Distributed Cooperative Guidance for Simultaneous
Missile Strike into a Polytopic Target Region

Burak Yiicel' and Veysel Gazi?

Abstract—This study introduces a distributed cooperative
guidance strategy enabling a swarm of missiles—modeled with
detailed six-degree-of-freedom (6-DOF) dynamics—to execute a
coordinated strike on a specified 2D polygonal zone embedded
in 3D space. By integrating repulsion-attraction-based forma-
tion control with Proportional Navigation Guidance (PNG), the
proposed method ensures collision-free trajectories and accurate
terminal alignment. A key feature of the framework is its adap-
tive targeting region mechanism, which facilitates synchronized
arrivals by aligning the swarm’s geometry with the structure
of the polytopic area. Simulations confirm that the approach
maintains safety and precision under realistic 3D operational
conditions.

Index Terms—Cooperative guidance, missile swarm, simulta-
neous strike, collision avoidance, polytopic target region, 6-DOF
nonlinear dynamics.

I. INTRODUCTION

As modern defense environments grow increasingly so-
phisticated, the deployment of autonomous and networked
weapon platforms has become a strategic priority. In particular,
coordinated missile swarms have gained significant attention
due to their potential to saturate enemy defenses, adapt to
uncertain mission scenarios, and achieve mission objectives
more reliably than conventional single-missile solutions [1]-
[3]. Cooperative behaviors enable missiles to share information
and adjust trajectories to ensure simultaneous arrival, enhanc-
ing effectiveness.

A key objective in cooperative missile guidance is to control
the impact time with high precision. Early research on Impact-
Time Control Guidance (ITCG) demonstrated the feasibility of
forcing a missile to arrive at a target at a specified time, thereby
minimizing the defender’s opportunity to respond [4]. Recent
advances in ITCG have integrated additional constraints, such
as bounded missile speed and the ability to handle maneu-
vering targets or complex terminal conditions [1], [5]. By
systematically managing each missile’s arrival time, the swarm
can engage the target in a tightly coordinated salvo attack,
overwhelming defense systems and reducing the probability
of interception.

Beyond time synchronization, modern mission requirements
often demand multi-dimensional constraints that include for-
mation shaping, collision avoidance, and spatial distribution of
the swarm. Formation control is critical for enhancing inter-
ception probability and system robustness, as well-organized
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missile formations can improve stealth, enhance radar evasion,
and ensure flexible engagement geometries [6]. For instance,
behavior-based and leader-follower strategies have been em-
ployed to achieve desired formations [2], [3], while close-
formation approaches enable missiles to reduce their radar
cross-sections against maritime targets [7]. More advanced
frameworks have explored three-dimensional cooperative guid-
ance laws to achieve simultaneous attacks with impact-angle
or trajectory constraints [8], [9], as well as fixed-time con-
vergence methods that guarantee rapid and stable formation
under uncertain conditions [10], [11].

The enforcement of collision-free trajectories further com-
plicates the cooperative guidance problem. With multiple
missiles maneuvering in proximity, ensuring safety margins
is paramount. Methods for collision avoidance often leverage
artificial potential fields, distributed consensus, and multi-
agent optimization techniques [12]. Moreover, handling com-
plex mission scenarios, including maneuvering targets and
three-dimensional (3D) constraints, calls for advanced control
strategies that can adapt in real-time [5], [13], robustly deal
with communication and modeling uncertainties [14].

Realistic dynamic modeling constitutes another crucial as-
pect of modern missile swarm research. Simplified kinematic
or planar assumptions may fail to capture the complex aero-
dynamic effects and rotational dynamics of high-speed inter-
ceptors. Increased model fidelity allows the development of
more reliable guidance laws, leading to improved performance
in highly dynamic and uncertain theaters. Studies on pro-
portional navigation guidance (PNG), trajectory optimization,
and advanced nonlinear control laws have paved the way for
integrated solutions that are both practically implementable
and theoretically sound [15], [16].

In this work, we present a novel cooperative guidance
framework that integrates time synchronization, formation
control, collision avoidance, and high-fidelity dynamics into
a unified solution. We consider multiple surface-to-air, highly
maneuverable missiles modeled with six-degrees-of-freedom
(6-DOF) nonlinear dynamics to capture realistic behaviors.
Unlike traditional leader-follower approaches, our fully dis-
tributed control enables each missile to make decentralized
decisions using local and shared information. This ensures
a stable, collision-free formation within a specified two-
dimensional polytopic region, achieving simultaneous target
arrival while accommodating varying mission parameters. By
leveraging ITCG principles and consensus-based algorithms,
this framework addresses key gaps in the literature.

The remainder of this paper is organized as follows: Section



II introduces the Problem Formulation and System Modeling.
Section III details the Proposed Cooperative Guidance Frame-
work. Section IV presents a Lyapunov Stability Analysis.
Section V provides simulation results under realistic opera-
tional conditions. Finally, Section VI concludes the paper and
suggests directions for future research.

Notation: Throughout the paper, superscripts (i), e, and b
denote the i-th missile, the Earth-fixed frame, and the body
frame, respectively. Vectors are in bold. All mathematical
symbols are defined upon their first appearance for clarity.

II. PROBLEM FORMULATION AND SYSTEM MODELING
A. Problem Formulation

We represent a swarm of /N missiles as an undirected graph
G=(V,&), where V = {1,...,N} and & captures pairwise
communication links [17]. For any node ¢, the neighborhood
N; includes all nodes j for which information can be ex-
changed bi-directionally. We assume the graph is connected
to ensure global consensus can be reached.

Let

P = [y, 201" and

Vi = oD, o) o 1"
be the position and velocity of the ¢-th missile in the inertial
(Earth) frame. The objective is to direct each missile into a
specified two-dimensional polytopic region P C R?, defined
by

P = {XGRP”n x = d, Ax<b} 1)

where n is the plane’s normal vector, d positions the plane
in space, and (A, b) imposes polygonal bounds. We further
assume an effective target location p;y € P. The challenge is
to orchestrate the swarm so that all missiles arrive at P with
minimal time mismatch:

() = P () = P rvep) < € Vinj €V,
2
with € a small bound and r,..r = %” representing the normal
direction to P. Equivalently, all missiles should cross the target
region’s boundary at approximately the same moment .
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B. 6-DOF Nonlinear Missile Dynamics

A missile’s 6-DOF model captures translational and ro-
tational behavior more accurately than simpler point-mass
assumptions [18]. For missile ¢,

Vi =FED () +mg’ +FY, 3)
IO =My (), )

where vb (1) w?(® are velocity and angular velocity in the
body frame, g is gravity in the body frame, and m is the mass.
The thrust F; 2:(0) aligns with the missile’s longitudinal axis
ag(%‘)ls derlved from the commanded longitudinal acceleration
az .

X
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mag,
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Aerodynamic forces and moments, Fdeﬁ,) and Mdego), de-
pend on the control surface deflections 6*(), which are func-

tions of lateral/vertical acceleration commands ay( ), z( ).

aero = faero ( ag’(i)avfﬁ(i)a ab’(i)aﬂb’(i)) ) (6)
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We assume roll angle is actwel;r regulated to zero. Thus,
the control commands al;( ), @) ) map into realistic
aerodynamic and thrust behaV1ors. 6 DOF dynamics capture
couplings and nonlinearities beyond simpler models.
Remark: Despite the complexity of 6-DOF models, the
control architecture remains lightweight and scalable thanks
to its decentralized structure. Each agent computes its control
input using only local data. For real-time use, aerodynamic
forces can be approximated with look-up tables or simplified

models to maintain efficiency.

III. PROPOSED COOPERATIVE GUIDANCE FRAMEWORK

We propose a control framework merging a potential-based
formation approach and PNG to achieve simultaneous strikes.
This ensures each missile orients correctly toward the target
while maintaining collision-free spacing.

A. Proportional Navigation Guidance (PNG)

PNG is a widely used approach for single-missile engage-
ment. Let

I'I(f(;s( t) =

py (1) — ps (1) ®)

be the line-of-sight (LOS) vector for missile 7. In many
applications, pf’(l) is computed from local estimates of the
target location, possibly incorporating neighbor positions:

Z pS (J) 9)
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py () =

This decentralized adjustment encourages alignment of the
swarm’s center with the nominal target.

LOS rotation rates )\;2, ,\;’2 relate to the missile’s relative
velocity. The PNG-induced guidance commands are:

a0 e (1) = NV (1A (1), (10)
b,(2 i i
a0 e (1) = NV ()AL (8), (11

where IV, is the navigation constant, commonly around 3-5,
and sz) is the speed of missile 4.



B. Formation Control via Potential Functions

Simultaneous arrival also demands cohesion and safety. We
adopt a formation control law combining a velocity damping
term and attraction-repulsion potentials [19]. For missile ¢,

afeor(r’;)( ) - 7k\’el( e,(i)( ) - Vlem(pzd)ct(t))
+ Z pe (1 pfﬁ(a)( 1)),
JEN;
e, (1)

where k. > 0 is a tuning gain, and vlmpact is a reference
velocity guiding the swarm toward synchronized impact times.
g(-) defines spacing via attraction—repulsion.
A convenient choice for v&{) uses the local estimate of

12)

impact
time-to-go t(Z).
(4)
G r16s(t) i
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where téf)) can be computed via range-over-closure-rate esti-

mates, or consensus-based approaches [4].
Finally, convert af(;r(;l) (t) to the missile’s body frame by a
suitable rotation matrix Tb(;) (t):
b, (4 i e,(i
Ao (1) = Ty (1) g (1),

C. Combined Control Law

To merge formation and guidance objectives, the net body-
frame accelerations for missile < become:

ab O (1) = keagly) . (£) + gD (1), (14)
i b,(1 b, 7

ag,( )( ) Wfafofm y( ) + Wta (é,u)ldance(t) + 92’( )(t)v (15)

a2 D () = Wagogm . (1) + Wit fnee (D) + 92O (2), (16)

where gg’(i), 9737(i)7 gi”(” account for gravity compensation in

body coordinates. ki, Wy, W; are weighting parameters for
formation and PNG terms. While tuning these parameters
can be done systematically, we rely on manual selection for
illustration.

IV. LYAPUNOV-BASED STABILITY ANALYSIS

In this section, we decompose the problem into three
key components: Formation Potential, Velocity Mismatch,
Target Error, each addressed by a dedicated Lyapunov term.
By combining these terms into a single composite Lyapunov
function (or using interconnected lemmas), we demonstrate
that the proposed guidance strategy achieves stable, collision-
free formations, velocity synchronization, and convergence to
the target plane at a common final time.

A. Assumptions

The stability analysis relies on three assumpt10ns (1) ret-
erence velocities vary slowly over time, i.e., Hvlmpacl( ) <e
with € < ky; (2) the target is either static or its velocity
is negligible (vi ~ 0). This assumption can be relaxed to
include bounded target velocities by modifying the PNG term
accordingly, which remains a topic for future work involving
dynamic or evasive targets; and (3) the communication graph
G is undirected, ensuring bidirectional data exchange.

B. Lyapunov Components

We define three partial Lyapunov functions:
(i) Formation Potential:

ZU ||pP() _

1<J
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where U(-) is large or infinite at small distances.

Lemma IV.1 (Formation Potential Decreasing). If the control
law for missile i includes

> gy - eI (1), gly) =—VU(|lylD),
JEN;
then _
Viorn(t) <0,
implying collision-free, stable inter-missile distances.

Proof. Because G is undirected, for every interaction
g (1) ©@(t) there is a symmetric term
—g(pf};(j )(t) n%( )( t)), so the sum of pairwise interactions
does not increase the potential. Detailed derivation can be
found in [20]. O

(i) Velocity Mismatch: To achieve synchronized arrival, each
missile should follow a velocity profile Vimpaci(7). Define:

1 N
= 5 2 IVED (1) = Vi DI
i=1

Lemma IV.2 (Velocity Mismatch Decreasing). Under the
Assumption-1 we have

(18)

V,(t) < 0.

19)

Proof. Taking the derivative:

V Z 7()

From the control law:
VEO () = —ka(vED () — vl (6) + e.

where € is assumed to be a small perturbation term resulting
from other contributing factors and will be neglected for this
calculation. Substituting:

N
Vo = —kva Y V5D () — vl ()]
=1
N

+ 3 (vaO () — vl () TV ().

i=1
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(22)

e,(4)

impact

By Assumption 1 (||v;
Hence,

(t)|| is small), the last term is small.

V, < —kya Ve (23)

This guarantees exponential convergence of velocities to

vier;]gzc[(t), leading to synchronized arrival. O



(iii) Target Error: For a theoretical derivation, let vi ~ 0 or

be bounded, in line with Assumption-2. Then define:

Z Ipa @) —pr I @)
We adopt a simplified PNG acceleration:
ape = — ke (P50 =P (1) @29)

Lemma IV.3 (Target Error Decreasing). With the above PNG
law and v{ ~ 0, one obtains

f/target(t) S _ﬁ‘/turger(t)v
Thus each missile’s position converges exponentially to pf.

Proof. Differentiate Vigrger = » _; ||pm () p:’(i) % 1t

vl )( t) aligns with —(p e )( ) —py () under the simpli-

fied PNG acceleration, then

N
‘-/Iarget ~ Z 2(p1e¥b(i) (t)
i=1

B=2 klargel > 0. (26)
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N
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implying V;argel <-pB V;arget with 3 > 0. O

C. Main Theorem: Collision-Free, Time-Synchronized, Target
Convergence

Combining these partial functions into a composite Lya-
punov function:

‘/combined(t) = ‘/form(t) + « W)(t) + K ‘/target(t)a a, K> Oa
(28)

we obtain:

Theorem IV.4 (Swarm Guidance: Combined Stability). Sup-
pose:
1) Viorm(t) is nonincreasing via potential-based inter-
missile control (Lemma IV.1).
2) V,(t) is nonincreasing via velocity damping and slow
fm)pdct updates (Lemma IV.2).
3) Viareet(t) also decreases under simplified PNG, ensuring
each missile converges to pf (Lemma IV.3).
Then the swarm remains collision-free, synchronizes velocities
to meet the same final time, and converges onto the target
region P.

Proof. Define a single Lyapunov-like function:
V;:ombined(t) = ‘/form(t) + « Vv (t) + K Warget(t)a

for some positive gains o, £ > 0. By Lemmas IV.1-IV.3, each
individual derivative satisfies

Vierm(t) < 0, Vi (t) < 0,

(29)

Viager(t) < 0. (30)

Bounding Cross Terms. In practice, each derivative may
contain cross terms that couple, e.g., potential-based forces
with velocity damping. Let us sketch how these are bounded:

(@)

form

includes a —kvel(vgl) - Vi(ri)pacr
based terms Q(P%) - p%)).

e For V,, cross terms arise such as

(v = Vi) T D g,

JEN;

e a ) term plus potential-

€2y

which we can bound via Cauchy—Schwarz,

|( 'Sn) _Vlmpact Zg
" @)

If the potential gradient VU is bounded (due to finite

initial dispersion), then HZ ag(. H < Gmax. Summing

W _ 0
over ¢ yields a bound linear in va (; Vimpact| -

o Similarly, for target-error coupling, apy might also cause
cross terms. But as long as the negative damping in
—Fyet|| - - - ||? is large enough to dominate linear bounding
terms, the net effect remains < 0.

Hence, by selecting the gains «, k, and k. sufficiently
large, one ensures that any positive cross contribution is
overshadowed by the negative main terms. Thus we obtain

‘./combined(t) S 0. (33)

O

V. SIMULATION SETUP AND RESULTS

We validate the framework in MATLAB/Simulink with
N = 5 missiles. Each missile is governed by 6-DOF equa-
tions and subject to aerodynamic forces and moments. The
target region is a 2D polytopic set near [6000, 6000, 12000]7 .
Missiles initially start dispersed around the origin.

A. Simulation Parameters

The swarm employs an attraction-repulsion term:

ga(llyll) = (34)

1
gr(llyll) = be™ ¥/ 4

(HYH - dmin)2 + €2’

The control response is influenced by the attraction-repulsion
parameters a, b, and c in the inter-agent interaction function. A
larger a strengthens the attraction toward neighbors, promoting
tighter formations, while a higher b and a smaller ¢ result
in stronger repulsive forces via the exponential term. The
corresponding values used in simulations are a = 0.045,
b =2, ¢c = 65, dpyn = 100, and ¢ = 0.5. Other control
gains include Ny = 3, ky = 1.5, Wy = 0.8, W, = 0.2, and
k; = 0.33. For the matrix M in the interaction function:

1 0
0
0

(35)

1 00 0
M=|0 1 0|, H= 1 0

0 0 0 0 1
This configuration causes no repulsion along the z-axis, shap-
ing the swarm primarily in the z-y plane while maintaining a
cohesive layer in z.

< Vvl TS gl



B. Results and Analysis

Figures 1-2 illustrate a scenario where the missiles move in
3D and converge onto a target region defined in the xy-plane
at z = 12000. The missiles arrive within a maximum temporal
deviation ¢; of about 0.001s in Table I, illustrating successful
time synchronization. They sustain stable inter-agent distances
above 100 units (Fig. 1) and exhibit negligible time-of-arrival
differences (under 0.05 s). The angular approach to the target’s
normal vector (Fig. 2) confirms precise orientation in the final
phases.

TABLE I
IMPACT-TIMES OF EACH MISSILE.

Missile Impact Time
Missile-1 ~ 47.921
Missile-2 ~ 47.922
Missile-3  47.921
Missile-4  47.922
Missile-5  47.921
1000
Minimum Distance
900 Maximum Distance
Average Distance
800 Collision Distance
700
B
% 600
e
I}
® 500
a
400
300
200
100 !
0 5 10 15 20 25 30 35 40 45 50
Time

Fig. 1. Inter-missile distances remain above the safety threshold (100 m)
throughout the engagement.

Angle (degrees)

75 L L L L L L L L L )
0 5 10 15 20 25 30 35 40 45 50

Time

Fig. 2. Angle between missile position vectors and the region’s normal vector,
confirming correct orientation in final approach.

To illustrate flexibility, the matrix M can be altered:

00 0
M= |0 1 0],
00 1

exhibiting a similar behavior, but this time mapped onto
a target region lying in the yz-plane. Figure 3 show the
alignment angles in this alternative arrangement; simultaneous
arrival and stable spacing are maintained. The missiles arrive
within a maximum temporal deviation €; of about 0.008s in
Table II.

TABLE I
IMPACT-TIMES OF EACH MISSILE.

Missile Impact Time
Missile-1  47.89
Missile-2  47.89
Missile-3  47.898
Missile-4  47.896
Missile-5  47.89

Angle (degrees)

0 5 10 15 20 25 30 35 40 45 50
Time

Fig. 3. Angular convergence to the target region’s normal in the modified M
scenario.

And finally to investigate scalability, the swarm size is
increased to ten missiles. In this scenario attraction gain a and
repulsion gain c are reduced to 0.025 and 57.0 respectively

TABLE III
IMPACT-TIMES OF EACH MISSILE.

Missile-1 ~ 48.18  Missile-2 48.183
Missile-3 ~ 48.183 Missile-4 48.182
Missile-5  48.18  Missile-6 48.183
Missile-7  48.183 Missile-8 48.183
Missile-9  48.18  Missile-10  48.183

The time synchronization remains robust, with ¢; < 0.003 s
despite the larger number of missiles Table III. Figure 4 shows
that all missiles converge to the polytopic reigon. Although
results with 10 missiles show strong synchronization, scala-
bility to larger swarms (e.g., N > 20) may require bounding
interaction ranges or using hierarchical consensus structures
to maintain computational feasibility.
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Fig. 4. Angular convergence to the target region’s normal in the 10 missiles
scenario

Overall, the simulations indicate that the combined approach
successfully merges collision-free formation control, realistic
missile dynamics, and precise terminal guidance. The swarm
consistently reaches the target plane in a synchronized manner,
verifying the framework’s practical relevance and theoretical
stability. These results show decentralized guidance is scalable
and robust for coordinated strikes, where precision timing and
spatial alignment are critical operational goals.

VI. CONCLUDING REMARKS

We introduced a cooperative guidance framework that uni-
fies potential-based formation control and PNG for swarms
of 6-DOF missiles targeting a 2D polytopic region in 3D
space. A key innovation is the decentralized mechanism where
each missile’s local estimate of the target location is adjusted
according to its neighbors, leading to alignment of the swarm’s
collective center and facilitating synchronous strikes. The 6-
DOF model captures realistic aerodynamic and thrust effects,
and the Lyapunov analysis clarifies how inter-agent potentials,
velocity damping, and target convergence interact to maintain
overall stability and collision avoidance.

Limitations: This work assumes static or slowly-varying
targets, ideal communication links, and homogeneous agent
models. Extension to dynamic or adversarial settings is re-
served for future work.

Future work may focus on extending the framework to
handle dynamic and maneuvering targets with unpredictable
motion, as well as addressing communication constraints such
as delays, packet losses, and bandwidth limits. Another direc-
tion includes integrating machine learning methods—such as
reinforcement learning or evolutionary optimization—to im-
prove adaptability and parameter tuning. Lastly, investigating
implementation feasibility, including computational efficiency,
parameter sensitivity (e.g., Ny, kyel, Wy, W), and robustness
against sensor noise, will be crucial for real-world deployment.
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