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Abstract

In this paper, we examine position control of clusters emerging
during the activity of puck clustering systems. Puck clustering
systems are systems in which building material is continually
picked up by simple agents moving in the system and deposited
according to stochastic rules. We investigate the generation of
multi-cluster systems in which clusters of predetermined size
and number emerge as the clustering process continues. In this
paper, we explore the performance of multi-cluster systems in
which the positions of the clusters can be controlled.

1 Clustering and Multiclustering

Puck clustering has been a topic of research for several
years, owing to the wave of simple robotic systems research
that followed the seminal paper of Rodney Brooks in 1986
[Brooks, 1986]. This topic was centered around the following
premise, borrowed from studies of cemetery ants. Suppose
that there are several random objects scattered in a rela-
tively random way in a given area. How might one go about
piling all of these in one single pile? The situation is depicted
in Figure 1.

Of course, for a human, this is not a daunting task. How-
ever, suppose that human is encased in a vehicle which has
no windows, and which only provides information about the
world using three indicator lights. Suppose that these lights
light up if there is an obstacle in the way, if there are a few
elements of building material in the way, or there is a lot of
building material in the way, respectively. Moreover, suppose
that the operator of the vehicle can control the vehicle only
by 1;()ushing one of three buttons, which allow the vehicle to
make a random turn, pick up or drop off building material,
or move forward. Then, the task is a bit daunting.

In actuality, the clustering work has thus far been little more
than an interesting aside, as little practical work has come
from it. To date, there are no applications of this research.
The field has only been used to explore some of the dynam-
ics of swarm systems and methods of controlling them. This
work has come from the growing interest in a field known as
swarm intelligence, which attempts to explore the intelligent
properties of swarms. However, it has become increasingly
dauntinﬁ to characterize the swarms’ behaviors as intelligent,
rather than emergent, leading to a shift in paradigm from ex-
plorinlg1 intelligence to exploring engineering. Hence, the cur-
rent shift to swarm engineering, which attempts to develop
methods of building swarms with predetermined properties
capable of doing interesting work.

Now, back to the clustering robots. These robots originally
came from work done with ants and termites in which cluster-
ing structures were built from randomly placed ant carcasses.
On the other hand, some of the close relatives of the ceme-
tery ants can build rather sophisticated nests both above and
below ground without the benefit of a central controller or

Figure 1: This figure depicts the initial (a) and final state (b)
of a system of agents (ants) and randomly scattered objects.

The task is to determine a way of getting the final state to
occur as a result of the design of the agents.

other high order knowledge [Holldobler 1990]. These swarms’
achievements come from the dynamics behind the behaviors
of the individual ants. They alfow the ants to carry out very
interesting group level activities including air conditioning
the nest, retrieving food in a sensible way (nearest to fur-
thest), defending the nest effectively, and repairing the nest.

The interest in these organisms stems from their ability to
carry out complex construction and maintenance tasks with-
out a central controller, complex behaviors , or any sophis-
ticated knowledge. En ineerln%1 tasks that may be created
along these lines would have the advantage of being capa-
ble of being completed by agents that are relatively easy and
cheap to build, but whose aggregate action might have very
sophisticated behaviors. Moreover, the idea that such agents
could be used to build structures in remote locations makes
the possibility of construction in remote locations a realistic
Eossibility. uch systems would make seemingly implausi-

le or costly tasks like colonization or deep sea construction
possible.

In this paper, we report on methods implemented in the
building of position-specific multi-cluster systems. These are
multi-cluster systems in which the positions and sizes of the
clusters have been prespecified. Such systems may serve as
the first precursors to construction activity of relatively sim-
ple robots and allow the later construction of building skele-
ton structures. In Section 2, we describe a simple method of



generating single clusters, and a similar method for generat-
ing multiple clusters. In Section 3, we report a method of
moving clusters and give its performance on moving clusters
to specific pairwise distances from one another. In Section 4,
we report on methods of overcoming symmetry-related prob-
lems with the method of Section 3, and describe a method
of overcoming symmetry problems through symmetry break-
ing. Seﬁtion provides a discussion and directions for future
research.

2 Single and multi-cluster generation

Let us return to our pilot of our totally enclosed vehicle with
three indicator lights and three action buttons. This fellow
has the daunting task of creating a single large cluster from
the many different objects scattered without the benefit of
even seeing the objects knowz’nf his orientation in space, or
knowing where he is. For simplicity’s sake, we assume that
the are in which the vehicle is moving is totaily enclosed. How
might this fellow behave in order to make the single cluster?

It turns out that the solution is remarkably simple. The fel-
low needs only to pick up materials he encounters as he moves
along whenever there isn’t much of it and drop off materials
he encounters if there’s alot of it. This means that he only
needs the ability to estimate the amount of stuff in front of
him and the ability to pick up and put down the materials.
The reason that tﬁis works in general is beyond the scope
of this study and has been worked out completely elsewhere
[Kazadi, 2002][Kazadi, 2000]. Put simply, the reason is that
if the estimate is not too precise, and depends on the angle
of approach of the vehicle to the cluster in question, the esti-
mate will be wrong some of the time. This means that a large
cluster will be mistaken for a small cluster, and materials will
be picked up. It turns out that this happens more of the time
around smaller clusters than larger clusters, and a net move-
ment of materials from small clusters to large clusters results.

In the end, there is a single cluster®.

Like the ant behaviors, this solution is remarkably simple.
It requires no memory, processing, and only limited noisy
sensory capability. This method is so remarkably simple that
it has the potential to be instantiated with exceedingly simple
robots. Though to date real robot systems have only been
built which carry out the clustering using rather sophisticated
robots, with one exception [Kazadi, 2000], the system might
be built with robots requiring only a gripper and minimal
Sensors.

This method has a number of interesting properties includin
its generality in terms of the types of clustering systems whicﬁ
have the same outcome [Chung, 2003]. Not only does it work
for systems in which the size of the cluster is imperfectly
known, but it also works for systems in which the size of the
cluster is perfectly known, though it does not require that
the robot has any memory. It only requires that there is a
chance that the action that seems contrary (the small cluster
receives materials or the big cluster loses them) to the single
clustering behavior happens occasionally.

Another property that simplifies later work is that the cluster
is circular (see Figure 1). This is only possible if the estimate
depends on the direction of the robot approach in such a way
that the part of the cluster directly in front of the robot is
used in the estimation of size, not the entire cluster.

Now, we may ask, how one might generalize this method so
as to be able to use it to create multiclusters. Again, the
method is exceedingly simple. Rather than simply placing

Tn our simulations, this was accomplished by estimating
the cluster size by measuring the maximal distance between
any two pucks contained within a narrow viewable wedge
in front of the robot. If the robot happened to approach
facing the middle of a cluster, this would produce a large
estimate. However, if the robot approached facing the edge
of the cluster, this could produce a small estimate.

Figure 2: The figure depicts a clustering system using the

maximal size protocol and generating multiple clusters of
identical size.

the materials down if the cluster is big, simfplﬁ pick up the
materials if the cluster is too big. That is, if the cluster ex-
ceeds some maximal size, pick up the materials. This requires
the addition of another indicator light in the cockpit of our
vehicle, though no further controls or information is required.
The situation is depicted in Figure 2.

This Figure depicts the evolution of a two-cluster system in
which each cluster has identical size, and emerges as the re-
sult of random clustering of the system.

This system also has a number of interesting properties.
First, the system generates — clusters, where is the num-

ber of pucks and  is the size of the desired cluster. If the
number of clusters is small, and the equilibrium size is large

compared to the value of — , the remainder of the

pucks will form a smaller cluster of predictable size. Meth-
ods of controlling the variance of the cluster size are beyond
the scope of this paper, and have been worked out elsewhere

[Chung, 2003].

The creation of the multiclustering capability of clustering
systems is important to the potential generation of later con-
struction swarms based on clustering, as the existence of mul-
tiple clusters raises the possibility of moving these clusters to
pre specifie re ative positions. If a specific number of clus-
ters can be moved to such positions, it may be possible to
Eui{)d ?caﬂ'oldings upon which later construction tasks may
e built.
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Figure : This figure illustrates the size differential of the
cluster as it is approached from the left and the right. The
net effect is that materials from the right will be moved to
t%e 116?’ resul ting in an overall movement of the cluster to
the lett.

e mo ing o clusters and air ise
re ulsion and attraction o clusters

One of the characteristics of the multiclustering systems is
that they do not control the positions of the emerging clus-
ters of pucks. Any particular number of clusters can be built,
but they do not tend to emerge in predetermined positions.
Because of this, the clusters must be moved to specific rel-
ative positions. As we are still restricted to using a swarm
of simple agents bereft of %lobal information, we require that
the clusters stay intact while moving. The situation arising
from robots breaking and reconstructin§1 the clusters along
the way seems to be significantly more di cult than move-
ment of the cluster alone. Thus, the clusters may be moved,
but cannot be taken apart and reassembled.

Of course, the idea that the clusters should move, especially
in a particular direction is a daunting task to our fellow in
the vehicle. First, he still has no control over the vehicle’s
direction of travel, and second he has no control over direction
of motion of the clusters. How then can the clusters be made
to move toward or away from one another as the desired
structure requires?

e first investigate how the cluster might be moved. e
suppose first that the threshold for the large sized cluster
determination changes depending on the direction of motion
of the agent as it approaches a cluster. The situation is de-
picted in Figure 3. In this Figure, the upper threshold is
increased when the agent approaches from the left, and de-
creased when it approaches from the right.  hat will the net
effect be? The agent has an increased probability of pickin
up materials from the right side of the cluster as oppose
to the left side. If the cluster size is already near the upper
limit, this will result in the materials on the right side being
Ficked up more often than those of the left, and those of the
eft being put down more than those on the right. The net
effect is that the robot will move materials from the right to
the left, resulting in a movement to the left.

In our simulations, we implement this by letting the upper
limit be defined by

(1)
where is the size of the cluster, is the change in size of the
cluster, is the direction of movement, and is the direction

of travel of the robot. Of course, this particular method does

incorporate a direction of motion which must be able to be
determined by our fellow in the enclosed vehicle. This might
be accomplished using a device such as a compass whenever
such a measurement is reliable, but this is, in general, not
necessary. e shall indicate why this is the case. However,
for the moment, we put this aside.

In Figure 4, we illustrate the motion of a cluster under the in-

uence of a change in the upper size limit. In this simulation,
our agents are embodied and mobile. Each agent initially
moves around the arena in straight lines after encountering

Figure : This figure illustrates the motion of a cluster under
the size differential described above. The larger circles rep-
reselzlt autonomous agents while the smaller circles represent
pucks.

an obstacle or building material, and then switches to a spi-
ral if obstacles or materials are not encountered after several
iterations. The agents randomly choose the direction of mo-
tion immediately after encountering an obstacle or buildin
material. Each agent estimates the size of the cluster eac
time it encounters the cluster as described above. hen the
agent determines that the cluster is small, it picks up a puck
with probability 1 for some small or places another puck
next to it with probability . This behavior allows small clus-
ters to form if no large clusters exist, after which asu ciently
large cluster will tend to absorb more materials.

In this simulation sequence, the cluster begins at the right of
the arena, and slowly moves toward the left.

Of course our vehicle pilot still does not have an answer about
how this will lead to a behavior that produces a direction ap-
propriate for the relative placement of the clusters. There
are many ways in which one might accomplish this task, par-
ticularly for two clusters. However, for larger numbers of
clusters, problems related to the symmetry of the system re-
quire some sophistication in the method. In the remainder
of this Section, we discuss our original method, and in the
next Section, we describe ways of overcoming the problems
in the method. e choose this particular approach as a wa

of motivating the complexity involved in our second method.

The most direct wa¥1 of achieving station-keeping behavior in
which two clusters hold a specific prespecified distance from



Figure : This figure illustrates the repulsion of two clusters

that are close together. Attraction also works in the same
way.

one another is to make the direction of motion depend on
the location of the other cluster. If the other cluster is too
far away, the direction of motion should be toward the other
cluster. On the other hand, if the two clusters are too close
together, the direction of motion of the clusters should be
away from one another.

This was indeed what was accomplished usin§ a simple
change to the robot’s drop and pick up behaviors. If the robot
encountering a cluster has ong one cluster directly ahead of
it, its behavior is unchanged from the original behavior. On
the other hand, if the robot encountering a cluster sees an-
other cluster, it’s pick up and drop off probabilities are altered
depending on the distance between the two clusters. If the
clusters are too close, the pick up probability is decreased and
the drop off probability is increased. This is accomplished by
increasing the threshold size for drop off and decreasing it for
pick up in these cases. Figure 5 illustrates this process.

For clusters that are too far apart, the opposite method is
used. Initially, the clusters are very far close together. The
clusters then move away from one-another eventually resting
at the desired equilibrium distance. e can create a mea-
sure of how well this method works by investiﬁating both
the specificity of the arrangement of clusters, and their vari-
ation in position. This can be applied to muitiple structures
including point pairs, triplets, sets of four, etc.

In generating structures, this method performs well for struc-
tures containing few puck clusters (Figure 6). However,

in generating structures containing multiple clusters, the
method fails to succeed (Figure ). This failure stems from
two general problems. First, the ability of the robot to react
only to its immediate neighf)orhood constrains it to reacting
to clusters that are right next to one another. This makes
it possible for groups of clusters to exhibit completely un-
intended behaviors which are completely mediated by the
local interactions of clusters. This phenomenon helps form
the cluster structure given in Figure In this case, there
are seven clusters, each of them meant to be a specific dis-
tance from one another. This should allow the generation of
a hexa§0n with a central cluster, which, in fact, does arise
some of the time. However, if any three clusters become ar-
ranged in a line, this will become a stable conformation. Let
us see how.

Suppose, that either of the clusters on the end starts ran-
domly to wander away from the other two. Our protocol
described above, will create an imbalance in the probabili-
ties of pick up and drop off of pucks which makes the cluster
move back towards the other clusters. This tends to keep the
end clusters in place, unless the variations are large, which is
not the case for su ciently large clusters (empirically found
to be greater than 50 pucks). If the center cluster starts to
wander toward one of the outer pucks, it is pushed back to
the center by the same imbalance in pick up and drop off,
while the cluster further awaly is drawn in, and the one closer
to it is pushed away. Finally, if the center cluster happens
to move away in a direction perpendicular to the line se%-
ment connecting the two clusters, the two outer clusters will
be drawn toward the center cluster, while the center cluster
is pulled equa’lll%1 in both directions back towards the outer
two clusters. is addition of effect causes the overall mo-
tion perpendicular to the segment containing the two outer
clusters, and holds the center cluster in place.

The second problem, which is a consequence of this first, is
that clusters that spontaneously form linear conformations
become locked into very stable conformations with respect
to one another. This, in effect, creates multiple final states,
which is not desirable if the system is to be used for a delib-
erate construction precursor.

The di culty lies in the fact that all sensing is done locally,
and along a specific limited field of vision. This means that
clusters can obscure one another, resulting in a degeneracy of
final design even for as few as three clusters. The degeneracy
is driven by the ability of the obscurance to create stable
configurations using subsets of the cluster sets, which is a
condition that cannot be tolerated if larger construction tasks
of more than two clusters are to be undertaken. Clearly, the
agent’s abilities must be expanded.

eneration o lobal Structures

e have seen that the use of gurely fpairwise reactions is
insu cient to generate the specificity of global cluster place-
ments required for the generation of specific structures of
large complexity. The generation of structures of large di-
versity is a natural consequence of the pairwise behavior. In
order to generate global cluster structures containing clusters
placed in predetermined positions , we must have behaviors
of greater sophistication than those capable of being imple-
mented with purely reaction-based behaviors with the reac-
tion based on line of sight calculations with the line of sight
restricted to the direction of the motion. In this Section, we
present work based on a second protocol which utilizes color
centroid calculations to determine modifiers to the drop-off
and pick-up behaviors of agents. These modifiers determine
the direction of movement of the clusters, which in turn de-
termine the evolution of the cluster arrangement.

S ai idi a ia

In generating complex cluster structures, we must initially
remove ambiguity about the different clusters which must be
placed in the various positions. This removes the symme-



Figure : This illustrates the formation of a triangle consist-
ing of three clusters of identical sizes.

Figure 7: This figure illstrates one of one of many degenerate
objects with seven clusters of identical sizes.

Figure 8: This figure depicts a potential simple cluster posi-
tioning task in which three clusters are placed at the vertices
of a scalene triangle.

Figure 9: This figure illustrates an isosceles triangle made
up of clusters of three different colors being constructed by
a swarm of robots. In this figure, the larger blue circles rep-
resent autonomous mobile agents, while the smaller circles
represent pucks.

try of the system, and allow the individual clusters to be
identified uniquelly. Once unique identifications have been
made, the careful placement of the cluster in specific loca-
tions may be made, with different clusters having differing
relations with one another. Let us examine an example.

Suppose we have a triangle whose structure is as shown in
Figure 8. Each of the points has a unique set of distances
to the other two points. This means that the equilibrium
distances that must be used must differ from cluster pair to
cluster pair. Otherwise, the symmetry would reinforce a final
state taking either the linear conformation or the equilateral
triangular conformation. Thus, in order to place the clusters
at these {)oints, we must first separate them into uniquely
identifiable clusters. This is accomplished by giving each of
the pucks different identities (which might be accomplished in
the real world by painting them) and manipulating clusters of
gucks of different colors. The situation is depicted in Figure

In practice, the only change to the behaviors undertaken by
the operator of our vehicle is that pucks may only be placed
on clusters if the cluster is made up of pucks which are the
same color as those carried by the vehicle.

i a d

Once the pucks have been arranged into clusters accordin

to their individual types, they must be moved to individua
positions according to the overall desired design. However,
once again, we require the actual construction to occur ac-
cording to simple rules implemented by a distributed swarm
of agents. Thus, the method, while not the simple pairwise
behavior described above, for the reasons given in Section
3, must be simple enough to be able to be implemented on
individual agents.

e begin again with agents with the same limited capabilities
described above. e now enhance these agents with a new
visual capability. Instead of a limited visual capability which
can only see directly in front of the agent, we assume that the
agent has the capability to see all directions simultaneously.

oreover, we assume that the agent has the capability to



calculate the centroids of all colors in the visual field in the
robot’s local coordinate system. Once calculated, these cen-
troids are used to calculate directional vectors for each of the
different puck cluster types as follows. First, we assume that

the centroids are given by 1> Where is the number
of different colors (or puck types) in use. Then, we calculate
the direction of motion of the cluster according to

[« )]

where

(2)
and is the desired final distance between clusters and

The direction of motion of the cluster affects the agent’s be-
haviors by modifying the effective maximal size of the cluster
according to the direction of motion of the robot. Specifi-
cally, if the robot’s direction of motion is , the size of the
cluster is modified according to

®3)
where is some positive constant, is the desired cluster
size, and is the perceived cluster size. Notably, for agents

facing in a direction opposite the desired direction of mo-
tion , the perceived cluster size is greater than that of the
cluster, while agents facing the desired direction of motion,
the perceived cluster size is smaller than that of the cluster.
This causes a differential in puck movements which induces
a motion in the desired direction.

Since is not necessarily unitary, a fact which follows from
the magnitude of the differences and , clusters that
are either much closer than the desired distance from one
another or much further than the desired distance from one
another are subject to much larger variations in the perceived
cluster size than those that are near the desired relative loca-
tions, subject to the size of . Thus, large deviations in size
cause effects which dominate small deviations in size. That
is, clusters too far apart are pulled more strongly together if
they are further apart.

The effect is that linear symmetries are broken, resulting in
final states of high specificity. Many structures can be built
in this way that could not be built with the previous system,
including squares, rectangles, pentagons, and various other
shapes ot higher complexity.

S i i a

In order to evaluate the effectiveness of the design i)aradilgm,
we must create a measure of specificity and stability. This
measure should then be applied to a clustering system.

e utilize the swar craft system described more fully in
[Chung, 2003]. In this simulation, agents and pucks are rep-
resented by circles. Agents are large blue circles, while pucks
are smaller clusters of multiple colors. Each agent is embod-
ied and moves according to predetermined physical rules.
All agents and pucks have sizes which affect their interac-

tions agents have radius 1 while pucks have radius 05 (no
units). Agents move around according to simple rules (i.e.
move forward continually if not encountering an obstacle or
puck), choosing to pick up or drop off pucks when encoun-
tering them according to the rules described above. In each
iteration, an agent may move a maximum distance of 2 0 (no
units) if unimpeded by a boundary, puck, or other agent.

Figure 10: arious cluster structures can be built that could
not be built using the system described in Section 3. This
figure illustrates several cluster-structures that can now be
built, including squares, rectangles, and pentagons. In these
images, the larger blue circles represent mobile autonomous
agents, while the smaller colored circles represent pucks.

e choose to investigate how closely the structure built
matches the desired structure design by reporting the mean
deviation and the standard deviation on the deviation over
10 iterations of our simulation. This data is given in Table 1.
Notably, the data in Table 1 indicates a high specificity in the
structures so built. The remarkably low variance in compari-
son to the size of the distances involved in the design indicate
that structures built based on these cluster structures may
be of su cient reproducibility to warrant the development
of construction techniques based on these cluster structure
formations.

[ Structure | Mean ist.(s) | esired Size ||
| Pair [ 100.5 0.6 | 100 1
3I.T 0.46 30
Right Triangle 41.54 0.53 40
51.5  0.50 50
60.05 0.88 60
Rectangle 81.31 0.8 80
100.5  0.56 100
Pent 80. 9 0.46 80
entagon 129.4  0.66 129.44

One disturbing dproblem, however, is that the averages differ
from the desired distances by more than one standard devia-
tion in many cases. ays of reducing this deviation must be
explored in order to maintain a specific quality of construc-
tion.



iscussion and Concluding emar s

This paper has discussed the precursors for what is perhaps
the first practical use of a clustering system. Clustering sys-
tems have been explored for severa Prears and have thus far
failed to yield any useful or practica a,ppfica,tions. However,
the potential for their use in construction not only has many
ractical uses, but is an exciting untapped, and potentially
important new application of the clustering paradigm.

hat we have done in this fpaper is developed, demonstrated,
and evaluated a method of correctly placing clusters in spe-
cific relative positions. Aside from being an interesting feat
in the realm of swarm engineering, this is interesting in terms
of its potential uses for distributed construction of prespeci-
fied structures. The first part of construction is the marking
of the structure and laying out of the foundations. Multiclus-
ter structures allow this step to be undertaken by a swarm
of autonomous agents without any central control, and using
only very simple behaviors and perceptions. Indeed, this dis-
tributed structure organization can be expanded to other ap-
plications including generation of large diffuse lattices which
may be used as receivers, and which can be repaired automat-
ically by roving agents, repair of body tissues and structures
using NEMS technologies [Requicha, 2001], and large scale
construction tasks outside of the current reach of mankind
including those on the moon or nearby planets.

hile the specificity of the structures designed using the
methods specified in Section 4 are high, moving clusters
around in two dimensions poses problems as the number of
clusters increases. If any given cluster forms on the wron
side of other clusters, it isn’t clear that the methods devel-
oped here lead to the successful movement of the cluster,
intact or not, to the correct position in the plane. This is
because the sum of the repulsion forces of the given interven-
ing clusters may be too §reat for the cluster in question to
pass over to the other side of the intervening clusters. This
{\)/foblem causes a lack of specificity in the cluster positions.

ethods of dealing with this problem must be investigated
before the system can be developed into a deployable con-
struction system.

espite these obvious problems, this work has taken a step
in the direction of rational guided construction by swarms of
autonomous agents. The next few steps have to potential to
yield structures of remarkably Ereater complexity, building
on the structures made here. As with the natural systems
from which their inspiration was drawn, these swarm-based
systems have the potential to yield remarkably stable struc-
tures with remarkably little computational overhead required
for their design and implementation.
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