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Abstract—Computational efficiency and hence the scale of
agent-based swarm simulations is bound by the nearest neighbour
computation for each agent. This article proposes the use of
GPU texture memory to implement lookup tables for a spatial
partitioning based k-Nearest Neighbours algorithm. These improvements allow simulation of swarms of 220 agents at higher
rates than the current best alternative algorithms. This approach
is incorporated into an existing framework for simulating steering
behaviours allowing for a complete implementation of massive
agent swarm simulations, with per agent behaviour preferences,
on a Graphics Processing Unit. These simulations have enabled an
investigation of the emergent dynamics that occur when massive
swarms interact with a choke point in their environment. Various
modes of sustained dynamics with temporal and spatial coherence
are identified when a critical mass of agents is simulated and some
elementary properties are presented. The algorithms presented
in this article enable researchers and content designers in games
and movies to implement truly massive agent swarms in real time
and thus provide a basis for further identification and analysis
of the emergent dynamics in these swarms. This will improve not
only the scale of swarms used in commercial games and movies
but will also improve the reliability of swarm behaviour with
respect to content design goals.

With regard to question 1), we have devised a solution for
addressing the current major bottleneck in the process: the task
of finding the occupants of the local neighbourhood of each
agent, which affect its subsequent behaviour. This solution
is optimized for implementation on the Graphics Processing
Unit (GPU), making it suitable for current gaming platforms.
Additionally, we have implemented a per-agent-customisable
decision procedure and implemented this in a Single Procedure
Mutiple Data (SPMD) framework, allowing us to implement
the entire swarm simulation on a GPU.
As for the implications of deploying swarms into complex
game environments, we have conducted preliminary studies
of the emergent dynamics that arise when the numbers of
agents moving through a chokepoint increases above a critical
threshold. We have identified several interesting phenomena
that correlate with those found in traffic and crowd simulations, as well as some unusual phenomena more akin to the
bubbles seen in an hour glass as it flows.
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II. R ELATED W ORK

I. I NTRODUCTION
Agent swarms have been used in a variety of computer game
and animation products, such as the penguins in “Batman 2”
or the horde of Saruman in “Lord of the Rings: The Two
Towers”. Collective behaviours of the swarm represent higher
order system dynamics arising from the low level interactions
of individual agents, both with their neighbours and with
elements of the local environment. Emergent dynamics and
the resulting swarm behaviours are becoming increasingly
relevant as the number and density of agents increases and as
environments are made more complex. An understanding of
these emergent dynamics and the relationship to the underlying
agent interaction model is necessary if truly massive swarms
are to be simulated, with predictable behaviours that meet content design goals. However, to achieve this understanding,the
computational bottlenecks that limit the scale and efficiency
of swarm simulations must be overcome.
There are two prevalent questions we seek to address in this
research program:
1) How can very large swarms be simulated within the performance requirements of a typical game or animation
setting?
2) What are the implications of introducing very large
swarms into complex game environments?

Over the years there have been a few approaches to agentbased swarm modelling, using flocking [14], steering behaviours [15] and social forces [8] to define interaction rules
between local agent neighbourhoods. These approaches are
open to parallelization and packages such as the OpenSteer
toolkit have been adapted to use CUDA [17] which allows
agent behaviour simulation to occur in parallel, improving
performance.
Local interaction requires that agents be aware of the
properties of their neighbours. The nearest-neighbour search
is shown to be the most expensive step required by the classic
agent-based methods [11], [1], [18]. The simplest algorithm for
computing the nearest neighbours is the brute-force algorithm,
which is inherently parallelizable as the distances between
pairs of tuples are independent [10], [5]. Parallel versions
exhibit speedups ranging from 47 [10] to 148 when using
a KD-tree implementation [5]. Breitbart [2] has demonstrated
a brute force k-NN implementation for the OpenSteer framework using CUDA and achieving a 42 speedup, simulating
4096 flocking agents at 214 fps.
Spatial data structures that exploit the coherence improve
performance. Two-dimensional spatial grids [12], [13] simulate 10,000 pedestrians at 80 fps using a 10 CPU cluster. A
three-dimensional static grid with a heuristic to update the
neighbour information where agents are changing direction
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simulates 32,768 agents on the GPU at 30 fps [4]. Computations are still dominated by the neighbourhood search which
takes over half of the computation time.
Our work is based on the CUDA based static grid implementation [6]. Here agents calculate a bin identifier and the
list of identifiers is sorted to find agents in the same bin. The
highly optimised parallel radix sort used is shown to be 23%
faster than an optimised multicore CPU sorting algorithm [16].
This process is simulates 65,536 particles at 120 fps.
An alternative to the agent-based approach is the macroscopic modelling of crowd dynamics [19], using a global potential field which drives the motion of the individuals. Fields
can be based on potential functions, radial basis functions,
fluid dynamics, gas-kinetic models, incompressible flows and
continuum dynamics. Macroscopic models produce a number
of emergent phenomena witnessed in real crowds, but due to
their resolution and the continuous nature of the field, other
dynamics are hard to model using this method. The underlying
functions are also not easily parallelizable, which precludes the
macroscopic models from benefiting from GPU acceleration.
The continuum method also does not scale well with increase
in resolution of the underlying grid representation [9].
Continuum models produce smooth flows of motion but
can omit some of the emergent effects that occur through
interactions of discrete individuals as found in most game
settings. Examples include traffic jams that occur in choke
points when crowd of people attempt to pass through a narrow
opening [3]. Flows of traffic are also inherently unstable due
to the erratic behaviour of individual vehicles [7] and a chain
reaction of followers. One small fluctuation caused by a single
“near miss” can grow as the chain of following vehicles
also overreact to avoid accident. If the density of vehicles
is sufficiently high this can lead to a “phantom traffic jam”
which then propagates upstream into the traffic flow. This is
one of the effects we demonstrate with our massive swarms.
III. GPU OPTIMIZED SWARM SIMULATION
Agent simulation is based on steering behaviours, where
the forces that determine the movement of each agent are
related to the position and other properties of other agents
and obstacles within a local neighbourhood around that agent.
We use a bounded k-nearest neighbours (kNN) algorithm to
determine the k nearest neighbours for each agent that affect
its behaviour. The key steps during the simulation are as
follows:
for each iteration
for each agent
solve kNN
for each agent
resolve decisions using kNN
physically simulate behaviour
resolve collisions
Our implementation is incorporated in the OpenSteer framework allowing ready customization of the group behaviour
layer with each of the steering behaviours implemented as
a separate CUDA kernel. The simulation environment used

for considering the emergent behaviour is created as a plugin
that uses this layer. We extend the behaviour blending code to
include a prioritized weighted blending scheme which allows
some behaviour calculations to be bypassed when other more
urgent demands exist (such as the need to avoid obstacles).
The nearest neighbour computation has the highest complexity and dominates the other steps. We address this by
employing an algorithm with reduced complexity and optimize
this for usage on the SPMD architecture of the GPU. Green’s
method [6] is used as a starting point where the environment
is logically decomposed into a grid of cells. Agents are sorted
according to cell index on the GPU using key/value parallel
radix sort. The start and end position for each cell index in
the sorted list is a coherent sequence that identifies the agents
occupying each cell. This can further be exploited for later
cache coherence by rearranging the agent data in the same
order.
We make a number of refinements to this process to further
improve performance. Since the spatial decomposition is static
we look up the index of each cell using 3D texture memory.
While the texture cache provides some acceleration, this step
relies on the efficient thread scheduling to hide the latency
of the texture read operation. This permits future use of nonuniform grids. Texture addressing also allows boundaries to
be clamped or wrapped for toroidal topologies. The k nearest
neighbours within a bounded number of cells about that
containing each agent are identified by computing the distance
to each agent within these cells. A texture look up process
is used to exploit a precomputed table identifying which
grid cells are within the desired neighbourhood which further
reduces run-time computation by a small amount (<10%).
We have compared the results of our refinements with:
• our implementation using only the original process described by Green [6] on the GPU and
• the CPU based grid approach implemented by Breitbart [1] also under OpenSteer (their GPU implementation
was slower than the CPU version).
Our implementation of Green’s process runs at comparable
levels to the original reported: achieving 80 fps for 65,5366
agents as opposed to the 120 fps reported which we attribute
to the greater generality in the OpenSteer framework. This
version still runs 67 times faster than the Breitbart CPU code
for 262,144 agents. The CPU code has higher performance
only for less than 512 agents. Our implementation using
texture lookups consistently improves performance, exceeding
our implementation of Green’s processby a factor of 97 for
1,048,576 agents.
IV. P ERFORMANCE ANALYSIS
We investigate scaling to massive swarms by measuring the
agent update rate as the number of agents changes to establish
the complexity of our implementation in practice.
The simulation scenario tested consists of a choke point
simulation where each agent performs basic flocking. Antipenetration testing and collision forces control agent overlap
with each other and the walls of the environment. Agents steer
towards two target points: in the mouth of the choke point and

3

Total agent update time / [s]

100000

update time
regression curve

10000

1000

100

10
10^1

10^2

10^3
10^4
10^5
Number of agents

10^6

10^7

Figure 1: Performance achieved for large scale simulations.
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V. L ARGE SCALE EMERGENT BEHAVIOUR
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of agents the usage on the update GPU increases while the
CPU has increasing proportions of idle time.
The complexity of the GPU bound upper half of the data set
(for number of agents ≥ 215 ) fits the regression curve shown
in figure 1: 2.32 × 10−3 n1.0353 for n agents (R2 = 0.961)
indicating complexity is close to linear in practice and substantially below the O(n2 ) required by a pairwise comparison of
all agents. Agent numbers are limited only by available GPU
memory. The speed and scale of this simulation is greater than
what have been achieved previously on comparable hardware
and would continue to be relevant as GPU hardware continues
to advance.
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Figure 2: Processor usage during simulation.

then, once that is attained, to a distant point in line with the
gap. Agent dynamics are implemented using an Euler step
update. We use these same settings to demonstrate emergent
effects triggered by critical swarm size in the next section.
We measure the amount of time spent during 50,000 iterations of the agent update step, representing the nearest neighbour and agent simulation calculations. Explicitly excluded is
the rendering time which varies with quality of rendering and
the number of agents visible at any point.
We perform all measurements using a dual core AMD
Athlon II running at 3.1 GHz and two NVIDIA Geforce GTX
570 graphics cards. One GPU is dedicated to the agent update
while the other is used for rendering. We report the results
of 7 iterations, showing both the average result and the minimum/maximum values achieved. These values are presented in
Figure 1. Both horizontal and vertical axes are shown using
logarithmic scales. Some variation in times between runs is
attributed to CPU-GPU synchronization in each frame as this
effect is both non-deterministic and unrelated to the numbers
of agents.
For numbers of agents below 215 , the update time is effectively constant. The process is CPU bound and dominated by
transferring data to the GPU and CPU/GPU synchronization.
Variance is caused when several agents occupy the same bin
improving efficiency. When the number of agents increases
above 215 the amount of work required by the GPU becomes
significant. This is relevant considering previous approaches
have often utilized relatively small numbers of agents.
The CPU/GPU shift is visible in the results from the NVidia
performance monitor shown in Figure 2. For larger numbers

Massive agent simulations produce novel forms of emergent
behaviour. Examples of desirable, undesirable and unexpected
emergent patterns in the context of the choke point scenario
are presented.
Agents are placed in a continuous environment of dimensions 2048 × 2048. Agents start in a rectangular region of
dimensions 900 × 450 in the bottom half and are directed
upwards through a centrally located gap that is 40 long and
27 wide, representing a choke point that all agents have to
funnel through. The walls outside the choke point are inclined
at an angle of 13◦ to divert agents towards the gap. Agents are
initially packed in a regular grid fashion. For large simulations
agent separation is below the width of each agent. Each agent
tries to remain at least 0.5 units from all other agents. The
environment is wrapped toroidally to keep agent numbers
constant.
Examples of the configurations achieved are shown in
Figure 3. with darker shades of green indicating higher agent
densities, changing to red for very high levels. For relatively
small numbers of agents (Figure 3a) the choke point has little
impact on speed of agents. Agents align into a coherent stream.
Some minor congestion occurs at the entrance to the choke
point. Significantly, variation in density occurs in the outflow
of the choke point where the minor variations in agent speed
and direction can become amplified as agents press in from
behind.
Congestion causes increases in local agent density as shown
in Figure 3b. Bubbles of low density regions form before the
choke point. Wave-like patterns in the density plots are visible
at a global level. Similar structures of high density regions
exists beyond the outflow of the choke point and propagate
opposite to agent movement. These regular structures are
present only when the discrete agents are available in sufficient
density.
Very large numbers of agents shown in Figure 3c create very
high agent densities from the start of simulation, sufficient
to prevent any low density bubbles. Bubbles are confined to
boundary regions. Peak agent densities do not occur within
the choke point, but in a region before it. Agent densities
are high enough to overcome barrier forces, allowing some
agents to tunnel through. This undesired behaviour is due to
the stiffness causing numerical integration failure for these
very high densities.
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(a) 32768 agents.

(b) 262144 agents.

(c) 2097152 agents.

Figure 3: Agent density across the simulation grid.
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Figure 4: Space-time density variation.
The repeated patterns that emerge resemble waves but lack
wave properties. The interval between wave fronts is not
constant (Figure 3b) and we observe that waves do not travel at
consistent speeds. Fronts overtake and merge with neighbours.
Most are triggered by build up of agents about the choke
region but agent collisions within the critically packed stream
after the choke point can also produce density bubbles. The
space-time density diagram shown in Figure 4 allows further
analysis of these emergent structures. This shows a slice
through the center of the choke point for successive frames
of the simulation. Linear structures with positive gradients
represent the trajectory of agent clusters moving upward. The
wave-like structures are present as linear features with negative
gradient.
Gradient (speed) is constant for each structure. What does
change is coherence - density peaks diffuse outwards and
merge with neighbours. It appears that the trailing edge of
the density peak moves more slowly than the leading edge.
This is consistent with actions at an agent level: agents in the
leading edge (for the wave moving downwards) are instituting
rapid braking to avoid collision, which those at the trailing
edge are gradually accelerating. Hence agents are likely to
pack up more rapidly at the leading edge.
VI. C ONCLUSIONS
The techniques described use off-the-shelf GPU hardware
to achieve near real-time simulation of massive agent swarms.

The approach improves on similar previous work through
further optimizations and applies them within a framework
for agent simulation. The technique scales efficiently to larger
swarms than have been typically employed before. Such
dynamics will be found in commercial games within the next
few years. Emergent effects, such as those illustrated, become
apparent as swarms become massive. These effects, whether
desired or unexpected, will be present in the next generation
of computer games. Analysis of the emergent behaviour offers
insight into the choices made in the steering behaviour of
individual agents.
This work only hints at some of the issues that game
developers will soon encounter. The choke point simulation
is also only one of the cases typical of large strategy games.
Future work will apply massive agent simulation to other
common game scenarios and explore further categories of
emergent behaviour that may be revealed.
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