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Abstract 
This paper describes the successful implementation of a model of swarm dynamics using 
particle simulation concepts. Several examples of the complex behaviors achieved in a tar- 

gethterceptor scenario are presented. 

Introduction 
This paper describes a method of modeling swarms of UAVs and/or fighter aircraft using 
particle simulation concepts. Our multi-disciplinary group contains physicists, molecular 
biologists, computer scientists, e:xperimentalists, and theoreticians. Although our histori- 
cal purpose was to use particle simulation methods to design and model lasers and fusion- 
power components, in recent years our focus has expanded to the solution of a wide range 
of problems (including remote sensing, explosive and mine detection, chemical and bio- 
logical detection, and scheduling) through the application of optimization and modeling 
tools (including genetic algorithms, neural networks, particle simulation, and multivariate 
analysis). Recent investigations into the use of genetic algorithms to design neural net- 
works for the control of autonomous vehicles &e., robots) led to the examination of meth- 
ods of simulating large collections of robots which, in turn, led to the modeling of swqm 
dynamics using particle simulation concepts. 4 

Particle Simulation Concepts 
Particle simulation codes have been well documented in Appel [ 1 & 21, Hockney and 
Eastwood [3], and Tajima [4] aniong others. Particle simulation codes are used to model 
the interactions of plasma particles and electromagnetic fields. Particle simulation codes 
have proven to be a powerful tool for the study of complex, nonlinear, plasma problems in 
many areas of plasma physics research such as space and astrophysical plasmas, magnetic 
and inertial confinement, free-electron lasers, electron and ion beam propagation, and par- 
ticle accelerators. In particle sirnmlation codes, the orbits of thousands to millions of inter- 
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acting plasma electrons and ions are followed in time as the particles move in 
electromagnetic fields Calculated self-consistently from the charge and current densities 
created by these same plasma particles. 

The particle-in-cell method. or PIC, is also known as particle-mesh. PIC was origi- 
nally invented at Los Alamos (circa 1955, Harlow et al) for application in compressible 
fluid flows and was essentially reinvented in the mid-sixties by Buneman and Hockney for 
application to plasmas. PIC is a special instance of a particle simulation code where forces 
are interpolated onto particles from a mesh to improve efficiency. 

Particle simulation codes have been used for molecular dynamics (particles are charge 
neutral but have a finite size), plasma physics and electromagnetics (particles have charge 
and carry current), galactic mechanics (particles interact with gravitational forces), and 
fluid mechanics (particles carry Fluid characteristics). Particle simulation codes are also 
being applied to natural swarms (forces are partly environmental, partly behavioral) and 
artificial swarms (forces are partly environmental, partly behavioral, and partly directed). 
Our group was the first to apply PIC to the large-scale simulation of the processes respon- 
sible for the Northern Lights and developed the grid-optional techniques for SDI applica- 
tions. 

The computational requirements of PIC codes scale as 0 (n) where n is the number of 
particles. Gridless particle simulation codes scale as 0 (n2). Grid-optional particle simula- 
tion codes scale as 0 (n), 0 (n log n), or 0 (n2) depending on the parameters set at run- 
time. These methods are used because the normal solutions to such N-body problems 
scale as o (n2> or worse. 

Consider the special case of electrostatics. Assume that at time t we have N parti- 
cles in our system located at Xi (  t) with velocities Vi(t), where 1 I i I N . The force 
on particle i (due to other particles) is given by 
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where qi is the charge on particle i . The equations of motion for particle i , with mass 
mi are 

dfti 
dt 
- = ei 
dei p i  - - - -  
dt mi 



Note that vector addition can be used to apply other forces to the particles. This allows 
particle simulation concepts to Be applied to the modeling of swarm dynamics. 

There are several reasons to use a particle simulation code to model swarm dynamics. 
First, particle simulation codes we benchmarked. They have been shown to be stable and 
accurate models of particle dynamics with both applied and self-consistent forces. Second, 
particle simulation codes have well-researched theoretical underpinnings. The statistical 
mechanics of finite-sized particles moving under common force laws are well-documented 
and understood. Third, particle simulation codes are efficient. Grid-optional codes are 
highly efficient for large numbers of particles. The n2-algorithm is only used for near- 
neighbors; multiple expansions are used for distant neighbors. Particle simulation codes 
have been implemented for both serial and parallel processors. Fourth, particle simulation 
codes are feature rich. Inertial forces, platform constraints, friction and drag effects, gravi- 
tational forces, and boundary conditions are easily modeled. A complete set of diagnostics 
are also available. Finally, partic le simulation codes support heterogeneous particles. 
Friend and foe behavior are analogous to the physical properties of molecules. 

Swarm Concepts 
A swarm is a collection of interacting individuals. Swarms can be natural or artificial. In 
nature, one can observe flocks of birds, herds of cattle, packs of wolves, or schools of fish. 
These are all examples of natural swarms of similar individuals. Artificial swarms can be 
composed of vehicles of various types: robots, aircraft, ships, cars, trucks, tanks, etc. Arti- 
ficial swarms can be heterogeneous or homogeneous. 

predators, a better chance of finding food, and increased mating activities. Natural swarms 
do not appear to have an upper bound on size. This implies that the amount of “computa- 
tion’’ an individual has to perfonm in order to swarm must be largely independent of the 
size of the swarm. Individuals in1 natural swarms exhibit two balanced, opposing behav- 
iors: a desire to stay close to other individuals and a desire to avoid collisions with other 
individuals. 

Natural swarms have evolved to provide individuals with increased protection from 

Reynolds [5] has observed fhat natural swarms, and by extension artificial swarms, 
appear to follow three simple “rules”. First, individuals always try to avoid collisions. Sec- 
ond, individuals attempt to match velocities with other nearby individuals. And, third, 
individuals attempt to stay together. These rules are listed in order of decreasing prece- 
dence. Note that the first and third rules imply the second rule. 

Modeling Swarm DJynamics Using Particle Simulation Concepts 
Swarm dynamics can be modeled using particle simulation concepts. The interactions 



between individuals can be modeled through the standard force equations and equations of 
motion described earlier. This a1 lows localized, collective behavior and collision avoid- 
ance to be handled. 

Additional, problem-specific: forces can be handled by using vector addition to com- 
bine them to the individual interaction forces. This permits the modeling of: the macro- 
scopic center-of-mass, swarming force; friction, dissipation, and aerodynamic forces; 
gravitation; thrust (currently impllemented as an attraction to or repulsion from another 
individual); and other environmental forces such as obstacles, boundaries, terrain, and 
weather (only periodic and reflective boundaries are currently implemented). 

Figure 1. The main window and configuration menu of the simulator. 

As shown in figure 1, a plasmdniolecular dynamics code was modified to simulate flight 
dynamics and collective behavior. Force laws for friction, drag, and inertia, a pursuer’s 
swarming and target seeking forces, and a target’s swarm avoidance force were added. A 
target’s or pursuer’s charge and mass can be specified to control their relative attraction/ 
repulsion and agility. For efficiency and maximum flexibility, the swarm model was imple- 
mented using grid-optional particle simulation concepts. Figure 1 shows the main window 
and configuration menu of our sirnulator. In the main window, targets are shown as 
squares and their pursuers are shown as triangles, Although the simulator is merely a pro- 
totype at this point, it is robust and easily extensible. The code runs on both a Unix (Sun 
Solaris) workstation and a Windows NT workstation. 



Examples 
Our first example (figure 2) starts with a single swarm tracking two targets. The targets are 
close to one another but have divergent headings. At time step 50, the targets are diverging 
and the swarm is rapidly overtaking them. At time step 100, the swarm has overshot the 
targets and has begun to reverse course. At time step 150, the swarm is spread out between 
the two diverging targets. At time step 200, the swarm is separating to track both targets. 
By time step 250, the splitting of the swarm is well underway. This example shows a 
swarm’s ability to split thus tracking multiple targets. 
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Figure 2. A swarm can split. 

Our second example (figure 3) starts with two swarms tracking two targets. The targets are 
close to one another and on a colllision course heading away from the swarms. At time step 
25, the targets have converged arid the swarms are in the process of merging. At time step 
50, the combined swarm overtakes both targets and envelops them. At time step 75, the 
targets have reversed direction and the swarm is pursing. At time step 100, one of the tar- 
gets has changed direction again so that the targets are now moving in opposite directions; 
the swarm is concentrated on onlly one target. At time step 125, the two targets are well 
separated and the swarm is pursuing only one of them. This example shows that targets 
can work together to “spoof’ thej r pursuers, by forcing swarms to join, allowing one of the 
targets to escape. 

Our final example (figure 4) starts with two, close targets on intersecting paths. Each 
target is pursued by a small swann. At time step 25, the targets’ paths have crossed and the 
swarms are in the process of colliding. At time step 50, the targets are beginning to sepa- 
rate and the combined swarm ha:; overshot them. At time step 75, the two targets continue 
to separate and the swarm has spread out between them. At time step 100, the swarm has 
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Figure 3. Swarms can join. 
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Figure 4. Swarms can cross. 

begun to split apart to follow the targets. At time step 125, the two, well-separated targets 
are now being pursued by two separate swarms. This example shows that, with a slight 
decrease of the pursuers’ swarming force, swarms can cross without joining ensuring that 
a target cannot escape. 

Plans for Future Work 
Future work will be directed toward the modeling of “intelligent” behavior. The first step 
is to implement neural networks to control the individuals. A genetic algorithm (GA) will 



be used to pre-design a unique neural network for each class of vehicle. These neural net- 
works will allow each vehicle class to exhibit different responses to environmental stimuli. 
In the swarm model, each individual will have its own copy of the class-specified neural 
network. This will allow the individuals, if so desired, to learn during the simulation and 
thus adapt to a changing environment. 

After implementing neural inetworks to control the vehicles, it will be possible to 
investigate alternate communication and mission strategies. For example, the optimal 
communication and mission strategies are likely to differ depending on how many incom- 
ing targets there are, how agile they are relative to the interceptors, and how many inter- 
ceptors there are. 

becomes necessary, a parallel version of the model will be implemented to tackle larger, 
more interesting problems. 

Finally, to make the swarm model even more realistic, standard navigation, guidance, 
and control principles will be incorporated as well as more accurate models of aerodynam- 
ics and accessible envelope parameters [6]. 

Next, the model will be benchmarked to determine its efficiency and limitations. If it 

Summary 
To summarize, the ability to model swarms of UAVs and/or fighter aircraft using grid- 
optional particle simulation concepts has been successfully demonstrated. Three examples 
of a targethterceptor scenario show that the model is capable of very complex behaviors. 
The model is easily extended to 3d and can be used for land-, air-, and sea-based scenarios. 
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