration 

example took 1800 seconds to generate, later reduced with 

time-step grouping (temporarily removing constraints 

within a group of time-steps, analogous to a larger time-

step) to 67 seconds on a dedicated 1 GHz desktop processor. 

Berger’s implementation of a similar approach for a two-

satellite in-plane avoidance maneuver with 20 time-steps 

took 8.92 seconds to solve on a 3 GHz computer and a 

commercial solver [13].  

Programming approaches are dependent on the time-step 

used within the calculations and are computationally 

expensive to compute. The limitations of time-step based 

solutions are illustrated when an “optimal” trajectory 

intersects another object because the solver is only looking 

at the safe distance at each time step and losing information 

between steps as seen in Ref [13]. Smaller time-steps gain a 

better understanding of motion but further increase the 

computational burden. Small spacecraft memory and 

computational processing capability severely limit the 

amount of devoted processing that would be available to 

actually perform these computations on-board. While 

promising, programming approaches still carry a significant 

computational burden and time dependency. 

In comparison with alternative approaches to path planning 

with collision avoidance, the methods described above are 

rapid.  However, utilizing the approaches discussed in this 

paper these times can be dramatically reduced to making 

execution in real-time a possibility.   Implementation of 

collision identification for natural motion objects, in Section 

2, takes approximately 0.0002 seconds on a dual-core 2 

GHz desktop computer. Implementation of collision 

identification for multiple satellites on optimal paths, 

including iterations for KOZs, takes an average of 0.0067 

seconds. Accounting for the differences in technology and 

software, it is estimated that this analysis would take nearly 

1000 times longer to perform on-board a satellite. So these 

calculations would take roughly 0.2 seconds to about 6.7 

seconds on a representative satellite processor.  

Figure 3 depicts a simulation of an optimal trajectory, 

obstacle represented by a square, and the shaped optimal 

trajectory around the obstacle. This collision identification 

and optimal path shaping around a collision took 0.04 

seconds. This is nearly 200 times faster than a similar 

reconfiguration in reference [13], and this approach is 

globally optimal and is independent of the time of flight. 

This would take roughly 40 seconds on orbit. Implementing 

this approach on a low-Earth orbiting satellite formation, 

reconfiguration would take approximately 0.8% of the orbit 

to calculate which is nearly real time, and reduces the path 

planning time to a suitable level for a distributed formation 

of satellites.  

Figure 3: Optimally Shaped Trajectory 
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An additional benefit to this approach is that for multiple 

satellite configurations, collision identification analysis can 

be completed by repeating this calculation once for each of 

the other N satellites in the formation. The computational 

time required for the addition of multiple satellites in a 

formation grows linearly with respect to the number of 

satellites in that formation. Also each of these computations 

only needs to be performed once for the defined boundary 

conditions while in the HCW frame. Thus if satellites are 

not maneuvering they should only need to perform this 

analysis one assuming perturbation free motion and perfect 

state knowledge. For any satellite which is maneuvering it 

will also need to run this calculation again once before the 

start of the maneuver. 

6. CONCLUSIONS 

Increasingly satellite programs are exploring the use of 

satellite formations to accomplish mission needs. This work 

has illustrated that large formations of satellites will often 

require reconfiguration to shape the formation to meet those 

mission requirements whether it be perturbation 

maintenance, the addition of another satellite to a formation 

or a total change in the formation geometry. Satellites in 

close formation pose a collision risk to one another during 

these reconfigurations. Path planning, currently conducted 

on the ground, well in advance of expected maneuvers, is 

ill-posed to handle real-time collision identification and 

avoidance maneuvering. The goal of this work is to develop 

collision-free optimal reconfiguration tools which can be 

distributed to satellites making them more responsive to the 

dynamic space environment.  

This report has presented novel analytic approaches to 

generalized reconfiguration, collision identification and 

trajectory shaping around obstacles. These methods could 

allow for near real-time implementation, it scales linearly 

with the addition of multiple satellites, only needs to be 

completed once per maneuver, and is not dependent on a 

time-step size.  This analytic approach is limited to motion 

within the HCW frame. Ongoing research is looking at 

expanding these approaches to motion beyond the limits of 

the HCW frame. Future applications are also focused on 

meeting the mission objectives of the F6 program’s rapid 

formation planning and requirements. Work presented here 

lays the ground work realization of this mission.  
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