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This paper presents a cooperative guidance law for an n-on-n engagement scenario that ensures target interception
and collision avoidance between the pursuers along with minimizing their team effort. The guidance law is derived
using linear quadratic optimal control theory for a linearized engagement model. The pursuers cooperate with each
other to accommodate differences in maneuver capabilities of different team members. A special case of 2-on-2
engagement is also analyzed, for which analytical closed-form formulas for the pursuer’s guidance law are obtained.
Various simulation results and experimental validation results, exemplifying the cooperation in different

engagements, are also presented.

I. Introduction

UTONOMOUS vehicles are capable of sensing their

environment and traversing without a human operator. In
recent times, they have become increasingly popular due to their wide
applications in civilian as well as military domains. The automation
of these vehicles has several components such as environment
sensing and recognition, localization, and motion planning or
control. The focus of this paper lies on the motion control aspect. This
aspect aims at formulating a control strategy that steers a pursuer from
an initial point to a target point. The pursuer can be an unmanned
vehicle, a robot, or even a missile, whereas the target can be a
waypoint, a landmark, or an adversary that has to be intercepted. In
most real-world scenarios, the guidance of a pursuer to a given target
point is coupled with the task of avoiding collisions with obstacles
that can be stationary or moving.

Some of the current approaches for collision detection and
avoidance are guidance-based, such as velocity obstacle method [1],
collision cone approach [2,3], and the more recent avoidance
mapping technique [4]. In [1], Fiorini and Shiller have proposed a
collision avoidance method for circular-shaped obstacles moving at a
constant speed. A set of velocities leading to collision is calculated for
a given radius of the obstacle. To avoid the incoming obstacle, a
command is generated based on actuator constraints such that the
pursuer achieves a velocity that lies outside the set of collision
velocities. In [2], Chakravarthy and Ghose have derived the collision
conditions based on the components of the relative velocity along and
perpendicular to the line of sight. The region of collision velocities
can be avoided by applying maneuvers such as change of speed or
lateral acceleration. Based on the collision cone approach, a
proportional navigation (PN) based avoidance strategy is proposed in
[3] by Han et al. Here, a relative velocity vector joining the pursuer
and the safety boundary of the other pursuer in collision is selected,
and PN guidance is used to steer the pursuer out of collision. A more
recent approach based on avoidance map is proposed in [4] by Tony
et al. The avoidance map is a mapping that indicates whether a
particular maneuver can lead to a collision. It is represented in the
plane of lateral accelerations of the two pursuers and is partitioned
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into sectors involving collision and sectors not involving collision.
Based on this information, a maneuver is selected to steer the pursuers
out of collision.

The aforementioned collision avoidance strategies suffer from
three major drawbacks.

1) They do not consider any kind of cooperation in scenarios with
multiple pursuers, which may lead to significant deviation of the
pursuers from the planned or nominal trajectory.

2) They are not optimal in terms of any of the parameters such as
energy requirement, length of the path, or deviation from the nominal
trajectory.

3) The collision avoidance is performed sequentially in two steps.
The first step is collision detection, followed by a second step that
generates collision avoidance maneuver. This leads to performance
degradation.

The problem of sequential detection and avoidance can be
overcome by an artificial potential field function. Here, the detection
and avoidance step is integrated in one step. Classically, this kind
of collision avoidance method was proposed in [3] for robotic
manipulators. In [6], Rimon and Koditschek have extended this
approach to the guidance of robots in the presence of obstacles. The
disadvantage of this approach is the possibility of the pursuer getting
trapped in local minima of the potential surface, and therefore it is
unable to reach the target point in cases where the target and obstacles
are placed close to each other. In [7], Ge and Cui have proposed a new
repulsive potential function by taking the relative distance between
the obstacle and the target point into consideration. This ensures that
the target point is the global minimum of the total potential. Because
the relation between the potential field function and the vehicle
performance is not straightforward, it is difficult to optimize the
performance of such collision avoidance methods.

In scenarios where pursuers work as a team, the collision
avoidance strategies can be cooperative in nature. Based on the
velocity obstacle approach, a cooperative collision avoidance
strategy was developed in [8] by Snape et al., in which each pursuer
shares equal responsibility for avoiding the impending collision. The
control command is selected as close as possible to the current
maneuver of each pursuer to ensure minimum deviation. In [9],
Sunkara and Chakravarthy have proposed two kinds of cooperative
avoidance strategies based on collision conditions mentioned in [2].
The first strategy involves acceleration magnitudes of the two
pursuers as inputs, and the second involves the direction of
acceleration vectors as inputs. Using dynamic inversion techniques, a
control law was derived for pursuers to cooperatively drive each other
out of the collision region.

In [10], Zapotezny-Anderson and Ford have formulated collision
avoidance for a single aircraft as an optimal control problem that
ensures minimum deviation from the desired course while avoiding
other aircraft. The system here is nonlinear, and hence numerical
optimization techniques have been used to solve the problem. Menon
and Park [11] provide a comprehensive review of collision avoidance
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approaches in case of multiple aircraft using optimal control theory.
In [12], Menon et al. have developed collision avoidance algorithms
based on the assumption that the nominal trajectories of the aircraft
can be parameterized as a sequence of four-dimensional (three
position coordinates and a time coordinate) waypoints. These
waypoints are adjusted to generate optimal trajectories that satisfy the
collision avoidance constraints and minimize desired cost functions.
Skrjanc and Klan&ar have proposed an optimal cooperative collision
avoidance strategy for multiple pursuers in [13]. In this work, a
precomputed path for each pursuer is generated by minimizing the
sum of the length of paths for all pursuers and taking into account the
collision between them. To track these trajectories, a model predictive
controller is designed. The offline generation of trajectory makes
the implementation cumbersome and computationally expensive.
The strategies proposed in [10,13] lack a closed-form expression for
the guidance, making the analysis difficult. In [14], Weiss and Shima
have proposed a closed-form solution of a guidance law for a pursuer
to intercept a target while avoiding a static obstacle. Extending this
approach, Kumar et al. have proposed a closed-form solution of a
guidance law for a single pursuer to avoid multiple obstacles along
with interception of a target at a certain impact angle in [15]. Both the
proposed guidance laws in [14,15] minimize the control effort of the
pursuer while minimizing the energy requirements. Along with this,
the collision detection and avoidance occur simultaneously. How-
ever, as mentioned before, this guidance law is only for the case of a
single pursuer and static obstacles.

In this paper, we develop a cooperative guidance law for multiple
pursuers that steers them to their corresponding target points, along
with achieving collision avoidance between them. The developed
guidance law optimizes the total control effort of the team of pursuers
with different penalties on the control effort for each member. This
has two advantages. First, it reduces the fuel consumption of the
pursuers. Second, this enables teaming of pursuers with different
maneuver capabilities and therefore achieves our goals even when
some of the pursuers are not as maneuverable as the other ones.

The paper is organized in the following way. In the next section, we
describe the engagement scenario and obtain the nonlinear and
linearized engagement kinematics. In Sec. LI, the problem is
formulated as an optimal control problem. Based on this formulation,
a cooperative guidance law for n pursuers is derived in Sec. IV.
A special case of two pursuers is analyzed in Sec. V, in which a
closed-form optimal guidance law is presented. Results from
simulations and experimental validation are presented in Sec. VI.
This is followed by conclusions of the work in Sec. VIIL.

II. Engagement Geometry

A planar engagement of n pursuers pursuing n targets is
considered. Figure 1 shows the endgame engagement geometry in
X — O — Y Cartesian inertial reference frame. Here, P; and P; denote
the ith and jth pursuers. Similarly, 7; and T'; denote the targets. For

et

Fig.1 Engagement geometry.

the sake of simplicity, we enumerate the target with the same index as
that of its pursuer. V p; and V; represent the velocity vectors of the ith
pursuer and target, respectively. Their heading angles are denoted by
yp; and yr;. p; represents the range between the ith pursuer—target
pair. Similarly, their relative line of sight (LOS) angle is denoted by 0.
The relative separation between the ith and jth pursuer is denoted as
pij» and the LOS angle between them is denoted by 0;;. ap; denotes
the acceleration of the pursuer, and ay; is the target acceleration. For
any ith pursuer—target pair, u; is the projection of pursuer’s
acceleration ap; on the line perpendicular to the LOS joining the
pursuer—target pair. {;;u; is the component of acceleration ap; on the
line perpendicular to the LOS joining the ith and jth pursuers.

For a collision to happen between a given pair of pursuers, it is
assumed that the predicted point of collision between the pursuers is
around the collision triangle formed between each pursuer and its
respective target. In the case of n pursuers, the maximum number of

n
2 ) To reduce

computational needs, we may assume that there exists a higher-order
collision detector that identifies pairs of pursuers that are “almost on
the collision course” and therefore eliminates some of the collisions.
In the absence of such collision detection mechanisms, we can
assume all possible collisions between the pursuers. Now, we
introduce some notations to denote the possible collisions. A
collision between the ith and jth pursuers is expressed as a 2-tuple
{i, j}, where i< j. Furthermore, all the possible collisions are
arranged in an ascending order of the first pursuer index followed by
the second pursuer index. This ordered set is denoted as Q. The kth
element of the ordered set is denoted as €2, and the cardinality of the
set (Q) is denoted as K. The ordering of the set Q is done to make the
definition of matrices concise in later sections. It is not necessarily
related to the sequence in which the collisions take place.

Two collisions are called “related collisions” if they share a common
pursuer. For a given collision {i, j}, another collision (say {a, b}) is
called “T-related” to {i, j} if the first pursuer i is involved in the
collision (i.e., eithera = i or b = i). Itis called “II-related” to {i, j}, if
the second pursuer j is involved in the collision (i.e., either a = j or
b = j).Forevery collision Q,, we denote the set of I-related collisions
as Shk. Similarly, Sgk denotes the set of II-related collisions for €2;.

possible collisions between any pair of pursuers is (

A. Nonlinear Engagement Kinematics

The engagement kinematics of a pursuer—target pair is expressed
in a polar coordinate system (p;, 6;) attached to the ith pursuer and is
expressed by the following equations:

pi = Vryicos(ypi —0;) = Vpicos(yp; —0;) i€{l,---,n} (1)
pi0; = Vyisin(yr; — 0,) = Vpysin(yp; = 0;) i €{l,---.n} (2)

Without loss of generality, the engagement kinematics between the
ith and jth pursuers is also defined in a polar coordinate system
(pij» 0;j), which is attached to the ith pursuer, where i < j. It is
expressed by the following set of equations:

i’ij = Vp; COS(YP_,‘ - 91'_,') = Vpicos(yp; — 9i_j) {i,jleq 3)

pijfi; = Vpjsin(yp; — ;) = Vpsin(yp; = 0;5)  {i,jt€Q (4

During the endgame, the target and the pursuer are assumed to
move at constant speeds. Therefore, once the collision triangle is
achieved, the interception time to the targets (tf ) can be expressed in
terms of initial range p? and closing speed of the pursuer—target pair
(Vc,- 2 _p i) as

i 0
ﬁ:(/’i iefl, . n Q)

Similarly, when the ith and jth pursuers are on a collision

course, the final time for collision (tf;) is expressed in terms of
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initial range p?/- and the closing speed between ith and jth pursuers
(VC” = —/'),-j) as

li.j}eQ (6)

The dynamics of the acceleration of all the pursuers and the targets
are assumed to be ideal. Therefore, the changes in heading angles
(ypi» y7i) due to accelerations of the pursuer (ap;) and the target (ar;)
appear as

. ap; .

yp,-=v” i€l - n} ©)
Pi

=Tl efl, ) @)
VTi

B. Linearized Engagement Kinematics

It is assumed that the deviations of the pursuers and the targets
from their respective collision triangles are small. Therefore, a
linearization of the engagement kinematics around the collision
triangles is obtained. Based on this linearized model, a guidance law
for capturing the target while avoiding collision between the pursuers
is derived thereafter.

The relative displacement normal to the LOS between the ith
pursuer and its corresponding target is denoted as y;. Similarly, y;;
denotes the relative displacement normal to the LOS between the ith
and jth pursuers. The state vector of the entire engagement can then
be expressed as

Yci ).’c,( ]T
9

x=|:)’1, .)"1, R ) )"1,, Yc, .)"Cl

where y; € R" and y- € RX are the vectors comprising the
displacements perpendicular to the line of sights for interceptions and
collisions, respectively. They are defined as follows:

Vi = Vi iefl, - n} (10)

Ycr = yij» where {i, j} = & kef{l, -, K} (11)

The linearized equations of motion are obtained as follows:

Xom—1 = X me{l, - n} (12)

Xom = Ay — Uy, me{l, -, n} (13)

Xopy1 = Xopp2 kein, ---.n+ K} 14
Xokga = Gjiuj — Ciju;, kef{n,---,n+ K} and {i,j} =

15)

Here, x;, i € {1, ---,2(n + K)} represents ith coordinate of the state

vector x, and K denotes the cardinality of set Q. The displacement
between a given pair of pursuers is affected by the component of their
accelerations that is normal to the LOS joining them. Therefore, in
Eq. (15), the terms {;; and {;; are introduced as shown in Fig. 1. The
target and pursuers remain close to the collision course, and in such
scenarios, it can be assumed that {;; and {; are dependent only on the
initial values of the LOS angles (67, 0‘]?, 6).) and the initial heading
angles of the pursuers (%, 7% ;). For each pair {i,j} € Q, the
expressions of {;; and ¢;; are

0
ij

_cos(r — o)

ij — COS(}/?:,- —H?) (16)

_ cos(rly — ) -
[ r—)

a’t; and u; are the components of the accelerations normal to LOS
between the ith pursuer—target pair for the target and pursuer,
respectively. Hence, the relation between these components of
acceleration and the acceleration of the ith target and ith pursuer pair is
given by

ap; = ar; cos(y(}i - H?) ie{l, -, n} (18)

u; = ap; cos(y%; — 09) iefl, -,n} (19)

Using Egs. (12-19), the linearized system of equations can also be
written in the form of matrices as

x=Ax+ Bu +Cv 20)

where u = [u, u, ]’ and v =[a} a, ’. The

matrices A, B, and C are given by

In®Bl:| |:In®cl:|

A =1, A,, B= , C=

2n+k) ® Ar &mmn [0
@)

where ® denotes the Kronecker product of two matrices, I,, € R" isan
identity matrix, and [0] € RX*" is a zero matrix. The matrices A;, B,
and C; are given as

v=lo o] m=[8) a=fi] e

The matrix B, € RX*" is obtained as

~Cpe Q= (i)
Buj=1 G iQ=1{xj}. xel{l.n} (23

0, otherwise

III. Optimization Problem Formulation

The goal here is to derive a minimum effort guidance law for a team
of n pursuers intercepting n maneuvering targets while avoiding
collision between themselves. To achieve this, the relative distance
between the ith pursuer—target pairs (y;) should be zero at the
intercept time t{ . Along with this, the relative distance between any
ith and jth pursuers should be greater than a safe limit R;; at the
predicted time of collision tf] We impose these constraints as hard
constraints in the problem formulation and express them as follows:

y)=0 iefl,--,n} 24)

Yij(t{j) 2 Rj jyeQ 25

For minimizing the total control effort of the team of pursuers, the
cost function is defined as

"o (1
J = Zi 2de 26
;2/ U3 (26)

where q; is the penalty on the control effort of the ith pursuer. The
lower the maneuvering capability of the ith pursuer is, the higher the
corresponding weight a; should be.

A. Order Reduction Using Zero-Effort-Miss Transformation

The order of system (20) can be reduced from 2(n + K) to
(n + K) using the zero-effort-miss transformation [16]. Another
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advantage of using this transformation is that the transformed states
become a function of the control inputs only, and therefore it
simplifies the calculation of Lagrange multipliers, as we will see in
the next section. The transformation of the variables associated with
the ith pursuer is given by [17]

z() :DCD(zJ;,t)x(t)—l—D/r; &, 7)Cvde iefl, --,n}
(27)

where <I>(t{ , 1) is the transition matrix associated with matrix A in
Eq. (20), z; is the zero-effort-miss distance between the ith pursuer—
target pair, and D € R"+5) is a constant row vector that selects the
appropriate element of the state vector. For example, to obtain the
zero-effort-miss for the ith pursuer—target pair, the vector D is
defined as

1, ifk=i

D, = { 0, otherwise (28)

At any given instance, the ZEM distance for a pursuer—target pair

is defined as the distance by which a pursuer will miss the target,

if the pursuer applies no further acceleration and the target performs

the expected maneuver. Using the preceding transformation, the

expression for ZEM distance (z;) is obtained, under the assumption a
of constant target maneuver, as

z(0) = yi() + 9t — 1) + (29)

af (i - 1)?
2
Similarly, for the pursuer—pursuer pair, the ZEM distance (z;;) is
defined as the achieved separation distance between them at the time
of closest approach, if both of them apply no further acceleration.
Using the ZEM transformation as before, the ZEM distances between
two pursuers can be expressed as

2i5(t) = vy (0) + $i;(tl; = 1) (30)

The evolution of these ZEM distances with time can be expressed
by the following state equations:

4(0) = —(e] = Du () iefl,---,ny (31

40 = —(t], = D Cyui = uple)  {ijteQ (32

Here, the step function is defined as

I(z) = {(1) t<t

t>7

It should be noted that the ZEM distance is not defined once the
pursuer reaches the target and achieves its objective. Also, the ZEM
distance for a pursuer—pursuer pair also remains the same as z,-_,-(tifj),
beyond the time of closest approach. Therefore, we have introduced a
unit step function 1(z) in the transformed state equations in Egs. (31)
and (32). The transformed state equations can also be expressed in
matrix form as follows:

z=B,u (33)
Here,
= [Z[ Zc ]T and, Z; = [ZI L ]Tv e, = Zijs
where {i, j} =Q, ke{l,--- K} (34)

The matrix B, € R#+X" j5 defined as

Bz — |: [le]nxn ]

[BzC]Kxn
where
{—(r{‘—t)ﬂ(r{), ifi=j
leij: .
0, otherwise
—C(th = D1, if @ = {j.x}
B i = gjx(rﬁj—z)ﬂ(rg, if Q= {xj}, x€{l,---,n}

0, otherwise

(35)

From Egs. (29) and (30) and the constraints mentioned in Egs. (24)
and (25), we obtain the constraints for the transformed states as

Nia(t). ) 220D =0. i€l nh (6)
Nij(zij(tzf ) zu(t/)—sz=0,

7”

{i,j}t eQ (37)

where zj’j is an arbitrary variable whose absolute value is greater than
the safe distance (|z§1i| > R;;). The final time for the entire
engagement is defined as the time when the last interception takes
place. Thus, we define the final time of the entire engagement as
t = max(tf L t,,) Also, we can assume that t” < mln(tl, ])
which signifies that the possible collision between a pair of pursuers
takes place before or at the time when any one of the pursuers
intercepts its corresponding target. Because of these assumptions,
in Egs. (36) and (37), the constraint corresponding to the last
interception is the terminal constraint of our problem. Other
constraints that occur before the final interception are the interior
point constraints.

B. Reduced Order Optimal Control Problem

Using the transformed states and constraints, the optimal control
problem is formulated as

(0=~ 0w 1(t)) Ni(z(e),t))=0 iefl,--.n} (38)

Zij(f)=—(’{;—l)(5ijui—§jiuj)ﬂ( ) NU(Z:/(’ s ,,) 0 {i,j}eQ

(39)

The cost function in Eq. (26) can be rewritten as the sum of the
control effort of each pursuer over the entire engagement as

7 1/’/ TPud i“"/ﬁ 24 (40)
== u' Pudt = - u; dt
2 fo i=1 2 fo l

where P is a positive-definite weight matrix defined as

P = a;, if i :]
Y710, otherwise

IV. Guidance Law Derivation

In the previous section, the problem was formulated as a linear
quadratic optimal control problem in which a set of terminal and
interior point constraints have to be satisfied and the state equations are
discontinuous at those interior points. The solution of this class of
problems is discussed in detail in [16,18]. We will use the necessary
conditions for optimality mentioned in [16] to derive the guidance law.

The Hamiltonian 7 of the optimization problem formulated in
Sec. IIL.A can be written as
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1
H= EuTPu +A"Bu

= 3“4 i - o))
i=1

= 3 (e = 0@ = Cup(el) 1)
{ijleQ
where 4;, i € {1, ---, n} is the Lagrange multiplier associated with

the states corresponding to the ith target interception, and 4;;, {i, j} €
Q is the Lagrange multiplier associated with the states corresponding
to the collision between the ith and jth pursuers. The Lagrange
multiplier vector A is defined as

A= A'C]T
Ar=[A - A, Ac, =4Aij, where{i,j} = k€{l,---, K} (42)

Proposition 1: In the proposed linear quadratic optimal control
formulation with interior and terminal point constraints, where the
cost function and the dynamics of the transformed system are
independent of the state variables, the control input of each pursuer is
a piecewise linear function of time.

Proof: The Lagrange multipliers must satisfy the following
condition along the optimal trajectory:

R 43)

The dynamics of the transformed system [Eqgs. (38) and (39)] are
independent of the state variables; therefore, we have

i=0 (44)

In addition to the condition mentioned in Eq. (43), at the time of
each target interception (rif ), the Lagrange multipliers A; should
satisfy the following necessary conditions (Sec. 3.7 in [16]):

o)
B aZi

2t +) ie{l,---.n} (45

ON;
2t} =) = At +) + v
Zi

ie{l, .n} (46)

1=t;

where v; is a nonzero coefficient, and (rif —) and (tf +) signify time
just before and after z{ , respectively. Obtaining the derivative of the
constraints and the cost function with respect to z;, we get

aJ ON;
= =0, i
dz,- aZ,'

1 i€l - n (47)

t=t;
From Eqgs. (45-47), we have

A=) =vi, 44 =0  iefl,-.n} @8
Similar conditions as in Eqs. (45—47) will also hold at the interior
point constraints corresponding to all the times of collisions (rfj).
Thus, we have
j«fj('{j_) = Vjj, /Iij(t{j_{') =0 {i.j}eQ (49)
where v;; is a nonzero coefficient, and (tfj —) and (tfj—i—) signify time
just before and after ¢/ ;» respectively. From Egs. (44), (48), and (49),
we conclude that the Lagrange multipliers are piecewise constants.
Along the optimal trajectory, the Hamiltonian is minimized by the
control input. Therefore, we have the following condition:

H,=0 (50)

From this condition, we obtain the control inputs as
u=-P B

that is,

1 / NS r
u; = P (;Li(ri -Dl(;) - ; Aji(ty; = 0¢;1(E)
{j.i}eQ

+Z@%—Mﬂ@)ieumm} 51)
)

Because the Lagrange multipliers are piecewise constant with
discontinuities at the interior points [Eqs. (48) and (49)], from
Eq. (51) we conclude that the control input for each pursuer will be a
piecewise linear function of time. O

The (n + K) constants for the value of Lagrange multipliers
[Egs. (48) and (49)] can be obtained by satisfying the constraints on
ZEM distances as defined in Eqs. (31) and (32). Integrating these
equations, we get

o
/’(r{—z)uidz=zi(t0) i€fl,---.n} (52

t[
”(t{j = 0(iu = i) dt = z;;(to) - 2

[0

{i,jteQ (53)

The difference between the final interception (or predicted
collision) time and the current time is expressed as the time-to-go
parameters. They are defined as

e N o (54)

The variables 7§ and tfi are the time-to-go for the interception of
target and time-to-go for collision of the pursuers, respectively. For
each pair of pursuers (i, j) heading toward possible collision
i, j} € Q), the difference between the time of interception of their

4 - ing t ision (1))
targets (f;, ;) and their corresponding time of collision (7;;) is
denoted as

(55)

A2t (56)

Substituting the preceding variables in Eqs. (52) and (53) and
integrating them after plugging the value of control inputs from
Eq. (51), we obtain the following:

ﬁ(fff n i 2iiCij (l}gj)z

A+ 28
a; 3 a; 6 (A +215)

i1 g2
A (65)
- E GIAY) (Aj; 4 265) = zi(t9)
= a; 6
{j.iteQ

ie{l,-.n} (57)
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3 2
zi,(—+ )( ) L LA ’f) (A;+21)

i 3 a;
/1 C 1( i )2 ! A i
SR f (A2 = > —62;,-,;!,(; D23t5,—15)
J p=1 i
.[7i}655]<

i—1 n

A
- Z ;:gijglp(tg)z(?’t [§,)+ Z 6lp€tj§lp(t )2(3[ )
([7.:”}23‘5,( ! :p’ﬁé}:’;k

l A /
+ Z pglelp(t )2(3t111 [fj)+ Z %C/igjp(ti_i)2(3lg_ti.f)
pitl p=l !

,7UES+ {l’s.i}ess_xk

+ Z “’é,zim(r (38, —15)— Z6f”c,,c,,,( PGB —£)

p= p=j+1

p‘J}GSQk (P71,
n }’ )
- Z %Qié,‘p (%)2(31‘;’[1 —15)=2;;(to) _Z?j
p=j+1 J
(p.ﬂesgk
{iL.J eQ (58)

where Q; = {i, j}. The sets S;gk and S are the sets of related

collisions that take place before and after the collision {i, j},
respectively. They are defined as follows:

L,

= lta.by e sh, Uk 1, >} (59)

Sg, = {{a,b} esh ustid, < } (60)

Expressing Eqs. (37) and (58) as a system of linear equations in
matrix form, we obtain

Al _ (9 al| G Gyic
G|:/1C:| = [zc—z‘é]’ where G £ |:G1TC Ge (61)
A1, Ac, 25, and z¢ are defined as in Eqgs. (34) and (42), and
7 2% where {i,j} =Q, ke{l,---,K} (62
Ck *ij? s J k s s

The vector z& € RX is composed of the desired miss distances to
be achieved between each pair of pursuers at their corresponding
times of collision. The matrix G € R'+¥)x(#+K) is the system matrix
for the linear system of equations in Egs. (57) and (58). This matrix is
expressed as a partition of four block matrices in Eq. (61). Among
these block matrices, the matrix G; € R™" and G € R¥*X are the
matrices associated with terms involving interception and collision,
respectively. They are defined as follows:

2\3
UV -
Glu = 3ak (63)
0, otherwise

For any two collisions ; = {i, j} and Q; =
is defined as

{a, b}, the matrix G

— S (1,2 (Br5 = 1)),
— L Cha ()2 BeS, — 1),
L (5,7 (315, — 15,),
L Can (1) Bty — 1),
S (15)2 (e, — 1),
o L (1) (315, — 1),
— S Lap (1) Bely = 1),

4’ L5231, — 1),

ifk=1

if k<landQ € S5 N S,
ifk<landQ € S§ n S,
if k> landQ, € Sg N S,
if k> landQ; € S§ N SE,
if k<landQ € S5 nSH
if k<landQ, € S§ N SH
if k> landQ; € Sg N SK

if k>landQ; € S5 N S,

0, otherwise
(64)
The matrix G,¢ € (n X K) is given by
o (18 2Dy +265). iF @ = kx
Gicw = _322( SNV (A +265), if Q =xk» XEL{L-.n}
0, otherwise
(65)

From Eq. (61) the Lagrange multipliers A; and A can be obtained
as

YV Z; 14| Gy Gp
[Ac]_G |:zc—z‘é’ where G~ £ GiTz G (66)

The matrix G is symmetric. Therefore, G™! is also symmetric. The
blocks of matrix G~! can be computed in terms of the blocks of
matrix G by the following expression [19]:

Gy Gp
G,-TZ Gj
_ |: (G1=GcGE'Glo) ™!

—G;'GIC(GC—G,TCG;'GIC)-'}
~(Ge=GlG'Gie) ' Gl .Gy

(Gc=GicGr'Gie)™!
(67)

The matrix G~! exists, provided that Gj'. Ggl.
(Ge = GT-.G7'Gye)™" and (G, — GG GT) ™! exist.

The total team effort can be expressed as follows by substituting
the value of control inputs from Eq. (51) in the cost function:

ra u?d Zy TGy Gn Zg
/ [ZC—Z%] [G,Tz GB][ZC—%] ©%)

=2Gyz; + (zc —28)7Ghz; + 2] Gp(zc — 2)
+ (zc = 2)"Gi(zc — 20) (69)
:[ G,1z1+zCG z;+z7 G,zzc+zCG,3zc
T
_(Gi3ZC+GiTZZI)Gi_31(Gi3ZC+GiT2z1) ]

+ [(ch—ZC—GBI Girzzl)Gi.% (Z‘é—ZC—G,El GiTzzl)]
(70)
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The value of z¢ € RX was considered to be arbitrary while
formulating the optimal control problem [Eq. (37)]. Hence, to find the
minimum of the total team effort, the desired zero-effort-miss
distances corresponding to the collision are determined under the
constraints of collision avoidance for each pair; that is |z§‘}| > R;j,
{i, j} € Q. From Eq. (70), it can be noticed that the cost function is
quadratic in z¢. Therefore, the total control effort can be minimized
by choosing appropriate value of zZ. The minimum total control
effort can be attained at the optimal value z&*, which is given by

. _ T _
Z‘Zj* = arg IIlll'l(Zgw —Zc— GBIGEZ]) Gi3 (Zé —Zc— GBIGIQZ[)

des
(71)
where
S = |zt eR¥|jf| 2 Ry 1ij} € 0 (72)
Let us define
Zeo £ 2¢ + G3'Ghz; (73)

and let Wy, (-) be the generalized dead-zone function [15,20]
associated with G and the set S (see Appendix A for the general
definition). Its value at z is

Y5, (o) = Giz (Zcé* - Zcol) a4

The following proposition expresses the optimal guidance
command from Eq. (51) in terms of the value of the generalized dead-
zone function at z.

Proposition 2: The optimal guidance command is

u=-P! (BZT,G,“z, + (BZ,G,“GIC - BzTc)‘PS.G,-3 (zcol))

Proof: In the rest of the text, for the sake of brevity, we denote
¥, = ¥, (2c01). From Eq. (74), we have

2 = Ga'¥e + 2o (75)
Doing some algebraic manipulation, we obtain
ze =28 = 2¢ = Gg'¥e — 2eq = —G3'¥e = GGz, (76)
Substituting this value into Eq. (66) and using Eq. (67) to express

the blocks of G~! in terms of the blocks of the matrix G, the value of
Lagrange multipliers is obtained as

|:’11 ] _ |:Gi121 - GpGi' (Y, + G,-Tzz1)]
Ac | -

c

_ [ GGz + Gie¥eow)
_[ Ay a7

Substituting the values of the Lagrange multiplier in Eq. (51), we
obtain the control input vector as

u=-r[ B BHB’}

C

—p-! (B,T,G,—1 (z, + G,C\I’c> - BZTC\I’C>

=P (BLG;'z, + (BLG Gic - BL)¥.)  (78)

This completes the proof. |

The matrix G, is a diagonal matrix, and therefore its inverse can be
calculated by taking the reciprocal of the diagonal terms. Hence, G
is obtained as the following:

3a; P .

==, ifi=j

Gl =1 . (79)
0, otherwise

We denote W, as the kth element of the vector .. If a collision
{a, b} is the kth element of the ordered set Q, we denote ¥,, £ ¥,.
Using this notation and Eq. (79), we simplify the optimal command
obtained in Eq. (78) and express it for each pursuer as

3z i é,ijt_é/?iAij(tf + )i

u; =
()72 & 2a;(£)?
(itea
" Cth At + APy
3t + a0
{,:,}4.;1 ai(ti)
ijle

The proposed guidance law requires the estimate of zero-effort-
miss distances and time-to-go between various entities of the
engagement scenario. The time-to-go information can be
approximated using range information as shown in Eqgs. (5), (6),
and (54). The ZEM distances can be obtained by the following
approximate relations:

. 1
;i ~ (tf)zVCﬁ,- + Ea'},-(tf)z (81)

7~ (tfj)ZVCU_é,.j (82)

Remark 1: The proposed guidance law can be seen as augmented
proportional navigation (APN) guidance with a bias term. The first
term in Eq. (80) corresponds to APN guidance, and the rest of the
terms correspond to the collision avoidance maneuver. Therefore,
when the pursuer is not required to perform the collision avoidance
maneuvers, the guidance law degenerates to APN.

V. Case of Two Pursuers

In this section, we will investigate a special case of two pursuers
and provide a closed-form analytical solution of the proposed
guidance law.

A. Analytic Solution of Guidance Law

In this case, there are two pursuers heading for interception of two
targets while avoiding collision between them. Both the pursuers
have similar maneuvering capabilities. Hence, the weights on their
individual control effort are comparable. From Egs. (63—65), the
matrix G € RS for this case is given by

. 0 Se (A +26)
G= 0 iz_j _5%2 ’?;(Azl +21)
Serfibn 2 ~Gfta+29)|  (Bed)h
(33)
Using Egs. (67) and (73), we obtain
Zeo = 2¢ + G3'Ghzy = 20 = GG 'z, (84)

Incorporating the values of G;¢ and G7' from Egs. (65) and (79),
we have
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Zeol = 212~ [C'ﬁt'z (A +21) _gz't'z (Ay + 2t2)]

LI

I 7]
X 3 (85)

0 % Ve)

h
2
_ (it (A +2t))z §2|f12(A21 +213)z,
=z - < (86)
26 268

In this case, z. is a scalar because there is only one possible
collision. From Eq. (67), the matrix G;; € R'¥! is obtained as

2 2N (5.7 3
Gi = [(ﬁ + %221) U 3?) (t?)lx (Clz 112)* (A1 + 2’g))

3 -1
(;)23 (@ (¢ (Ao + 2z§>) ]

(87)

_ 120,05 (1) (15)?
T (85)38,(15,)3 A%, B85 + Apy) oy (133, (15,)° A% Bt + Agy)
(88)

Here, the dead-zone function W (-):R' — R! is one-dimen-
sional and is associated with the set

S = {z‘fz € R||z,| > R} (89)

where R is the desired safe distance between the two pursuers, and z{,
is defined as in Eq. (32). The optimal value szj is obtained from
Eq. (71) as

. 2
2y = argmin(f) - ) G (90)
2es
Therefore,
Zd* _ Z‘112 |Zl112| >R (91)
12 = .
Rsign(zd,) |z4I <R

From Egs. (74) and (91), the dead-zone function can be expressed as
Y5, (zco) = Gi3 (Z@‘ - Zcol) = —G3¥r(zco) (92)
where the function Wy (x) is given as
0, |x|] > R
Yr(x) =4 x—R, O0<x<R (93)

x+R, —-R<x<0

Using the derived dead-zone function and Eq. (80), the guidance law
for both the pursuers is given as

uy = 3%
)

_ 6,15 1215, A (15 +A12)(f§)3q‘R(ZcoI)
@ (55)°C1, (15, AL, (31} 4+ Avp) +ay (1) 33, (1,)° A3, (31} + Ayy)
(%94)

wo— 322
By

601115851 15,801 (15 + D80 ) (1) PR (201
0‘2(1 ) ¢ 2(tf2)3A%2(3t‘f+A12)+(xl(tf)3£:%1(tlf2)3A%l(3t‘f—|—A21)
95)

B. Case of One Pursuer with Severely Limited Maneuver Capability

Now, we present the guidance law for the case, where one of the
pursuers (say, second pursuer) has a severely limited maneuver
capability. Thus, the penalty on the control effort for this pursuer can
be set to a very large value (o, — o0). Equations (94) and (95) then
reduce to the following:

. 3z 615 (15 + A1) Pr(zeo)
(Xlllmul =5 1 gl ZA 3 7 AO (96)
a0 ()" Cn() A + Ap)

a

322
limu, = —= C)
:—;—»O (t§)2
From the preceding control inputs, it can be seen that the second

pursuer does APN with a gain of 3, whereas the first pursuer performs
APN along with the collision avoidance maneuver.

VI. Simulations and Experimental Validation

In this section, we will present the results for simulations and
experimental validation that were conducted to investigate the
performance of the proposed guidance law for the case of two
pursuers. Before the commencement of the engagement, we assume
that the pursuer—target pairing has already been carried out based on
various factors that can include distances to the targets, functional
capabilities of the pursuers, etc. Once the engagement begins, the
pursuers are locked on to their respective targets. For all the cases, the
P, — T, and P, — T, pursuer—target pairing is assumed.

A. Simulation Results

In all the simulations, the speeds of the pursuers (P, P,) and the
targets (T, T,) are assumed to be constant. The minimum safe
distance between the pursuers is R = 300 m.

1. Linear Simulations

Here, we present the simulation results of the linearized
engagement kinematics, given by Eqs. (12-15), for the case of
stationary targets. All the initial separations perpendicular to the
corresponding line of sights are zero and the final times are
#=102s4 =10.1s,¢,=38s.

Figure 2 shows the cooperative collision avoidance between the
pursuers where both the pursuers have the same penalty on their
control effort @) = 1 and a, = 1. From Fig. 2a, it can be seen that
both the pursuers cooperate equally and avoid collision by achieving
the safe separation of 300 m at the time of collision (3.8 s). Along with
this, their separation from their corresponding targets goes to zero
at their respective interception times. In Fig. 2b, the acceleration
profile for the pursuer is linear, as can be justified from Proposition 1.
A switch in acceleration occurs at the time of collision, after which
both the pursuers perform APN for intercepting the target.

Figure 3 shows the case when one of the pursuers has severely
limited acceleration capability. In this case, we choose a very high
penalty on the control effort for this pursuer (@, = 1000). Because of
this, only the first pursuer maneuvers to avoid collision between
them, whereas the second pursuer only performs APN to reach its
corresponding target. It can be seen from Fig. 3a that they
successfully avoid collision by achieving the safe separation of 300 m
at time of collision (3.8 s). In addition to this, the miss distance for
each pursuer at the time of its respective interception is also zero. The
acceleration profile in Fig. 3b shows that there is only one switch for
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Fig.3 Collision avoidance when one of the pursuers has a limited maneuver capability (¢; = 1, @, = 1000).

the second pursuer, whereas there is no switch in the acceleration
profile for the first pursuer.

2. Nonlinear Simulations

The guidance law was derived assuming a linearized engagement
model. Therefore, to evaluate the applicability of guidance law in
nonlinear engagement scenario, we performed the simulation using
nonlinear state equations as described in Sec. IL.A. This section
presents the performance of the guidance law in nonlinear
engagement scenarios for both stationary targets (scenario 1) and
targets maneuvering (scenario 2) with constant acceleration. The
parameters for the simulation are summarized in Table 1.

Figure 4a shows the trajectories for the case when the targets are
stationary and the pursuers have identical maneuver capabilities. The
dotted line shows the initial LOS between each pursuer—target pair.
Because both pursuers are cooperating equally, both deviate
symmetrically from the initial LOS to avoid collision. The
acceleration profile for each pursuer is also symmetric, as can be seen
in Fig. 4c. For the same engagement scenario, Fig. 5a shows the case
when the pursuers have different maneuvering capability. Here,

Table1 Nonlinear simulation parameters

Value Value
Parameter (scenario 1) (scenario 2)
Initial position of P;, m 0, 0) 0, 0)
Initial position of P,, m (0, 5000) (0, 5000)
Initial position of 7y, m (5000, 5000) (0, 7000)
Initial position of 7, m (0, 5000) (0, —2000)
Speed of pursuers (Vp, , Vp,), m/s (700, 700) (700, 700)
Speed of targets (VTI, VTz)’ m/s 0, 0) (100, 100)
Target accelerations (a;I ,asg.), m/s? 0, 0) (-10, 10)
Minimum safe distance R, m 300 300

the second pursuer has 10 times higher penalty on the control effort
than the first pursuer. Because of this, it can be noticed that the second
pursuer deviates less than the first pursuer. Also, the acceleration
requirement from the second pursuer is much less than that from the
first pursuer (see Fig. 5c).

In Fig. 6, the second pursuer has severely limited maneuver
capability, and therefore the penalty on its control effort is very high.
The trajectories in Fig. 6a show that only the first pursuer deviates
from the collision course to avoid collision. In the addition to this,
from Fig. 6¢ it can be noticed that the second pursuer maneuvers
negligibly. In all these cases, it can be seen from Figs. 4b, 5b, and 6b
that the relative separation between the targets is more than the
desired safe limit. Also, the similarity of the acceleration profiles in
the nonlinear case (Figs. 4c, 5c, and 6¢) to that of the linear case
(Figs. 2b and 3b) backs the fact that the near-collision course
approximations are valid during the entire engagement.

Now, we will present the case of constantly maneuvering targets.
Figure 7a shows an engagement scenario in which the pursuers do not
avoid each other while intercepting their corresponding targets. As
shown in this figure, the pursuers collide with each other and
therefore do not intercept the target. Figure 7b shows the trajectories
of the pursuers when they use the proposed guidance laws to avoid
collision and intercept the maneuvering targets. The relative
separation achieved in this case is 386 m, which is more than the
safe limit.

B. Experimental Validation

We conducted experimental validation of the proposed guidance
law to test its applicability in a small indoor environment. The
experiments were conducted in the Cooperative Autonomous
Systems (CASY) Laboratory at Technion, which serves as a testbed
for research in cooperative guidance and control of aerial and ground
vehicles. The description of the testbed is presented in Ref. [21]. The
ground area for the experiment was 3 X 3 m, and two Kobuki robotic
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platforms (see Fig. 8) with diameters of 0.35 m each were used as CASY, which integrates Optitrack motion capture system and other
pursuers. The position information for each robot is obtained using robotic platforms with Simulink and Robot Operating System. The
Optitrack motion capture system, and their speed is estimated from commands from the controller are computed off-board at an update
the position data using a Savitzky—Golay digital filter [22]. The rate of 30 Hz on a host computer and then sent to Kobuki base using

software platform used is an experimental framework developed at 2.4 GHz standard WiFi protocol.
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For all the experiments, the speeds of the robots were maintained
constant using a linear-quadratic tracking controller described in
[23]. The safe distance between the robots is measured between their
geometrical centers and is considered to be 0.40 m. The parameters of
the experiments are summarized in Table 2.

Figure 9 shows the results when both robots have similar
maneuvering capabilities and cooperate with each other equally to
avoid collision. Trajectories of both the robots are shown in Fig. 9a.
The LOS joining the robots and their respective target points are
shown in dotted lines. Similarly, for the case when one robot has
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Fig.8 Kobuki robotic platform.

Table 2 Parameters for experiment

Parameter Value
Initial position of P;, m (-1.8,-2.3)
Initial position of P,, m (-1.8,1.0)
Initial position of 71, m (1.8, 1.0)
Initial position of 7, m (1.8, -2.3)
Speed of pursuers (Vp, , Vp,), m/s (0.3,0.3)
Speed of targets (V,, Vr,), m/s 0, 0)
Target accelerations (a%1 s a‘}z), m/ s? 0, 0)
Minimum safe distance R, m 0.4

limited maneuvering capability, the trajectories and relative
separation between the robots are shown in Figs. 10a and 10b,
respectively. For both the preceding described cases, the nature of the

1517

trajectories, although not identical, is similar to the one shown in
simulations in Figs. 4a and 6a. In all cases, the robots successfully
reach their target points, and from Figs. 9b and 10b, it can be seen that
they maintain the minimum separation greater than 0.4 m at the time
of closest approach. It is suggested to follow a conservative approach
while choosing the value for the minimum separation because the
delays in the system and nonideal dynamics of the robots might drive
the robots closer than the safe limit.

By running various numerical and experimental validations, it was
found that, as expected, the performance of the guidance law in
nonlinear engagement scenarios is consistent whenever the near
collision course approximations hold. In cases where the paths of
the pursuers deviate significantly from the collision course, the
estimations of time-to-go measurements in Eq. (54) are no more
accurate. This leads to the degradation in the performance of the
guidance law. Also, the nonideal dynamics of the pursuer and
assumption of perfectly constant speed are attributed to the
differences seen between the trajectories obtained in simulations and
experimental validation.

VII. Conclusions

In this paper, a cooperative guidance law for n pursuers, which
integrates collision avoidance between the pursuers and ensures
capture of their respective targets, was proposed. An optimal-control-
based formulation was used to minimize the total team effort with
different penalties on the control effort of each pursuer, while
incorporating target interception and collision avoidance as state
constraints. Using this formulation, the guidance laws for the
pursuers were derived using the linearized engagement model and
linear quadratic optimal control theory. For constantly maneuvering
targets, the guidance law for each pursuer has the form of augmented
proportional navigation, with additional terms corresponding to
collision avoidance. A special case of two pursuers was considered,
and an analytical solution of the guidance law for this case was
obtained. In cases where one of the pursuers has a severely limited
acceleration capabilities, the proposed guidance law amounts to
performing the avoidance maneuver only by the other pursuer,
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whereas the second pursuer performs only the intercept according to
augmented proportional navigation guidance law. Simulations for
both linear and nonlinear engagements and highlight the cooperation
between the pursuers. The experimental validation also confirms the
applicability of the guidance law, at least in the tested small indoor
environments. The proposed guidance law requires estimates of the
time-to-go between the different entities in the engagement scenario.
A poor estimate of time-to-go in highly nonlinear scenarios will result
in performance degradation.

Appendix: Generalized Dead-Zone Function

The generalized dead-zone function Wg,(-):RY — RV is
proposed in [15,20]. It is associated with subset $ € RY and a
positive-definite matrix Q € RV*V, such that

Ys0(z) = 0(z - z2) (AD)

The minimizer z7* is given by

2 = argmin(z? - 2)7Q(z" - 2) (A2)

zdes

Because Q is positive-definite, the minimum value z%* always
exists. In cases in which the set S is convex, the minimum value is
unique, and the dead-zone function is unequivocally defined at each
point. But this is not the case in our problem. Here, § is not even
connected, and hence multiple solutions may exist. Fortunately, this
occurs on a set of measure zero. Even more importantly, even in those
cases in which the dead-zone function takes multiple values, each of
them can be used for our purpose because each of these values
corresponds to the optimum solution to the guidance problem.
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