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Abstract

This paper describes robust neurocontrollers for groups
of agents that perform construction tasks. They enable
agents to balance multiple goals, perform sequences of
actions and survive while building walls, corridors, in-
tersections, and briar patches.

1 Purpose

We are developing neurally-controlled agents that can
build structures out of building materials found in a
two-dimensional continuous environment consisting of
circular objects called discs. The agents must complete
the sequential building tasks while performing other
tasks necessary to their survival, such as eating, drink-
ing or fleeing predators.

In order to perform these construction tasks properly,
it is important that our agents’ neural control mecha-
nisms exhibit: balance between multiple goals, robust
sequencing, backtracking, conflict resolution and op-
portunism [6]. An agent must be able to perform long
sequences of actions. For instance, when scavenging,
an agent must look for and find an object to scavenge,
go to it, grasp it, look for and find the location to take
it to, go there and drop the object.

An agent needs to detect problems in a sequence, in-
cluding when the agent fails to complete some action
or when some other prior state of a sequence becomes
undone. When these problems are detected, the agent
needs to return to an earlier step in the sequence to cor-
rect the problem. For example, if a scavenging agent is
carrying a disc back to the scavenge-site when it stops
to drink, it must drop the disc it is carrying in order
to drink. The agent has to know that it’s no longer
carrying a disc and must go find another one before
returning to the piling site.

An agent should be able to make adjustments in be-
havior in order to take advantage of opportunities. For

instance, if an agent is carrying a disc to a destination
and happens to pass near food, it should eat the food
encountered along the way.

This paper describes a heterarchical architecture of
second-order neural networks that enable agents to
perform construction tasks while exhibiting the above
properties.

2 Task Algorithms

In order to test the agents’ controllers, the agents need
specific construction tasks. For these tasks, the agents
need algorithms that are executable by the controllers.
This section will describe the tasks and the algorithms
the agents use to complete them. The agents had three
construction tasks to complete: building straight walls;
building corridors and intersections; and building briar
patches. The agents are handicapped by the lack of
a cognitive map. They also lack sophisticated sen-
sors for detecting geometric relations. To compensate,
the agents sense the locations of specific colored discs,
which are placed by the researchers!, to locate the key
positions for the constructions.

2.1 Wall Construction

A wall is any set of contiguous discs stretching out in a
general direction. Corridors are two parallel walls, and
intersections are eight walls meeting to form crossing
corridors. A briar patch is an arrangement of heavy
discs in a pattern with gaps between the discs in such a
way that the gaps are large enough to allow the agents
to pass inside, but small enough to prevent the entry
of larger predators.

When building a wall, M agents construct a pile of
raw materials by scavenging while V additional agents
use the scavenged materials to construct a wall start-
ing from a single disc. The wall is built from the start-
ing point towards the pile of scavenged discs. Figure

1We envision that in the future, other agents will set the lo-
cations of these initial discs.
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1 shows how this works. The scavengers look for red-
colored discs to use as building materials. nce a scav-
enger finds a red disc, it carries it to a single brown disc.
The brown disc is used to mark the place where the
scavengers are gathering the building materials. nce
a scavenger has brought a red disc to the brown disc,
it drops the red disc and colors it orange. The orange
color signals the wall-building agents that the mate-
rial is ready for use in construction. If the discs were
left red, then the building agents would have to build
with red discs, and would not use only the scavenged
discs. If the red discs were colored brown like the pile
marker, then the building agents would have to build
with brown discs and might inadvertently pick-up the
brown pile marker and use it to form part of the wall.

When a wall-builder sees an orange disc, it picks it up
and looks for a purple disc. A single purple disc is
placed in the environment at the start of the wall. ach
builder takes an orange disc to a purple disc and then
colors the orange one purple. Coloring a disc purple
keeps other builders from inadvertently disassembling
parts of the wall while building the wall. The coloring
of an orange disc to purple as the disc is added to the
wall also gives other wall-building agents a new wall
end toward which to carry orange discs.

2.2 riar Patch Construction

In building the briar patch, the agents are divided into
two groups. The first group a pair of builders goes
to scavenge a heavy disc and brings it back to the spot
for the briar patch marked with brown discs . The
first group colors the disc purple and leaves it touching
another disc in the briar patch instead of the proper
distance away from all the other discs. The second
group a pair of adjusters stays near the briar patch
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and when a disc is brought by the first group, the sec-
ond group adjusts the position of the purple disc so
that it is the right distance from the other discs that
are already part of the patch, and then they color the
new disc brown to make it a permanent part of the
briar patch. ecause the briar patch is to o er protec-
tion from possible predators, the discs that make up the
patch are heavier than a potential predator can move.

These heavy discs require two agents to carry it back to
the patch or to adjust it . oth the builder and adjust-
ing groups are divided into lead and assistant agents to
make the cooperation easier. A lead agent locates a
disc and tries to pick it up. When it can’t it waits until
a assistant can come. Then they both pick up the disc
and the leader guides the disc to the needed location.
Figure shows builders as they scavenge for discs and
adjusters pulling a purple disc back from a brown disc.

The lead builder first approaches a red disc to scav-
enge. When it touches a red disc, it tries to pick it
up but fails , so it colors the disc orange and
then waits. The orange color is a sign to the assis-
tant builders that the disc is too heavy and their help
is needed. nce a assistant builder has arrived and
the two agents can pick up the disc together, the lead
builder moves toward a brown disc . As the lead
builder pushes the disc, the assistant builder helps lift
it. When the two agents with their disc arrive at a
brown disc, the lead builder colors the disc purple ,
indicating to the adjusting agents that the disc position
needs to be adjusted. Then the lead builder begins the
sequence again, approaching a new large red disc.

The assistant builder begins by approaching an orange



disc held by a lead builder . When the agent finds and
lifts an orange disc, it colors it red so no more agents try
to help with that disc lead builders recogni e that the
red disc is being lifted and thus do not try to approach
it . As the two agents move the disc, the assistant only
helps hold it up, letting the lead builder move it. As
a result the agents avoid moving in opposite directions

which would cancel out each other’s movement . The
assistant builder continues to lift the disc until it detects
that the disc is purple, at which point it lets go and
begins the sequence over again.

2. ntersection Construction ia
Communication

For building an intersection figure ,the environment
contains agents  builders and one foreman and is
marked with twelve discs to specify the location of the
intersection. The four inner discs mark the junctions
of the walls, while the outer eight discs mark the direc-
tions in which the corridor walls should grow.

Initially, the foreman moves to each agent and signals
which wall that agent should build. It does this by
generating a simple signal which we will mnemonically
label build-wall followed by a signal for a specific
color, meaning that the builder agent should build the
wall toward a disc of that color. For each wall, an agent
finds a piece of material in the environment and brings
it to the disc of the color that it was instructed to by the
foreman. From there the agent brings the raw material
to the associated inner disc, drops it and colors it the
same color as the inner disc. As this is repeated, the
agent builds that particular wall. imultaneously, the
seven other agents build the seven other walls, thus
creating the intersection.

et ork Architectures or
Construction

eural

ach agent’s neural network consists of second-order
connections [ ], i.e. activation at nodes is calculated by
summing the products of pairs of inputs as well as the
individual inputs:

All nodes have activation values 1. isual and
tactile sensors are set by the environment, and actions
are performed based of the activations of the motor
nodes. There are sets of visual receptor nodes for each
color in the environment, e.g. a set for blue water
discs, a set for red discs and so on. ach set consists
of three sensory nodes, one for the left portion of the
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visual field, one for the right portion, and one for a
degree-wide center portion. Weights are between 1
1.

ach network is divided into a layered heterarchy of
sub-networks figure ach sub-network is controlled
by a single node which is one of the inputs to all the
second-order connections in that sub-network. Thus
the controlling node can modulate the amount of e ect
the sub-network has on agent behavior. ub-networks
higher in the heterarchy control lower sub-networks by
changing the activation of the controlling nodes. At
the top of the heterarchy are sequence sub-networks,
which take input from detection sub-networks, and out-
put into goal sub-networks. The networks are currently
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mostly hand constructed, an approach similar to [1].

In order to perform the complicated sequential behav-
iors described in section , the agent must be able to
perform actions in the correct order. This is controlled
by the sequence sub-networks figure . In sequence
sub-networks, the sequence node here cavenge shown
as a pentagon modulates the activation passing from
detection nodes diamonds to goal nodes squares .
etection nodes, part of detection sub-networks, de-
tect conditions in the environment. oal nodes control
goal sub-networks, which enable the agent to achieve
some low-level goal, such as approaching a red disc.

In the sequence shown in figure , the agent begins
by holding no discs; thus the detection node for that
state is active, feeding activation to the

goal node. The agent approaches and eventu-
ally touches a red disc. The node
becomes active, spreading activation to the
node. ow the and

nodes lose their activation , but
is active, so the agent holds the disc and approaches a
brown disc. When the agent arrives at the brown disc,
it colors the disc it is carrying orange. ow it is no
longer holding a red disc and so stops trying to hold it.
When it drops the disc, it is no longer holding a disc, so
loses activation and
becomes active, restarting the sequence. o-
tice that if a goal failure occurs, the state of the detec-
tion nodes changes, and the agent automatically moves
back to a prior place in the sequence.

The agents have several sequence sub-networks, one for
each construction task, as well as ones for survival skills
such as finding food. Which sequence nodes are given
activation by the researcher at the start of a simulation
determines which structures an agent builds.

Figure 6:a shows a goal sub-network with second-order
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connections. The sensory nodes connect to the e ector
nodes, causing the agent to move toward red discs when
is active. When the agent sees a red
disc to the left, the connection from to
causes the agent to turn left. When there are
multiple red discs activation might reach both
and , and both actions are taken in parallel.
The turns cancel each other out, so the agent ends up
moving forward with a slight turn to whichever side has
the stronger activation. Then, one of the red discs will
be slightly closer, so the agent will turn even more to-
ward that side, and eventually head toward the disc in
a curved path. This resolves conflict at the level of the
actions, similar to raitenberg’s ehicles [ ]. The
node represents the agent’s goal of ap-
proaching a red disc. When it has activation, it makes
the connections from the red sensor nodes to the ef-
fector nodes become stronger. o if the agent sees a
red disc, the agent is more likely to move toward red.
Collections of these goal sub-networks control an agent
to approach and avoid objects in the environment.

In detection sub-networks, detection nodes take input
from sensor nodes and become active when a state in
the external world is detected. Figure 6:b shows the
node and its sub-network.
becomes active only when the agent is touch-
ing a red disc. The second-order connections perform
conjuncts between the visual and tactile input.

o far, goal nodes have been tied to a particular color,
such as the goal node, which, when
active, can only control an agent to move toward red
discs. This makes communication di cult. When the
foreman gives orders to worker-agents to build the in-
tersection, it is desirable to enable the foreman to give
one command to tell a worker to build a wall, and eight
di erent commands to say which wall to build. In order
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to give a step in a sequence the capability to refer to any
one of the set of colors in the environment, there must
be a way to bind that color to a variable and later refer
to the value of that variable. This is currently done
with binding sub-networks.

In figure the set of binding nodes e.g and
make up a variable, with one for each pos-
sible color value the variable can take. When the
node is active, the agent
approaches discs of the same color of the bind node
that is active. For instance, if happens to be
active, its higher-order connections allow activation to
pass from the red disc sensor nodes to the sensor bind
nodes. The sub-network
acts just like any other approach sub-network, using the
color sensor bind nodes as input. If instead of ,
were active, the agent would approach blue
discs. When both and are active,
moves the agent toward
either blue or red discs. ther basic-level sub-networks
also use the sensor bind nodes such as avoidance and
detection sub-networks .

imulation esults

We ran experiments for each of the construction tasks,
with initial marking discs, raw building materials, food,
and water in the environment. uring the gathering
and building tasks, each agent ate and drank enough
to maintain su cient levels of food and water.

.1 Wall Construction

We ran the simulation with agents scavengers and
wall-builders ,  red discs to be used as building mate-
rial, 1 brown disc to mark where the material should be
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gathered, 1 purple disc to mark the start of the wall, 1
water disc and 16 food discs on a 1 by world for
, time-steps. In 1 runs a wall emerges each time
with a maximum variation from straight line within
1 degrees and an average variation within degrees.
The foraging agents proceed to collect the red discs and
drop them hapha ardly around the brown disc figure
, right . The other three agents build a wall by ex-
tending it from the initial purple disc toward the brown
disc figure , left . The wall is uneven because of the
variation in the locations of the orange discs. The wall-
building agents bring each orange disc straight to the
closest purple disc, so deviations in agent starting posi-
tions cause deviations in the wall. The spur on the wall
in figure was created when an agent became hungry
while carrying an orange disc. When the agent got to
the food, it dropped the orange disc to eat, and an-
other agent picked it back up again and brought it to
the wall.  ut because the line from the food to the
wall was perpendicular to the line from the wall to the
brown disc, the agent placed its disc as a spur rather
than as a linear addition to the wall.

.2 riar Patch Construction

We ran the briar patch simulation with agents
builders and  adjusters , red discs, and 1 brown
disc to mark the start of the patch. In of 1 runs,
the agents were able to collect discs into a briar patch
suitable for protection, as shown in figure . In the
failures, discs were arranged at the patch location, but
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there was no area that formed an enclosure.

. ntersection Construction

We ran the intersection simulation with  agents
builders and 1 foreman , 1 discs to specify the location
of the intersection  inner discs mark the junctions of
the walls, while the outer discs mark the directions in
which the walls should grow , and 6 red discs. In 1
runs, the intersection was built figure 1 each time.

iscussion

In the networks described here, all the connections were
second-order. se of just second-order connections is
derived from the principle that all behavior is both sen-
sor and goal oriented. The second-order connections
combine both goal and sensor input for the choice of
action. For example, in the goal sub-networks, the ac-
tivation of the goal nodes combines with the activation
of the sensors to determine behavior. As goal nodes
fluctuate, they dynamically modulate the output [ ].
The same is true for the sensor nodes. First-order con-
nections are used to learn the second-order weights via
reinforcement as well as vicarious learning, as discussed

in[, ]

The sequence sub-networks do not explicitly encode a
sequence; i.e, they do not keep track of the order of
steps explicitly. Instead, they are similar to a set of
production rules from world-state to actions. The or-
der of the sequence is preserved by the state of the
environment. When an agent is performing a sequence,
it knows where it is in the sequence by virtue of which
detection nodes are currently active.

The networks described here exhibit a balance between
multiple goals. When an agent has multiple goals, sev-
eral of its goal nodes are active. The choice to pursue a

particular goal becomes the product of the goal and the
sensor information concerning the satisfaction of the
goal. pportunism is displayed when an agent is close
enough to a disc that would satisfy a weak goal. The
agent moves to that disc because the strong sensation
overwhelms the stronger goals. ach agent performs
sequences robustly: it can simultaneously perform mul-
tiple sequences, and interrupt one sequence for a more
important one, such as the sequence for finding food.

Conclusion

The neural architecture described here can control
agents to achieve a sequence of goals. The agents repri-
oriti e according to both internal needs and sensory
feedback from the environment, taking advantage of
chance occurrences in the environment while executing
multiple actions in parallel and achieving sub-goals in
their proper order. While the behavior of the agents
is not optimal the constructions are squiggly and the
agents do not always take the shortest route to a desti-
nation , what emerges is naturalistic and robust and is
completed by multiple agents working concurrently on
distinct subtasks.
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