[ARTES project 0005-22
2000-05-23

Real-Time Response and Control of Autonomous Agents
ARTES Grant Proposal

Nancy E. Reed
Real-time Systems Laboratory
Department of Computer and Information Science
Linkoping University, SE-581 83 Linkoping, Sweden
nanre@ida.liu.se

May 22, 2000

1 Summary

Autonomous agents are systems that are embedded in an environment with sensors for obtaining data and
effectors for performing actions. Agents are pro-active in that they have some purpose in their environment.
Agents have recently been applied in a wide variety of domains, including economic markets, Internet search-
ing, disaster management and defense applications. Agents are ideal for development, testing and training
applications because they do not tire as people do and they can be easily replicated to work in many different
locations simultaneously. Because of the embedded nature of autonomous agents, they must make intelligent
decisions on their next action in real-time.

The basic cycle of operation of an autonomous agent is to sense the environment, decide on an action and
then execute the action. This cycle is referred to as the decision cycle of the system. The intelligent systems
will often have multiple, possibly conflicting, objectives which need to be achieved. The number of possible
actions is very large. One result is that the possible actions an agent has available are not always pre-
enumerated. Instead, an “intelligent” action must be found (selected or constructed) and performed within
the time constraints. The penalty for a system that does not react within its time constraints depends on
several factors. If an action is not selected at one particular time, the opportunity may be lost forever. For
example, if a simulated pilot’s aircraft is close to the ground or an obstacle and the action that turns it to
avoid the obstacle is not taken or is taken too late, the aircraft could be destroyed.

Related to the response requirement, it is also desirable to be able to partially control or influence the
behavior of an agent in real-time. This type of control is particularly valuable when the agents are actors in
human training exercises and the instructor wants to alter an agent’s behavior during a scenario. For this
type of control or influence to be available, the instructor must be able to understand how the behavior is
generated and alter that decision-making capability in real-time.

2 Problem Statement

We are investigating solutions to the problems of real-time response and control of autonomous agents.
Action selection is the process of choosing a particular action given a set of objectives. Action selection is
only one part of an intelligent systems decision making — deciding on objectives, execution monitoring and
long term planning being examples of other things an intelligent autonomous system must do — but it is a
critical part.

An action is said to be achieving an objective if the action’s effects will lead toward the system fulfilling
the objective. The quality of an action with respect to an objective is the degree to which the action will
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achieve the objective. Actions fulfilling the objective in an inefficient or otherwise undesirable manner have
low quality with respect to the objective. Actions which fulfill an objective in a desirable manner have high
quality with respect to the objective. An example of satisfying multiple objectives is for an aircraft to fly
toward a waypoint and at the same time avoid all other aircraft. These objectives are not efficiently satisfied
by doing them one at a time. The best action is one that avoids all other aircraft and obstacles, but still gets
to the waypoint quickly and with a reasonably smooth path. This is different from traditional planning in
real-time systems in that it is not a matter of scheduling individual pieces of actions, but rather synthesizing
and comparing alternative actions. In addition, an agent must select outputs for several different effectors
within the same time period.

The action selection problem is to find the best quality action with respect to all objectives. Briefly, the
best quality action with respect to all the objectives is the action which maximizes a function of the quality
of the action with respect to each of the objectives. A more formal description is given below.

EASE (End-user Actor Development Environment) [Scerri and Reed, 1999, Scerri and Reed, 2000] is
currently being developed and tested by creating actors that simulate pilots for the TACSI aircraft simulator
[(Missions and Analysis), 1998] and simulated soccer players for the RoboCup soccer competition [Kitano
et al., 1997]. An investigation of the RoboCup Rescue disaster management application area is also under
consideration.

3 Main ideas

There are a variety of different algorithms for the action selection problem. Some of the algorithms are
guaranteed to generate an optimal action (according to some definition of optimality). Other algorithms have
weaker guarantees on the quality of the generated action but better computational performance. However,
few if any, of the algorithms can guarantee an action will be selected within a certain time period. In this
research an anytime algorithm [Zilberstein, 1996, Zilberstein et al., 1999] is developed and extended which
addresses the problem of real-time deadlines on the generation and evaluation of actions. The algorithm
produces an initial action almost immediately then continuously improve the action as time permits. This
type of algorithm is desirable when the agent is operating under real-time constraints, i.e. the agent can
guarantee it will reach some decision under arbitrary time pressure but will use all available time to improve
the quality of that decision.

The algorithm presented here is adapted from Pirjanian [Pirjanin, 1998, Pirjanian and Mataric, 1999).
Pirjanian’s algorithm is an efficient method for generating actions with a certain quality level. The gen-
erated action will be pareto optimal, which intuitively means that when compared to any other action, an
improvement in the quality with respect to one objective implies a drop in quality with respect to another
objective. In general there will be zero or more pareto optimal actions available to the intelligent system.
The Pirjanian algorithm further guarantees that the quality of the action with respect to the highest priority
objective will be at least as high as the quality of any other action with respect to the highest priority action.
If there are multiple pareto optimal actions with equal quality for the highest priority action then the quality
with respect to the second highest priority objective is compared, and so on.

The Pirjanian algorithm works by first filtering all possible actions for the set of feasible actions. A
feasible action is one where all objectives are at least partially fulfilled by the action. The feasible actions
are then filtered to remove actions for which there is another action that is strictly “better”, i.e. the set of
pareto optimal solutions is found. Finally the “best” action is found by comparing the quality of the actions
with respect to the highest priority objective, second priority objective, etc.

The algorithm generates high quality solutions reasonably efficiently, however the algorithm must run it’s
course before any action is generated. For some applications this is unacceptable. The algorithm described
here compromises somewhat on the guarantees of quality given by the Pirjanian algorithm in favor of being
able to generate actions within arbitrary time limits. The algorithm differs from the Pirjanian algorithm in
the following way: rather than working with sets of actions one action is assessed at a time and compared to
the best action found so far. Whenever the algorithm is halted the best action found so far is the outcome
of the action selection. While the algorithm is allowed to continue a better action may be found.
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3.1 Action Selection

Mathematically an action can be represented by a vector a = {ay,as,...,a,}, where a; represents the jth
decision variable. Each decision variable is related to one degree of freedom of the intelligent system. The
domain of a; is the range of possible values for that degree of freedom. For example the domain of an engine
speed decision variable will be the range of possible output voltages and the domain of a decision variable
for radar status will be the different modes that the radar can have. In a normal action selection problem
there may be many decision variables, each of which can have values in a potentially large range. Hence,
A =Dy xXDs...x D,, where D; is the domain of a;, is the domain of a, and will often be very large.

For each objective there is assumed to be a mapping which relates an action to the quality with respect
to an objective:

quality = g(a) (1)

@ is the set of all quality functions, i.e. one for each objective.

Lower quality values mean that the actions do not achieve the objective while higher values mean that
the action efficiently achieves the objective. Intermediate values represent intermediate levels of objective
fulfillment.

The problem of action selection can then be defined as finding the action which maximizes some function
of the quality of the action with respect to each objective[Pirjanin, 1998], i.e.:

arg max [21(a),g2(a),- -, qn(2)] (2)

3.2 Real-time control

The other aspect of autonomous agents in real-time environments is that of selective human control or
influence over the behavior of an agent during its execution. The capability to partially control or influence
the actions of an agent without completely taking control is called adjustable autonomy. We are developing
and approach to this problem within the EASE development environment [Scerri et al., 1999, Reed and
Scerri, 1999]. In EASE, each simulated pilot is called an actor. The actions of each actor are controlled
by a multi-agent system. Our approach uses a tool called “the boss” which includes graphical interfaces
to monitor the behavior of the agents within each actor. Another part of the boss allows the creation,
deletion or suspension of individual agents (or a hierarchy of agents) controlling an actor. Ths approach
needs development and testing with respect to real-time performance issues.

4 Expected results and impact

The anytime algorithm being developed is integrated within EASE as the means of action selection by EASE
actors. There are important improvements to be made to the algorithm to make the responses in real-time.
This requires a complete analysis of the real-time requirements of the environments where EASE actors
perform - specifically the TACSI aircraft simulator.

Instead of the single values which the original algorithm supported we now support hierarchically data
structures. EASE currently allows fairly arbitrary hierarchies. The branches in the hierarchy can be mutually
exclusive.

Because we are producing an actor’s behavior and because reasonable behavior is sometimes enough,
different action construction methods might work better under different conditions. We plan to test different
methods of generating new values and evaluating the resulting behavior. E.g. genetic algorithms, simulated
annealing, random search, hill climbing, etc. Basically the problem then becomes a real-time local search
problem. Different scenarios and domains might work better with different methods. Additionally with
different time restrictions different methods might be better.

For example a GA will often get very good solutions but will sometimes get very bad results. On the
other hand hill climbing will always get reasonable solutions - which is better? Simulated annealing solutions
jump around more than hill climbing which may mean that the resulting actor’s behavior is too “jumpy” for
some applications.
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5 Project Plan

This research will be conducted by Paul Scerri and a new graduate student in the Real-time systems labo-
ratory under the direction of Nancy Reed and J6rgen Hansson. Paul Scerri is expected to finish his Ph.D
less than one year into the project - in the Spring of 2001.

Milestones: year one. The first stage of the project will update a survey of real-time techniques
currently used in autonomous agents as well as real-time techniques that may be adapted to autonomous
agents with particular emphasis on the action selection problem. The Ph.D. dissertation of Paul Scerri is
expected in the Spring or Summer of 2001 with results of several experiments with EASE.

Milestones: year two. Analysis of the specific real-time requirements of at least two environments
interfaced with EASE actors. Testing and analysis of real-time action selection mechanisms developed and
integrated within EASE. Interface the new EASE system to Saab’s TACSI aircraft simulator and RC Rescue
disaster management simulator.

Milestones: years three and four. Generalization of the results from interfacing and testing the
action selection mechanisms with several environments. A licentiate thesis is expected for the new graduate
student in approximately year 3.

Deliverables. Journal and conference papes will be produced throughout the project. The source code
for EASE will be continually updated and available on the RTSLAB web pages. Academic work planned
includes the Ph.D. dissertation by Paul Scerri as well as a Licentiate thesis for the new graduate student.

Project timing. The project is expected to start in approximately October, 2000 and last for 5 years -
until the Fall of 2005.

6 Preliminary Budget

The total project budget is estimated as 2400 KSEK over the five-year period. This will cover the funding
of one Ph.D. student for 5 years, assuming a maximum of 20 % teaching duties. Approximately 6 months
of the first year of funding is intended for Paul Scerri, with the remaining funding going to a new graduate
student that Paul will help bring up to speed on the research. Funding will be used for student salaries,
travel and mobility programs. We are applying for 600 KSEK for each year.

7 Related Research

Autonomous agents are being applied in more and more application areas. Good introductions to the field of
agents can be found in [Huhns and Singh, 1997, Wooldridge and Jennings, 1994, Bradshaw, 1997]. Additional
information is available from the American Association for Artificial Intelligence, (http://www.AAALorg/)
and AgentLink, (http://www.AgentLink.org/), a new ESPRIT funded agents organization in Europe.

There a number of large agent related conferences including Autonomous Agents, International Confer-
ence on Multi-Agent Systems (ICMAS) and Agent Theories, Architectures, and Languages (ATAL). There
are also agent related sections at most artificial intelligence conferences and distributed computing confer-
ences.

Previous work has not focused much on the real-time aspects of agent response or control with the notable
exception of a recent symposium on real-time autonomous systems chaired by David Musliner [Musliner,
2000].

8 Relationship to the grant CFP

This research addresses the following relevant questions most directly. “How to specify and design a hetero-
geneous real-time system?” and “What are the implications for processes, methods and tools for real-time
systems. Specific topics most relevant to action selection in and control of autonomous agents are resource
handling and distributed systems.
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9 Industrial Relevance

Autonomous agents are being used in more and more application areas, from space exploration to manu-
facturing to development. Systems are becoming more and more complex and we are looking for methods
to improve the development and reliability of these complex systems. Autonomous agents technology offers
“intelligent” behavior for the actors. If the actors can also respond within real-time constraints, the actors
can then replace human experts in simulations and tests, reducing costs as well as freeing the experts from
the tedious and time-consuming task of trying to exactly repeat the same sequence of actions several times
for different trainees or scenarios.

10 Relation to other SSF programmes

Other funding from a variety of sources is being sought by members of the lab for related projects.

11 Context

The Laboratory for Real-time Systems at LinkOping university has undergone a change recently with Dr.
Anders To6rne moving to part-time status last year and Dr. Simin Nadjm-Tehrani starting this year as the
new lab leader and a fourth senior researcher joining the lab - Dr. Jorgen Hansson. The budget of the lab
for the year 2000 is approximately 4800 KSEK, roughly half of it externally funded by TFR, NUTEK and
EU projects. The lab is internationally active in the areas of autonomous agents, formal methods, hybrid
systems, real-time databases and scheduling, and systems engineering.

11.1 Research Group

Dr. Torne, Paul Scerri, and Dr. Reed have been working in the area of autonomous agents for several years.
This funding will be used to fund a small part of the remaining work by Paul Scerri as well as start a new
graduate student to continue the work with more focus on real-time issues in autonomous agents.

11.2 Complementary activities and funding

Funding for the complementary project “Specification of Agents in Interactive Simulation Environments”
comes from the Swedish National Board for Industrial and Technical Development (NUTEK), under grants
TIK1P-97-09677, IK1P-98-06280 and IKIP-99-6166. Funding for “Agents in Complex Simulation Environ-
ments” comes from the Center for Industrial Information Technology (CENIIT) under grant 99.7.

11.3 Research Cooperation

Group members have been and are cooperating with several international groups. Paul Scerri is currently
spending 6 months working with Prof. Milind Tambe’s group as USC’s Information Sciences Institute.

Dr. Reed submitted a membership application and is now the contact person for Link6éping University
in AgentLink. She is the chair of a workshop titled “Teams with Adjustable Autonomy” to be held at the
Pacific Rim Conference on Artificial Intelligence in August this year.

11.4 Industrial cooperation

This work is supported by Saab AB. Our primary contact is: Tomas Karlsson, Manager, Operational Analysis
Saab AB Grippen, 581 88 Link&ping, phone: 013 18 4625, fax: 013 18 5332, email: tomas.karlsson@saab.se.
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