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ABSTRACT 

Stigmergy is usually associated with semantically simple prob-

lems such as routing. It can be applied to more complex problems 

by encoding them in the environment through which stigmergic 

agents interact. We demonstrate this approach by showing how 

stigmergic agents can plan over a hierarchical task network, spe-

cifically a resource-oriented dialect of the TÆMS language. We 

not only report our successful method, but also analyze a number 

of unsuccessful attempts. Our results reveal an important distinc-

tion among HTN’s. 

Categories and Subject Descriptors 
I.2.11 [Distributed Artificial Intelligence]: Multiagent systems; 

I.2.8 [Problem Solving, Control Methods, and Search]: Plan 

execution, formation, and generation; Scheduling.  

General Terms 
Algorithms, Experimentation. 

Keywords 
Stigmergy, TÆMS, Planning, Scheduling, Biology, Agents, Inte-

raction 

1. INTRODUCTION 
Stigmergy, in which agents coordinate their actions by mak-

ing and sensing changes to a shared environment [7, 11, 16], is a 

powerful mechanism for dealing with many complex problems, 

including optimization [6], shop-floor control [2], air-traffic con-

trol [20], telecommunications [21], and battle prediction [13]. In 

such systems, agents are situated in the environment, and their 

interactions are local with respect to the environment, thus reduc-

ing the computational complexity that they must face. Dynamics 

in the environment map between these local agent interactions and 

global problem parameters. The approach is well suited to very 

simple agents, such as digital analogs of ants, but in fact even 

humans use varieties of stigmergy in their daily interactions [12], 

suggesting its potential for more complex applications. 

The most common applications of stigmergy solve routing 

problems, often over a topological manifold or a flow network. 

Typically, agents deposit digital markers analogous to insect phe-

romones in the environment. The environment’s dynamics consist 

of aggregating the deposits from different agents (a form of in-

formation fusion), propagating them to nearby locations (enabling 

the mapping between local actions and global objectives), and 

evaporating them (discarding obsolete information, and thus solv-

ing the truth maintenance problem in constant time). Agents re-

spond to the resulting pheromone field by basing their decisions 

on some function of the pheromone strengths in their local neigh-

borhood. For example, an agent representing a packet in a digital 

network may climb the pheromone gradient to find the most effi-

cient path to its destination.  

The semantics of route planning are fairly constrained, and 

stigmergy is usually applied as a fairly low-level form of cogni-

tion [18]. But this semantic constraint really says more about the 

nature of a flow network than of stigmergic interaction. One can 

imagine using stigmergy to coordinate agent behaviors on a net-

work that embeds much more complex semantics. The genius of 

stigmergy is in transferring cognition from the agents to the envi-

ronment. A cognitively rich environment can yield cognitively 

complex outcomes among relatively simple agents, as Simon 

argued long ago in his parable of an ant on the beach [22].  

One domain for which higher levels of cognition are often 

considered necessary is coordination in the execution of complex 

tasks. For example, tests and treatments on a hospital patient can 

be represented in a treatment plan, which has both internal coor-

dination relationships (some tests must be done in a particular 

order or within certain time limits) and external coordination rela-

tionships between treatment plans (only one MRI machine exists; 

certain ancillary hospital units prefer to run similar tests in batches 

to reduce set-up times, etc.) [5]. Another example is the on-line 

coordination of pre-planned activities in dynamic environments 

such as military, law-enforcement, or disaster planning scenarios 

[3]. Several law-enforcement units may wish to surprise suspects 

at different locations nearly simultaneously so they cannot warn 

each other. Besides coordinating the surprise itself, some units 

may require equipment or information whose delivery time is not 

known in advance. The structure of such tasks can be represented 

as a graph, specifically, a hierarchical task network or HTN. 

All of these types of scenarios have been typically approached 

by building systems where complex agents have an internal repre-

sentation of their own plans (and how they relate to the plans of 

other agents). Examples include CSC agents [9], or unrolling each 

agent’s view of the HTN into a Markov decision process over 

which MDP techniques can be applied [10], or translating it into a 

Simple Temporal Network and applying STN techniques [23].  

We take a radically different approach. Rather than putting 

the HTN inside of complex agents, one might put stigmergic 

agents inside of the HTN. Coordination would be achieved, not by 

conventional inter-agent dialogs based on each agent’s individual 

analysis of the HTN, but by means of interactions among the 

agents mediated by the structure of the HTN itself.  

This paper demonstrates this approach by showing how 

stigmergy can operate on a HTN. Specifically, we work with a 
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dialect of the TÆMS task language [8] that emphasizes the impor-

tance of resources, both real and virtual, in coordination (thus 

resource-TÆMS or rTÆMS). Section 2 reviews TÆMS and the 

rTÆMS dialect. Section 3 shows how one can apply stigmergy to 

an rTÆMS graph (along the way analyzing some “obvious” ap-

proaches that do not work). Section 4 reports on experiments that 

demonstrate the effectiveness of this approach for single-agent 

planning. Section 5 discusses the relative virtues of stigmergic and 

more complex agents in reasoning over HTN’s, and outlines fu-

ture work. Section 6 concludes. 

2. TÆMS AND rTÆMS  
A hierarchical task network (HTN) is a collection of events, 

together with two kinds of relations among them: a hierarchical 

structure relating tasks to their subtasks, and other relations con-

straining the order of execution among the tasks. For the sake of 

concreteness, we focus on TÆMS as a specific instance of an 

HTN formalism [1, 8], and argue for the importance of emphasiz-

ing resources, leading to the resource TÆMS (rTÆMS) dialect.  

2.1 Introduction to TÆMS  
To introduce the basic features of TÆMS, Figure 1 uses it to 

represent the dining philosophers problem. 

• Ovals (“Argue,” “Think1
”) are tasks and subtasks. Tasks and 

subtasks may be associated with one or many agents, and can 

be subdivided into lower-level activities. 

• Rectangles (“Eat1”) are methods, which are the lowest level 

of activity. Each method is associated with a single agent. 

• Labeled arcs between methods (“Facilitates”) are non-local 

effects, which capture precedence constraints. 

• Inverted triangles (“Forks”) are resources, which are pro-

duced and consumed by methods. 

The dashed lines show the subgraphs accessible to each agent, 

known as their subjective graphs. The overall graph, which de-

scribes the complete problem, is the objective graph. 

As methods execute successfully, they produce quality that 

flows up to their dominant subtasks and tasks. Each task or sub-

task has a Quality Accumulation Function (QAF) that describes 

how quality from its subordinates is combined. QAFs provide a 

much more nuanced way to capture what other HTN’s represent 

as AND and OR branches. For example, a Min QAF asserts that 

the quality of a task is the minimum of the incoming quality le-

vels, and thus requires all subtasks or methods to execute before 

the task receives any quality (an AND), while a Max QAF corres-

ponds to an OR, yielding nonzero task quality as soon as any sub-

task has executed. More complex functions are also possible. 

The version of TÆMS in [8] explicitly represents dependen-

cies between events and resources. 

C_TAEMS [1] implicitly ac-

knowledges resources, but does 

not attempt to represent them. 

Sometimes we need a more 

general vocabulary than the ca-

nonical TÆMS terms. Tasks, sub-

tasks, methods, and resources are 

all nodes in a graph, whose rela-

tions are provided by non-local 

effects, resource dependencies, 

and QAFs. Tasks, subtasks, and 

methods all describe events.  

Because HTN’s are graphs, 

and because graphs are a conve-

nient formalism for stigmergic 

environments, we begin by inquiring whether we can use an HTN 

directly as an environment for stigmergic interaction. Naively, we 

might imagine that the events in an HTN could serve 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, and responsibility 

for the supertask may also be assigned to a single agent (the 

“manager”).  

However, even private events must access shared resources, 

as Figure 1 illustrates. So it is natural to try to use resources as the 

basis for coordination. Competition for resources can be viewed 

as a prototypical form of stigmergic coordination [17], suggesting 

that resources are natural candidates for the places of a stigmergic 

environment. In fact, the Dining Philosopher’s problem is an ex-

ample of a problem whose analysis must include shared resources.   

2.2 rTÆMS (resource TÆMS) 
The intuition in the previous section is useful only if there are 

enough relations in a structure to mediate all the events that need 

to be coordinated. In [8], resources are only involved in some task 

interrelationships. Subtasking relations and non-local effects are 

described without any reference to resources, and [1] finds it poss-

ible to ignore them altogether. 

This section argues that in fact resources (or things that be-

have like resources) are ubiquitous in TÆMS structures, and lie 

behind both subtasking and non-local effects relations. In fact, we 

argue that a fully elaborated TÆMS structure is a bipartite graph, 

whose two components are events and resources. Central to this 

vision is the notion that what TÆMS calls “quality” has similar 

functions to resources, and can be treated as a resource. 

2.2.1 Quality as a Resource 
The notion of “quality” is central in TÆMS. It is produced by 

every event, and determines the sequencing of events. This beha-

vior is reminiscent of a manufacturing job shop, where a number 

of operations add successive features to parts that move between 

them. For instance, one operation might cut a bar of material to 

length, the next might drill a hole in it, and the next might tap the 

hole. TÆMS events are analogous to manufacturing operations, 

and TÆMS quality is analogous to features.  

If we were in fact modeling a manufacturing system, the parts 

that move from one operation to the other would naturally be 

modeled as resources, produced by one operation and consumed 

by the next. The actual resource would not be the bare part, but 

part-with-specified-features. We ought to be able to model quality 

as a (virtual) resource and capture 

its effects through resource rela-

tions. To verify this hypothesis, 

we need to explain how quality-

as-resource can accommodate 

non-local effects (NLE’s), the 

subtasking relation, and QAFs. 

Space limitations require this dis-

cussion to be abbreviated. A com-

plete description of this mapping 

is available on-line in a technical 

report [14]. 

2.2.2 Non-Local Effects 

(NLE) 
C-TÆMS defines four NLE 

relations: Enables, Facilitates, 
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Disables, and Hinders. All of these 

have a source, a destination, and a 

delay. Facilitates and Hinders also 

have discrete distributions over quali-

ty, cost, and duration. The semantics 

of NLE’s assume that the destination 

is a method, though they are often 

drawn between tasks as shorthand.  

To accommodate the delay, we 

map each of these into a NLE method. 

This method has a duration equal to 

the specified delay, is limited by the 

quality produced by its source, and at the end of its duration,1 

produces the same amount of quality as its input, and makes it 

available to its target. Like other methods, a NLE method requires 

some computational element to execute it. The natural candidate 

is the environment [24]. 

Figure 2 illustrates this mapping for the Enables relation. We 

use Limits rather than Consumes to join the quality resource to the 

EnableMethod so that multiple NLE’s can draw on the same qual-

ity without interfering with one another.  

For Enables, both Limits relations re-

quire their source resource to be above 0. 

The same diagram works for Disables as 

well, but now Limits2 requires its source 

resource not to exceed 0. 

If the Delay in the Enables or Disables 

is 0, the EnableMethod can be eliminated, 

and T1’s quality can directly Limit T2. 

Facilitates and Hinders compute a 

multiplier for the cost, quality, and dura-

tion of the target. Instead of simply copy-

ing the source’s quality to its output, it 

now produces the three multipliers and makes them available to 

its target. Facilitates and Hinders use exactly the same structure, 

and differ only in how they compute the multipliers [14]. 

2.2.3 QAFs 
The dictionary of QAFs [8] includes some (e.g., SeqMax, 

SeqMin) that involve sequencing constraints among subtasks. 

These have disappeared in [1], and in fact are syntactic sugar that 

can always be handled using the apparatus of NLE’s outlined 

above. The QAFs that remain are Sum, Max, Min, SyncSum, 

SumAnd, and ExactlyOne. We call the first three “simple QAFs” 

and the last three “complex QAFs.” 

The basic idiom for handling subtasks and QAFs is that sub-

tasks produce their individual qualities, and (in the case of com-

plex QAFs) additional resources. The supertask then combines the 

individual qualities into its quality. Figure 3 shows the resulting 

structure. In each case, whenever the Task wishes to compute its 

quality, it simply applies the appropriate function (Max, Min, 

Sum) across the qualities of its subtasks. 

SumAnd and ExactlyOne can be modeled by having each sub-

task produce an additional resource, a shared counter that indi-

cates how many subtasks have executed. For SumAnd, the super-

task adds up the qualities of the subtasks only if the counter indi-

cates that all subtasks have executed. ExactlyOne adds them only 

if the counter is identically 1.  

                                                                 
1 This is the DTT specification favored by Decker [4]. An alterna-

tive specification permits quality to accumulate as a method ex-

ecutes. 

SyncSum specifies that the only 

subtasks that enter into the sum are 

those whose start time is the same as 

that of the main task (or, in a real-

valued time model, within some epsi-

lon). Since the start time of the main 

task is that of its earliest starting sub-

task, SyncSum accumulates the quali-

ties of that cohort of subtasks that 

begin together and before any other 

subtasks. Each subtask produces two 

resources. One records its start time, 

and the other its quality. The supertask then selects the subtask(s) 

with the earliest start time and sums their qualities.  

3. STIGMERGY OVER rTÆMS  
It was surprisingly difficult to get stigmergy to work on a 

HTN. This section summarizes stigmergy, analyzes two ap-

proaches that did not succeed, then describes one that does. 

3.1 Basic Stigmergic Approach 
Our approach is based on polya-

gents [15], which represent each entity 

in the real world with a set of agents. A 

single persistent avatar sends out a 

stream of ghosts that explore alternate 

routes through the environment, record-

ing their experiences by constructing 

pheromone fields over that environ-

ment. These fields allow the ghosts to 

interact with the possible futures of 

other entities, exploring a much richer 

set of potential interactions than is poss-

ible with single-trajectory simulations. 

The avatar picks its next step by consulting the pheromone fields 

generated by its ghosts. 

3.2 The Resource Dual of a TÆMS Graph 
Section 2.1 argued that a network of tasks and methods is in-

adequate as a stigmergic environment because at least the me-

thods, and often the tasks, are associated with single agents. Re-

sources, not tasks, are the locus of most coordination. By consi-

dering quality as a virtual resource, we can represent any TÆMS 

graph as a bipartite graph whose nodes are resources and events.  

Just as C-TÆMS constructs TÆMS graphs with no resources, 

it is possible to construct the resource dual of a TÆMS graph, 

containing only resources. For example, Figure 4 exhibits a re-

source-free TÆMS graph for a Missionary in the Missionary-

Cannibal problem, in the spirit of [1]. Relation types are encoded 

by line patterns (dashed for subtasks, solid for Enables). The bold 

methods are public methods, those in which both Missionaries and 

Cannibals participate jointly. The technical memo [14] provides 

the details of elaborating this structure into a full rTÆMS graph, 

then deriving the resource dual, a hypergraph of resources with a 

recurrent core (with neither sinks nor sources) shown in Figure 5.  

Note the following interesting features of this structure. 

• The outer ring of qXXXX resources captures the same struc-

ture as the ring of events in Figure 4, so we have not lost any 

structure with respect to that figure. In general, following 

paths among quality resources will reproduce the same paths 

as Enables, Disables, Facilitates, and Hinders relations. 

  
Figure 2: Representing an Enables relation in 

TÆMS (top) and rTÆMS (bottom) 

 
Figure 3: Simple QAFs (Sum, Max, Min) 
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• The structure among the population resources (mX, cX) and 

between them and the quality resources capture important 

constraints on what events should be allowed or disallowed.  

• Only two of the six nodes in the recurrent core of Figure 4 

are shared with the TÆMS graphs for other agents, affording 

minimal opportunity for stigmergic interaction among 

agents. In contrast, eight out of twelve of the nodes in Figure 

5 are shared. 

• Observe not only the proportion of shared nodes, but also 

their connectivity. Figure 4 has pairs of private methods 

(MLeaveBoatW and MEnterBoatW, MLeaveBoatE and 

MEnterBoatE) whose transitions are not constrained by any 

public node. Thus the graph does not provide the structure 

needed to propagate influences from one agent to another to 

guide transitions between these activities. Figure 5 has no 

such pairs. Paths of public nodes (with bold outlines) connect 

every pair of private nodes, providing information paths 

through which agents can constrain one another’s behavior. 

In spite of its promise, we were unable to solve the missio-

nary-cannibal problem by swarming on Figure 5. The traces of 

our experiments showed that by omitting events from the agents’ 

environment, we lost important distinctions among different ways 

that the resources could be replenished or consumed, leaving the 

ghosts with too little information to solve the problem. An event 

hierarchy without resources (a C-TÆMS graph) offers no suitable 

places for stigmergic interaction, but the task dependencies it 

encodes are critical to guide that interaction. 

3.3 Full rTÆMS Graph 
Our next effort placed the ghosts on a TÆMS graph fully ela-

borated as a bipartite graph of resources and events. Ghosts depo-

sit and sense pheromones on both resources and events, but the 

two have different functions. Pheromone on a resource enables 

the methods that require that resource. It is impossible to execute 

a method without the required resources. Pheromone on a method 

tells agents how desirable the method is for execution. Even if the 

method is enabled (that is, its resources have pheromones), an 

agent might still prefer an alternative method. 

To support these semantics, ghosts deposit pheromone on re-

sources and methods at different times. 

• As ghosts move outward away from their avatar, exploring 

alternative futures, they deposit pheromone on the resources 

that they encounter to enable the execution to unfold.  

• On the way back, having reached the end of their exploration 

and evaluated the outcome, they deposit pheromone on me-

thods to show the desirability of the path they followed. This 

pheromone field then guides not only other ghosts, but also 

the avatar when the time comes to execute the plan. 

This approach was also unsuccessful. The dominant structure 

of the graph is a hierarchy. Ghosts moved up and down the hie-

rarchy in order to move from one method to another. In the 

process, they bottlenecked at branch points in the hierarchy, and 

made little progress toward completing the task. 

The hierarchical structure of a HTN shows us the logical 

structure of how methods and subtasks are organized into tasks, 

but does not highlight the causal flow of a process. In a hierarchy, 

node proximity represents the logical structure of the task, but not 

its temporal structure. In solving a planning or scheduling prob-

lem, agents need to attend to the temporal relations among events. 

The most important nodes for them to access at any moment are 

not superordinate and subordinate tasks, but the next nodes in the 

causal sequence. An entity executing a process is always on one 

method, looking for the next to visit. Each method is in fact part 

of a hierarchical task structure, but the entity’s movement is from 

method to method, not from method to subtask to task and back 

down. The bottlenecking we experienced at branch points is a 

symptom of the inappropriateness of the hierarchical topology to 

the problem we are trying to solve. 

3.4 Quality Graph vs. Execution Graph 
Our current approach decomposes the graph into two parts, 

with different functions. We discuss first the decomposition, then 

how the avatars and ghosts explore it. 

3.4.1 The Decomposed rTÆMS Graph 
Any fully elaborated rTÆMS graph can be rearranged into an 

execution graph and a quality hierarchy (Figure 6). 

The methods and the resources (physical or virtual) that con-

strain their sequencing form the Execution Graph. Our agents 

(avatars and ghosts) live on the execution graph, not on the 

rTÆMS hierarchy. For clarity, the execution graph in the figure is 

incomplete, because it does not include the constraints implied by 

the two virtual resources higher in the hierarchy. In practice, we 

compile the rTÆMS graph to generate a complete activity graph. 

Current TÆMS dogma is that a method can be executed only 

once. An agent that internalizes the graph will instantiate new 

schemata as needed, and in this case the execution graph will be a 

DAG. It is more natural for agents that live within the graph to 

revisit a node, and we intend to support reentrant methods, since 

some problems (notably Missionary and Cannibals) cannot be 

solved with a bounded set of methods.  

The subtask hierarchy computes and communicates the quali-

ty achieved by the system, so we call it the Quality Hierarchy. 

Compilation of the rTÆMS graph yields two functions that utilize 

this hierarchy. 

One function propagates quality up the graph, keeping all sub-

tasks notified of their current state of quality. This might support a 

 
Figure 4: Conventional TÆMS Graph for MC Problem 

  
Figure 5: Recurrent Core of the Resource Dual of Figure 4. 
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human-meaningful interface, perhaps by shading each subtask 

with its current level of quality. 

The other function uses the current state of quality to propa-

gate method desirability back down the graph. The desirability of 

a method depends on its Quality Improvement Potential (QuIP), 

how much difference to the overall mission the quality it would 

produce would yield. For example, if two methods are OR’d into 

a subtask, the more quality has already accumulated at the sub-

task, the less of a difference additional quality would make, and 

the less desirable the execution of the methods is. 

The distinction between the Execution Graph and the Quality 

Hierarchy (with its associated functions) illustrates two important 

functions of the environment in stigmergic reasoning: localization 

and activity. The environment localizes agents and their effects to 

reduce their computational burden. In addition, it is active, of-

floading some computation from the agents. (In routing systems, 

the aggregation, propagation, and evaporation of pheromones are 

examples of environmental action.) In this case, the Execution 

Graph provides meaningful localization by ensuring that an 

agent’s neighborhood includes the most relevant methods for it to 

consider next, while the functions of the Quality Hierarchy extend 

the environment’s actions to support the planning task. 

3.4.2 Searching the Execution Graph 
The function of an entity’s polyagent is to find an optimal 

path through the Execution Graph. If multiple entities execute 

concurrently in the same Execution Graph, the stigmergic interac-

tion between them by way of shared resources will result in indi-

vidual plans that are optimized conditional on one another, in 

other words, a coordinated plan. Our algorithm resembles the 

polyagent algorithm for manufacturing in [2], but with the addi-

tion of quality feedback from the Quality Hierarchy. 

The polyagents use three pheromone flavors to coordinate 

their search for an optimal path through the Execution Graph. 

Avatars deposit Execution pheromone on methods that they have 

executed, to indicate that they do not need to be executed. (To 

handle the reentrant case mentioned above, we allow this phero-

mone to evaporate.) Ghosts deposit Exploration pheromone on 

methods as they visit them. In addition, after they complete their 

trajectories, they deposit Desirability pheromone proportional to 

the overall quality that they have achieved on all the nodes that 

they visited. Methods propagate both Execution and Exploration 

pheromones to the resources that they provision. 

Each time a ghost is activated, it chooses among 1) sleep, 2) 

choose a new method and execute it, or 3) report and terminate.  

The sleep behavior is motivated by the scenario in Figure 7. 

Each frame shows a set of eight methods, four eligible for execu-

tion by avatar X (top row of each frame) and four eligible for 

execution by avatar Y (bottom row). The letters x and y indicate 

the current locations of one ghost from each avatar. The arrows 

indicate precedence relations among methods (omitting the inter-

vening physical and virtual resources for clarity). Shaded squares 

are methods whose prerequisites are satisfied. 

The first four frames indicate the outcome of a greedy policy, 

in which each ghost always picks a feasible method as soon as 

possible. However, another sequence (the fifth frame) might be 

possible, due to actions by other ghosts. In this case, if a ghost 

slept for a while, other ghosts might enable further methods that it 

could consider. To ensure that the search space includes these 

options, each ghost flips a weighted coin when it is activated to 

decide whether to go back to sleep or to take action. 

If a ghost’s lifetime is not exhausted, it chooses and activates 

a method. It identifies the subset of its avatar’s methods with no 

Execution or Exploration Pheromone, but with Execution or Ex-

ploration Pheromone on each incoming resource. It scores each 

such method with a weighted sum of two values: the Desirability 

Pheromone deposited on that method by previous ghosts, and the 

quality improvement potential (QuIP) propagated to the node by 

the quality hierarchy. The QuIP represents the increase in quality 

that would be realized at the root of the tree if the method were 

chosen. Then it selects a node with a roulette wheel whose seg-

ments are weighted by the scores of each method. It moves to the 

node, and sleeps for a period of time corresponding to the execu-

tion duration of the node. 

If a ghost’s lifetime is exhausted, or if there are no methods 

left for it to visit, it assesses the quality of its overall trajectory, 

reports this quality by depositing Desirability Pheromone on each 

method in its trajectory, and terminates. 

At any moment, an avatar is situated on some method in the 

execution graph, modeling the execution of that method. When 

execution is complete, it deposits Execution Pheromone on the 

method to indicate that it has been executed. Then it selects from 

those methods that do not yet have Execution Pheromone, based 

on the Desirability Pheromone deposited by the ghosts. 

In this approach, the Execution Graph provides agents with a 

topology in which nearby nodes topologically are also the most 

relevant ones to the execution of the process in its current state, 

 
Figure 6. rTAEMS graphs merge quality, enablement, and 

execution dependencies. 

 
Figure 7. Ghosts asynchronously select methods for execution 

and emulate the outcome of an execution step. 
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while the Quality Hierarchy uses the overall task structure to up-

date the desirability of each method based on the current quality 

of the higher-level tasks.  

4. EXPERIMENTAL PERFORMANCE 
We demonstrate the performance of our method on the 

rTÆMS graph of Figure 8 This graph does not represent any spe-

cific problem, but is constructed to capture two different kinds of 

constraints that can emerge in a HTN: precedence constraints 

among methods (captured in the Execution Graph), and the sub-

task structure represented by the Quality Hierarchy. For clarity, 

we omit the resources that in fact occupy each link. 

We demonstrate the behavior of our algorithm by comparing 

it to two simpler algorithms, on the graph of Figure 8 and two 

simpler, derivative graphs. Thus we execute 3 x 3 = 9 experimen-

tal configurations, each one replicated 25 times. 

The three algorithms are: 

A1. A random baseline, which selects methods at random 

without regard for either their enablement in the Execution Graph 

or their contribution of quality to the root in the Quality Hie-

rarchy. If a method chosen is not in fact enabled, it remains eligi-

ble for later selection. If it is enabled, it is executed and removed 

from the pool of methods, and other methods dependent on it are 

enabled. Thus the random method can take arbitrarily many steps 

to select all methods. In the mean field limit, this process can be 

modeled as a cumulative advantage process [19], a form of prefe-

rential attachment, but the probabilities involved in fact change as 

selections take place, due to the nonuniform nature of precedence 

links among the methods. 

A2. A version of our algorithm that ignores QuIP information 

and selects methods based only on enablement and desirability. 

The effect is an algorithm similar to that described in [2]. 

A3. Our full algorithm, with selection among enabled me-

thods determined entirely by QuIP. 

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 the addition of 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 in our experiments: how 

rapidly the algorithm accumulates quality, and the variation 

among different runs. 

 

Figure 9 shows plots of quality vs. time, with error bars indi-

cating variability, for each of our nine configurations. The maxi-

mum quality available is 16 units (one for each method), except in 

N3, where the use of Min QAFs reduces it to 8. A2 and A3 reach 

maximum quality in 16 steps. A1 does so only in N1. Its average 

time to reach maximum quality in N2 is 47.3 ± 12.6 steps, and in 

N3, the statistically identical 46.4 ± 14.8 steps. 

The rate of quality accumulation in the plots shows a strong 

correlation between the nature of the network and the effective-

ness of the various algorithms. When the network is unconstrained 

(N1), all algorithms perform the same. Addition of precedence 

constraints gives A2 and A3 an advantage over A1, but they per-

form comparably to one another. When we introduce considera-

tions of quality accumulation imposed by the Quality Hierarchy, 

A3 accumulates quality more rapidly than the other two. 

This result highlights the importance of distinguishing two 

different kinds of complexity that an HTN can exhibit, one due to 

precedence constraints among methods, the other to the task struc-

ture through which methods deliver their quality to the overall 

task. One can envision characterizing HTN’s by their location in 

this two-dimensional space, and distinguishing solution strategies 

by which dimension(s) they address. This distinction, which be-

comes obvious from our inside-out approach to HTN’s, is likely 

to be important for classical AI reasoners as well. 

Now consider the variance in the various graphs. As problem 

complexity increases, the more sophisticated algorithm has less 

variance. This difference is an important advantage for our me-

thods. Recall that each run of the system represents an actual ex-

ecution of the problem by a physical entity guided by an avatar, 

which does its planning guided by swarming ghosts. Real-world 

agents do not have the luxury of solving the problem 25 times and 

taking the best result, and high variance means that the simpler 

methods impose a risk of unacceptably low performance. 

5. NEXT STEPS 
Based on the results obtained so far, we are planning to extend 

this work in a number of ways. 

Our current experiments focus on a single avatar, so that we 

can clearly monitor the development and effect of the pheromone 

fields. To achieve the full promise of coordination among multiple 

entities, we will explore the interaction of multiple polyagents. 

The methods in our current experiments do not include several 

features that are needed in solving realistic problems. These fea-

tures, which can be accommodated with straightforward exten-

sions, include deadlines, task quality that degrades with the pas-

sage of time, a quality threshold below which no quality is gener-

ated, and conservation of physical resources.  

Stigmergy in general, and polyagent simulation of multiple 

futures in particular, are heuristics. Like all heuristics, they need 

to balance simplification against accuracy of results. One simpli-

fication that invites more careful study has to do with the ergo-

dicity of causal sampling. Consider two methods, one of which 

(A) generates a resource needed by another (B). Under our current 

system, the future explored by one ghost might visit A, thus pro-

visioning its resource and enabling B, but it might not visit B. 

Another ghost finds B enabled and visits it, but never visits A. 

Neither future is in fact feasible for the avatar. Our current ap-

proach is based on the hypothesis that averaged over a large num-

ber of ghosts, such anomalies will be dominated by valid futures, 

but more detailed experimentation is needed to verify this. The 

problem can be addressed by ghosts that make more careful use of 

the trajectory stacks that they are already building, but at the ex-

pense of their execution speed. 

6. CONCLUSION 
Stigmergy can be applied to semantically complex problems 

(such as planning) by embodying the semantics in the environ-

ment over which the agents swarm. It offers significant advantag-
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es over methods that apply more complex reasoning methods to 

the entire plan representation. For one thing, stigmergic processes 

can be scaled by distributing them over multiple processors. For 

another, conventional approaches encode specific constraints 

(NLEs or QAFs) in heuristics, and are brittle in the face of intro-

ducing new classes of constraints, but the rTÆMS vocabulary of 

virtual resources can easily be configured to capture any con-

straint as a graph structure over which our agents swarm naturally.  

Our exploration of this approach in the context of HTN’s has 

led to several important lessons. 

• A semantic representation must contain locations that are 

shared among multiple agents in order to support stigmergic 

interaction. A TÆMS graph with only physical resources, or 

(as in C-TÆMS) with no explicit resources, does not satisfy 

this requirement, but can be made to do so by adding virtual 

resources to form a bipartite graph. 

• 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 agents swarm over all kinds of nodes is not nec-

essarily the best way to give them this information, as our 

experiments in Section 3.3 showed. Some parts of a graphi-

cal representation of a domain may be useful to localize the 

agents, while other parts can support actions on the part of 

the environment. 

• 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.  

• HTN’s exhibit two qualitatively different kinds of complexi-

ty (reflected in precedence constraints and subtask hie-

rarchy), which yield to different aspects of our algorithm. 

This distinction is probably relevant for other HTN reasoners 

as well, and methods to characterize an arbitrary HTN along 

these two dimensions would be useful in selecting appropri-

ate solution tactics. 
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