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Abstract

A microscopic agent formulation is an appealing approach
from a simulation perspective for many complex systems
involving cooperative behaviour. It is satisfying to con-
struct a detailed localised model of contributing agents
and to experiment with a collective to study emergent
effects in the overall system without having to build in
global heuristics that anticipate known solutions or be-
haviours. The collective world in which the agents trans-
act their operations can take several different forms, the
most general of which is an arbitrary graph. We describe
our simulation framework engine for studying coopera-
tive effects amongst agents on graph structures and re-
port on some experiments on path-finder agents that are
limited to localised knowledge and heuristics. We explore
some consequences of graph connectivity and the inter-
play between short and long-range agent spatial knowl-
edge and present some preliminary results on autonomous
exploration agents. We also describe ideas and issues for
generalised simulation engines for interacting agents on
graphs.
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1 Introduction

Simulations that aim at an understanding of complex sys-
tems are often usefully formulated in terms of microscopi-
cally detailed constituent agents that carry out their pro-
grams within a suitable framework. We are especially in-
terested in spatially embedded agents or animat agents
that model some physical or sociological phenomena. The
world in which agents move and interact can be modelled
in a number of ways.

A system of real-space Euclidean geometric coordinates
can be employed with agents having almost arbitrary lo-
cations specified by floating point coordinates. In such a
system it is hard to localise agent programs as there is
no simple way for an agent to keep track of which other
agents are in its proximity without an explicit search and
check. More commonly agent worlds are formulated as a
set of discrete coordinate values with topologies such as a
lattice or mesh. Many models in computational physics,
chemistry and engineering are formulated as a lattice or
regular mesh of nodes with a connectivity that specifies
the nearest neighbours, next nearest, and so forth. Recent
work has considered the more general case of an arbitrary
graph connecting agents, so that they have definite num-
bers of neighbours and can readily interact with them,
but where the connectivity is more general than a mesh
and individual nodes can have widely differing number of
neighbours.

There are two interesting ways to explore the intermedi-
ate cases between fixed and regular topology lattices and
arbitrary graph networks. One is to start with a lattice
and remove some of the linking edges and the other is to
add extra and usually longer range shortcut links to such
a lattice. The former as usually referred to as a damaged
lattice and the latter as a small-world network or lattice
with shortcuts or “spatial worm-holes.”

In this paper we describe our simulation framework for
addressing certain sorts of agent problems on arbitrary
graph networks that can be constructed by removing or
adding links to a known lattice structure or by other
means. We believe this framework is very general and
opens up a route to study many interesting cooperating
agent problems. In this paper we focus on the problem of
path-finding agents that can communicate and cooperate
in various ways. We explore the capabilities of our simu-
lation system in the context of the well-known and some
new agent oriented path-finding strategies.



Our central goal is to be able to program microscopic
agent behaviours entirely locally – in such a way that
an individual agent can determine its own actions purely
from its own state and knowledge of its immediate sur-
roundings only. Ideally we want our framework to be
reusable and separate from the details of a particular sort
of animat agent that it hosts. We need to set up some
measurement metrics and apparatus to help study collec-
tive behaviours of agents as well as to help debug and
verify intended microscopic (individual) behaviours.

It is not entirely trivial to implement such a framework
scalably so that relatively large numbers of agents may
be simultaneously hosted. This is important as many of
the complex systems phenomena that we seek to study
do require relatively large numbers of microscopic agents
to support the length and times scales upon which “in-
teresting” features emerge.

We describe some of the various abstractions we have con-
sidered in our design so that agents can “self organise” as
they interact at nodes of an arbitrary graph structure of
which they have (initially) only localised knowledge.

In section 2 we describe our high-level simulation archi-
tecture, and give details on how the graph based world
is managed in section 3. We describe how we formulate
agent hierarchies in section 4 and report on some results
concerning autonomously exploring path-finder agents in
section 5. We discuss some of the ramifications of our
agent simulation experiments in section 6 and draw some
conclusions and suggest areas for further simulation work
and engine development in section 7.

2 Simulation Architecture

In this section we describe our simulation architecture.
The basic model is that of mobile and static agents that
“live” (are hosted) on the vertices and arcs of a graph.

We were motivated to develop the framework we describe
in this paper by a desire to study the spatial interplay
effects of interacting agents. Two applications originally
suggested themselves to us: simulating animat agents
or “artificial life-forms” [7]; and simulating traffic mod-
els on computer networks and transport networks [6]. In
both cases we found similar requirements for agent host-
ing and a management framework. We needed a new
framework since we want to have agents potentially oc-
cupy both vertices and arcs.

Graphs are interesting to us as they have the interesting
property of specific neighbour relations, unlike the “soup”
world models where agents can “see” or “communicate

with” arbitrary other agents in the system. They are also
supportive of more flexible spatial structures than lattices
or meshes would be. We further discuss the use of graphs
in section 3.

In our model we consider the case where those agents
that inhabit the vertices of our graph are static, and those
agents that inhabit the arcs are mobile. Of course, this
is an arbitrary classification and is only a reflection of
our viewpoint of the system. Generally speaking static
agents are invoked in a fair manner by the master pro-
gram to move the whole world forward one time-step.
How individual spatially-static agents deal with their lo-
cal traffic of mobile agents is an issue separate from the
overall framework.

This approach gives us a powerful framework for explor-
ing systems that host agents that: move around effec-
tively autonomously; agents that cooperate with agents
they encounter by communicating information; agents
that consume or destroy agents that they encounter; and
agents that spawn new agents. In this paper we focus on
ideas and experiments to verify the autonomous move-
ment capabilities of animat agents.

The few strict requirements that we have of our frame-
work include: the ability to move simulation time forward
in a fair way; to enable to visualisation and measurement
of the agents inhabiting our system; the ability to load
and save configurations; and to import and export frag-
ments of the system state for analysis in external pro-
grams.

The ability to move simulation time forward in a fair way
is crucial to the meaningfulness of simulation results. The
näıve way of implementing a time-step update rule is to
iterate across each of the nodes, in numerical order, in-
structing each agent to fire. This approach leads to so-
called “sweeping effects” which reduces the significance
of statistics generated from the model. Other approaches
simply guarantee that, on average, each agent will be fired
once per time step. This, too is also not good enough for a
microscopic model. We start off with a vector containing
the indices of all the agents currently in the system. The
elements in this vector are randomly permuted a number
of times to ensure a random order. Agents are then fired
in this new order, which changes each time step. Thus, a
fair agent firing order is guaranteed. Other agent simula-
tion systems [8] have used operating system level concur-
rency support such as threads or process management.
While this is useful in hiding concurrency issues it can
be limited by system constants such as maximum thread
or process numbers. Our system supports arbitrary (up
to memory limitations) of agents under a fairness control



that we can control and vary at will without experiencing
operating systems anomalies.

Static agents in our system are represented by the
Machine classes: Source Machine, General Machine
and Sink Machine. Thaum agents are dynamic agents.
Each Thaum agent has enough intelligence to implement
simple instructions based on the local state information
available to it. Not surprisingly, the Source Machine
is responsible for emitting Thaum agents, and the Sink
Machine is responsible for receiving (and perhaps con-
suming) the Thaum agents. General Machine agents sim-
ply accept mobile agents arriving on their input queues
and emit them to either their preferred, or a random,
output queue, depending on the Thaum agent preferences.

Visualisation and the gathering of statistical information
from our framework is enabled by a careful layering of
the Java object hierarchy. Instrumentation is achieved
through the object hierarchy by allowing each object to
provide its own rendering and statistics-collection mecha-
nisms. For example, Thaum age is represented by inserting
the current time stamp information into the Thaum when
it is created. When a Thaum arrives at the Sink Machine
the age is calculated as the offset between when it was
released and when it arrived.

3 Graph Construction

Most of the physical models involving animat agents that
we know of have some simplifying graph properties. We
do not allow multiple arcs nor self-arcs. Our arcs are
directed however, and we can map an edge to a pair of
two directed arcs managing traffic of mobile agents in the
two directions. There are a number of ways to repre-
sent a graph data structure, depending upon the algo-
rithms that will use it. We have used highly compact
graph data structures for very large graph modelsusing
neighbour lists. In general for experimenting with smaller
graphs it is convenient to use linked lists of vertices and
arcs when the graph is being constructed, and once it is
stable and not likely to change, a full adjacency matrix
and individual adjacency in and out lists can speed up
most graph traversal algorithms. It is convenient to ab-
stract these data structures and the cache management
issues that go with them into the agent simulation frame-
work and away from individual agent codes. We want
to present an coding interface for implementation of the
Agent’s fire() method that supports operations like deter-
mining how many neighbours a static agent on a vertex
has; or determining how many input queues have mobile
agents awaiting processing on them.
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Figure 1: Graph edges consist of two directed arcs, each
supporting a queue of mobile agents. The queues can
be constrained (in size) or left unconstrained (subject to
memory availability)

Figure 1 shows how we implement the traffic of mobile
agents in our system. The “Thaumaturges” are the static
agents (wielders of magic) and the “Thaums” are the mo-
bile agents (units of magic) that travel along the arc-way
queues.

By hiding the data management structures from the agent
fire() method code, we can make framework optimisation
choices depending upon graph sparseness independently
of agent algorithm experimentation. This also allows us
to maintain two bodies of code support - for Java Agents
and for C++ agents. We have been able to use library
implementations of the various data structures we discuss
above to make it easy to port an agent code between the
two implementations. As a general observation we often
find it easier to rapid prototype an agent idea in Java but
may prefer to later make a more efficient C++ implemen-
tation for systems that need large agent numbers or need
to run on parallel or distributed computing hardware. It
is generally easier to develop visualisation debugging and
analysis code to work within the Java framework. In any
case we believe it valuable to cross-validate microscopic
agent behaviours against two separate implementations.

In the work reported in this paper we set up a number of
2D and 3D meshes and either damaged them (removed
links) or added small-world shortcut links to make them
generalised graphs representing mazes.

We consider a graph that describes the complete struc-
tural composition of the Agent’s world as G = (V, E)
where v ∈ V are the vertices and e ∈ E are the edges.
Most of the models of interest have edges as against single
one-way arcs.

In the work reported in this paper we experiment with
path-finding agents to verify the ability of our frame-
work to manage and track populations of autonomous
agents that move around in a spatial world represented
as a graph.

We are generally interested in a Path or ordered sequence



of nodes visited, written as Pi = [vO, va, vb, vc, ..., vT ],
where we take vO as the origin and vT as the target
vertex. In general there may be many paths connecting
the agent origin with the target, and we are experiment-
ing with agent communication mechanisms to collectively
find (and manipulate or exploit) the shortest path. It is
sometimes useful to seek not the shortest path but the
spanning structure for an explorer agent seeking knowl-
edge about the entire graph world.

Our model consists of Agent i being released from the
Origin vertex vO at time tOi , following path Pi to the
target vertex vT , where it (may) arrive at finite time tTi .
We study the histograms and statistics pertaining to δti =
tTi − tOi as we vary the agent model, the number of agents
released over time, and the effect of different combinations
of agent species populations.

The problems of informed and un-informed searching are
well known in Artificial Intelligence [9] and Operations
Research [1, 2]. In this paper we explore how to imple-
ment some well-known search agent formulations but also
discuss how these might be combined in novel ways using
our animat agent framework.

4 Animat Agents

We have already discussed the topological arrangement
of nodes and vertices in our simulation framework in sec-
tion 2. Each agent, now spatially located and managed
within our simulation framework, has the ability to “fire”.
When an agent fires, it is able to affect the local state
of the system. As previously mentioned, in our simplis-
tic simulation model when a static agent fires, it essen-
tially reads the incoming Thaums from the input queue
and processes them according to the local rules. Thaum
agents are mobile agents. They “live” on the arcs of the
graph. When Thaum agents fire, they have the ability to
choose which static node they will be directed towards
in the next simulation time step. It is important to bear
in mind that there is no set order in which static agents
will invoke their fire methods. Thus, it is entirely possible
that a Thaum may be processed by one static agent in a
given time step, and then passed to another static agent,
which is then fired in the same time step.

Each agent only relies on local information. Thus, static
agents only know what their “instruction sequence” is
and who their connected neighbours are. They have no
idea whether one of their neighbours is the source or sink
node, nor do they know how many Thaum agents are wait-
ing in input or output queues. Mobile agents have a sim-

ilarly local view of the environment. Depending on the
sophistication of the model, the mobile agent may build
up partial knowledge of the static agents visited so far,
or a path to take to arrive (eventually) at the sink node.
We discuss such paths in section 5.

There are many different types of agents that are realis-
able in our simulation framework. For example, in this
paper we have concentrated on path-finder agents, whose
goal it is to find an efficient route from the source to a sink
node in a graph. Other agents that are possible are com-
munication agents for implementing sensor networks [5],
networks of animals in artificial life systems [7] and teams
of agents cooperating to accomplish some task [3].

In this paper we concentrate only on the path-finding
application and pay particular attention to the way in
which our static and mobile agents can be imbued with
a modicum of intelligence or memory to enable them to
remember and communicate information for the benefit
of other agents in the system.

5 Path-finder Animats

The path-finding problem is only one interesting prob-
lem that we can look at using a suitable agent simulation
framework. The path-finding problem is essentially one
of finding a “good” path from a source node to a sink
node within a given simulation environment.

We have constructed a sequence of graphs, starting from
a lattice in which all non-edge nodes have exactly four
neighbours (in 2D) or six neighbours (in 3D) and progres-
sively damaged them by removing 10% of the remaining
arcs that join neighbours. In all the graphs that we have
used in our simulations node 0 is the source node, and
the highest-numbered node is the sink node. In no cir-
cumstances do mobile agents “know” which node they’re
seeking.

There are a number of obvious strategies that one would
normally try when performing such goal-seeking. The
strategies range from the very simple to quite complex,
and also may involve very little (or no) communication
between mobile agents to quite complex interaction pro-
tocols. In table 1 we list some strategies and compare
their relative features. In the context of the path-finder
agents we have investigated, some were guaranteed to pro-
duce an optimal solution (such as the Depth-First Search
– DFS – and Breadth-First Search – BFS – algorithms)
while most simply tried to produce what is essentially a
“good” solution. In fact, the first three models listed in
this table are based on the same premise: a randomly dif-



fusive agent will sometimes accidentally find the optimal
path from the source to the sink. Eventually, of course,
the agent will stumble onto the sink node, in which case
an acceptable path can be generated from the route the
agent took by removing any extraneous loops in the cir-
cuit. Obviously this is not very useful unless the agent
is able to communicate this path information back to the
remainder of the agent in the system.

For the purposes of our model we allow the second
(“Stealth”) and third (“Gossip”) agents to communicate
their path information with other agents in the system
by not disappearing when they reach the sink, but by
returning to the source node. The Stealth model only
communicates its new path information with the agent
at the source node, and so each new agent created after
the agent arrives back at the source (and those agents
which stumble at random back to the source node) are
updated with path information that is guaranteed to get
them to the sink node, albeit not in an optimal number
of steps. The Gossip model takes this approach one step
further: each agent that is encountered along the path
back to the source node is also updated with the rele-
vant path information. If two agents meet and both have
path information that will lead them to the sink, then
only the shortest path information will be kept and thus
propagated to other agents. Thus these first three agents
have important physical analogies: the first model is a
solo wanderer; the second only reports to a superior back
at base; and the third is an altruistic agent that wants to
aid all other agents.

Self-Avoiding Walk agents have the unfortunate patho-
logical property that an agent can become trapped by its
own tail - it can fence off possible routes by its previously-
walked trail and may no longer be able to make progress.
We can introduce the idea of a mostly self-avoiding walk
agent that will avoid its trail unless it has to in order to
make any more progress. For example, it could leap over
its trail up to a fixed distance if it has to. We suspect
this could give us a way to investigate the intermediate
regime between local and global.

Two or more paths can be combined to find the short-
est path between each segment. Crossover points can be
identified in a single path and used to eliminate redun-
dant loops. This is useful in obtaining the best currently
known path, but it may be advantageous for the explorer
agent to retain any apparently redundant loops since they
add knowledge about terra incognita that may be usable
later to connect together other path routes into an even
shorter path.

We have run our different agents on eight different graphs

of size 16 × 16 in 2D and 8 × 8 × 8 in 3D. As previously
mentioned these graphs range from a fully-regular square
(cubic) grid to grids with a high percentage of arcs re-
moved.

In models 1 and 2 there will always be a certain number
of Thaum agents that arrive at the sink with large times
because until the first Thaum actually arrives at the sink
and starts its return journey no “valid” path to the sink is
known. In model 1 this path is only communicated when
the Thaum arrives back at the source node. Bear in mind
that these graphs are in log-linear scale.

As the fully-connected graph is progressively damaged we
find that the number of Thaum agents with larger times
increases. This is due to the greater dis-connectivity be-
tween nodes in the graph, and therefore more opportuni-
ties for the Thaum to get lost or to go down a “rat-hole”.
We find that when the histogrammed population of agent
ages or path-length solutions is plotted on a log-linear
scale, the “straight-line” portion in each plot indicates
the relationship:

log P ≈ −|m|l =⇒ P ≈ Ae−|m|l (1)

for the probability P of a path length l. This is not un-
reasonable for each model will generate a range of agent
solutions that can be exponentially long. We can char-
acterise model behaviour in the different arc connectiv-
ity regimes by fitting a gradient to the log-linear plots
produced by each model. These |m| values are (approxi-
mately) linear in the arc-perturbation (deletion) fraction.
To a good approximation there is a positive correlation
and in fact the exponent |m| is linearly related to the
perturbation fraction |m| ≈ C × f ± D with C ≈ 0.002
and D ≈ 0.0001. Our graphs are too small to infer this
linearity is a universal property but we plan to investi-
gate larger systems more thoroughly to verify this. It
seems not unlikely that this is a systematic characteristic
of the distribution path-length solution as the graph is
damaged.

If we consider the representative times taken by Thaum
agents to reach the sink node, model 0 shows the effects
of not allowing communication between agents: all agents
take a variable amount of time to reach the sink node –
some find it immediately and some take an extraordinar-
ily long time to get there.

Model 1, the Stealth agent, shows the best performance
out of all the models that feature random diffusion as a
basis. The first three- to five-hundred Thaum agents re-
leased do a random walk to try to find the sink node.
Some find it quickly, leading to a reduction in the aver-
age path length for the newly-created Thaum agents, but
those agents that are still randomly walking will continue



Mobile Agent Memory
Type

Complexity Will
Com-
plete?

Map Gen-
erated

Comms Loops
in Path

Optimal
Path?

Random Diffusive None Trivial Yes All Visited None Yes No
Stealth Followed

Path
Simple Yes Direct path Only at

source
Yes No

Gossip Followed
Path

Slightly com-
plex

Yes Direct path Every
chance
meeting

Yes No

DFS Stack More complex Maybe World up to
sink

None No Yes

BFS Queue More complex Yes World up to
sink

None No Yes

SAW Visited
nodes

Simple Maybe All visited None No No

Wall Follower Followed
path

Simple Yes All visited None Yes Yes

Table 1: Characteristics of different path-finding agents. Depending on the requirements of the path-finder algorithm,
it may be perfectly adequate to have the agent report an acceptable path, rather than the optimal path through the
graph.

to take a potentially long time to arrive at the sink. Af-
ter enough “good” Thaums arrive back at the source, the
average transit time flattens out considerably.

In contrast to model 1, model 2, the Gossip agent pro-
duces quite interesting results. Remember that in model
2 the returning Thaum agent exchanges path information
with all the exploring Thaums that it meets on its travel.
The path taken to return to the source node is the same
as it took to the sink node (minus any path loops). If the
returning Thaum took a tortuous route to the sink node, it
will pass that on to the exploring Thaum, possibly causing
it to take a longer route than absolutely necessary.

6 Discussion

We have adopted an object-oriented approach through-
out development of our framework. Past experience has
shown us that going overboard with every entity being
an object makes the code inefficient to run however and
since our research programme aims to investigate emer-
gent properties in systems with medium to large numbers
of agent constituents, run-time efficiency is important.
The object hierarchical management split of static and
mobile agents is inevitable, but we have tried to avoid any
deeper an object-oriented structure. “Small and many”
summarises our approach and the concurrency available
in our system can be exploited for optimisation in a num-
ber of ways.

Our simulation framework is primarily designed to be run
either as an interactive tested (Java version) or a “batch
managed” set of background jobs for gathering statisti-
cal averages. In fact either of our codes can be wrapped
in appropriate scripts to support long-running simulation
configurations. In such cases we can exploit any available
parallelism through the statistics collation. For exam-
ple 100 independent runs of stochastic agents can be run
independently on 100 nodes of a cluster computer. It
is not trivial to determine how to split a large arbitrary
agent graph in a way that the “owner-computes” rule can
be applied. Indeed one of the simulation applications is
to determine how a cluster or computational grid graph
might be split in this way [6]. We have experimented
with various fine and coarse grained levels of concurrency
in our system but expect to report this work elsewhere.

For the most part our target agent models are somewhat
unusual and interoperability with other simulation frame-
works in the simulation community is not as an immediate
concern as efficiency. We remain interested in tracking
agent communication and mark-up languages [4]. It is
attractive to export or import agents from another sys-
tem and we envisage further developing our system as
special purpose agent hosting framework that is primar-
ily aimed at speed, but which might be able to operate
as a component in a broader system of more generalised
agents. We are aiming at a middle ground between a
super-generalised system that will be slow at runtime, and
the super-fast but un-generalisable hand-crafted simula-
tion codes that researchers (including ourselves) construct



for one-off simulation problems.

7 Summary & Conclusions

We have investigated some well known and some less-
well known combinations of path-finding agents on a spa-
tial graph using our static and mobile agent simulation
framework. Our system is flexible enough to manage ar-
bitrary number of both static and mobile agents. We
are able to manage the agents without loss or gain and
are able to keep track of population statistics centrally.
This is important for the management of experiments in-
volving stochastic ensembles of agents. Our system re-
produces expected behaviour for the microscopic path-
finding agents we have tested, and our architecture is
implement-able in both Java and C++.

We have found some interesting scaling properties in the
distributions of path-length solutions found by cooper-
ating and non-cooperating agents in the context of sys-
tematically damaged graphs and. We have also identi-
fied stark contrasts in solutions found when small-world
shortcut links are applied. We plan to explore the numer-
ical scaling properties in more depth with experiments on
more and larger stochastically generated graphs. We be-
lieve we have shown that our framework is capable of
supporting controlled large-scale simulation experiments
on systems of agents.

We plan to investigate other agent behaviours that specif-
ically involve changes in the agent population sizes - such
as predating and spawning agents. In this paper we fo-
cused on agents that cooperate by communicating infor-
mation. We also plan to investigate “Byzantine General”
agents and teams of competing agents that co-exist in
the same world simultaneously. We believe these effects,
which appear in many real-world complex systems, are
worthy phenomena for more detailed simulation and can
only be effectively tackled by a statistical simulation ap-
proach.
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