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ABSTRACT

Stigmergy, usually used on simple problems, can be applied to
more complex ones by encoding them in the agents’ environment.
We show how stigmergic agents can plan over a hierarchical task
network, a resource-oriented dialect of the TAEMS language. Our
results reveal an important distinction among HTN’s.

Categories and Subject Descriptors

1.2.11 [Distributed Artificial Intelligence]: Multiagent systems;
1.2.8 [Problem Solving, Control Methods, and Search]: Plan
execution, formation, and generation; Scheduling.

General Terms
Algorithms, Experimentation.

Keywords
Stigmergy, TAMS, Planning, Scheduling, Agents, Interaction

1. INTRODUCTION

Most applications of stigmergy solve problems with simple
semantics (e.g., routing). This constraint says more about the en-
vironment than it does about stigmergic interaction. Stigmergy
transfers cognition from the agents to the environment, and can
coordinate agent behaviors on a structure with complex semantics.
A cognitively rich environment can yield cognitively complex
outcomes among relatively simple agents [6].

One domain that seems to require higher levels of cognition is
coordination in executing complex tasks. The task structure can be
represented as a hierarchical task network (HTN). Planning and
scheduling are usually approached by complex agents with an
internal representation of their own plans (and how they relate to
those of other agents). We take a different approach. Rather than
putting the HTN inside complex agents, we put stigmergic agents
inside the HTN. Coordination emerges, not from dialogs based on
each agent’s individual analysis of the HTN, but from interactions
among the agents mediated by the structure of the HTN.

This paper demonstrates this approach by showing how
stigmergy can operate on a HTN. Specifically, we work with a
dialect of the TAEMS task language [3] that emphasizes the impor-
tance of resources, both real and virtual, in coordination (thus
resource-TAMS or rTEMS). Section 2 reviews TAMS and the
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rTZAEMS dialect. Section 3 shows how one can apply stigmergy to
an r'TZAMS graph, and summarizes our results.

2. TAMS AND rTEMS

An HTN is a collection of events, and two kinds of relations
among them: a hierarchy relating tasks to subtasks, and other
relations constraining the order of execution among tasks. For
concreteness, we focus on the TEAMS HTN formalism [1, 3].

TAMS primitives include decomposable tasks, atomic me-
thods, non-local effects between tasks and methods, and re-
sources, which are produced and consumed by methods. As me-
thods execute, they produce quality that flows up to the tasks that
they compose. Each task or subtask has a Quality Accumulation
Function (QAF) that describes how quality from its subordinates
is combined, providing a more nuanced way to capture what other
HTN’s represent as AND and OR branches.

Graphs are a convenient formalism for stigmergic environ-
ments. Can we can use an HTN directly as a stigmergic environ-
ment. Naively, we might use the events in an HTN as the places
of our environment in which agents deposit digital pheromones.
On reflection, this approach poses a problem. Commonly, a single
agent is responsible for each event in an HTN. A task may have
subtasks executed by different agents, but the atomic events (the
methods) are the responsibility of single agents.

However, even private events must access shared resources.
So it is natural to try to use resources as the basis for coordination.
Competition for resources is a form of stigmergy [5], so resources
are natural candidates for the places of a stigmergic environment.

The full paper' defines “resource TEMS” (rTZEMS). A fully
elaborated rTAMS graph is bipartite. Its two components are
events (tasks and methods) and resources (which subsume not
only physical resources but also quality and non-local effects).

3. STIGMERGY OVER rTAEMS

Polyagents [4] represent each domain entity (for example,
each actor coordinating over the HTN) as a persistent avatar that
sends out a continuous stream of apoptotic ghost agents. The
ghosts interact through stigmergy, depositing and sensing digital
pheromones in the network as they explore it. In the process, they
explore a very large space of possible futures. The avatar chooses
actions based on their survey. The ghosts reason through time
using a book of pheromones, a set of snapshots of the environ-
ment and its pheromone deposits at each time step into the future,
up to the limit of our exploration.

Getting stigmergy to work on a HTN was elusive. The full
paper describes two unsuccessful approaches. We succeeded by

! http://www.newvectors.net/staff/parunakv/
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Figure 1: Test HTN for Experiments

decomposing the graph into two parts. The methods and the re-
sources (physical or virtual) that constrain their sequencing form
the Execution Graph. The subtask hierarchy computes and com-
municates the quality achieved by the system, so we call it the
Quality Hierarchy. It keeps each method informed of its Quality
Improvement Potential (QulP), how much difference to the over-
all mission the quality it would produce would yield. For example,
if two methods are MAX’d into a subtask, as quality from one
accumulates at the parent, the other becomes less important.

The distinction between the Execution Graph and the Quality
Hierarchy highlights two functions of a stigmergic environment: it
localizes agents to reduce their computational scope, and it is
active, offloading some computation from the agents. The Execu-
tion Graph localizes by restricting an agent’s neighborhood to the
most relevant methods for it to consider, while the Quality Hie-
rarchy does quality estimation in addition to the usual actions of
pheromone aggregation, evaporation, and propagation.

Three population of agents swarm over this structure.

Each actor coordinating over the graph maintains a swarm of
Entity Ghosts that move spatio-temporally over the Execution
Graph. Their choice of which method to execute when depends on
the availability of input resources, the capacity of output re-
sources, and the method’s current QulP. These ghosts deposit
pheromones in the methods to indicate the likelihood that a given
method will be executed at a given time.

Each resource has a swarm of Resource Ghosts that move
temporally through the book of pheromones to estimate the likely
level of the resource at each future time step, based on the execu-
tion estimates provided by Entity Ghost pheromones on methods.

Each node in the Quality Hierarchy has a swarm of Quality
Ghosts that move temporally through the book of pheromones to
estimate the node’s likely quality level as a function of time, ana-
logous to the operation of the Resource Ghosts. These levels pro-
vide feedback for the QulP of each method over time.

We demonstrate our method on Figure 1, which captures two
kinds of constraints in a HTN: precedence constraints among
methods (in the Execution Graph), and the subtask structure (in
the Quality Hierarchy). For clarity, we omit the resources that
occupy each link. We compare our algorithm to two others, on
Figure 1 and two derivative graphs. The three algorithms are:

A1l. A random baseline, which selects methods at random
without regard for either their enablement in the Execution Graph
or their contribution of quality in the Quality Hierarchy.

A2. A version of our algorithm that ignores QulP and selects
methods based only on enablement and desirability, similar to [2].

A3. Our full algorithm, with selection among enabled me-
thods determined entirely by QulIP.

The three versions of the network are:

N1. A single task from which all methods descend directly,
with no physical resources or non-local effects among them.

N2. N1 with precedence constraints among the methods.

N3. N2 with the addition of subtasks (and associated Quality
Accumulation Functions) between the root task and the methods.

We monitor two dependent variables: how rapidly quality ac-
cumulates, and the variation among runs. All three algorithms
perform the same on N1. On N2, A2 and A3 are equal and domi-
nate Al. On N3, A3 dominates A2, which dominates Al.

This result highlights two kinds of complexity in an HTN, one
due to precedence constraints, the other to the task structure
through which methods deliver quality. One can locate HTN’s in
this 2-D space, and distinguish solution methods (classical as well
as swarming) by the dimension(s) they address.

Our research® leads to several important lessons.
® A representation must contain locations that are shared among

multiple agents in order to support stigmergic interaction, lead-
ing to the rTAMS bipartite graph.

e Though shared nodes (in this case, resources) are necessary to
support stigmergy, they are not sufficient. The information in
the rest of the graph must be made available to the agents.

® Having the same agents swarm over all node types is not the
best way to give them this information. Some parts of a graphi-
cal representation of a domain may localize the agents, while
other parts can support environmental actions.

e An important criterion for the parts of the environment that
localize the agents is that the topological neighborhood of the
agents be relevant to the task that the agents need to perform.

e HTN'’s exhibit two qualitatively different kinds of complexity
(reflected in precedence constraints and subtask hierarchy),
which yield to different aspects of our algorithm.
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