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Abstract

We outline a new methodology for generating eco-
nomic plans and budgets for design projects. This ap-
proach is based on an extension of the Kohn-Nerode
hybrid system models and algorithms. Given a hy-
brid system model of a distributed system and a per-
formance specification for that system (expressed as a
relaxed variational problem of minimizing the integral
of a Lagrangian over a trajectory on a suitable man-
ifold), we extract a nearly optimal chattering control
program which forces the system to obey its perfor-
mance specification.

To adapt the Kohn-Nerode methodology to the prob-
lem of generating economic plans and budgets for de-
sign projects, we model each design project as the
problem of finding a winning strategy for a suit-
able associated heterogeneous differential game. The
game formulation captures in the game rules all inter-
action mechanisms between players (decision agents)
participating in the design. This differential game for-
mulation is a key step toward rendering distributed
economic and planning problems in a form to which
the Kohn-Nerode methods can be applied. We then
rewrite the game rules as the definition of an associ-
ated “carrier manifold” and we restate the winning
condition as a relaxed calculus of variations prob-
lem whose solution is a collection of winning strate-
gies for the players. These relaxed variational strate-
gies can then be approximated by chattering strate-
gies for each player in accord with the Kohn-Nerode
method. The Multiple Agent Hybrid Control Archi-
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tecture (MAHCA) that implements the Kohn-Nerode
models and algorithms is well suited, after small ad-
justments, for extracting nearly optimal strategies for
the players in economic and planning games.

1. Introduction

Overcoming the limitations of traditional methods for
finding optimal economic policies is a major chal-
lenge. This paper presents an approach which first
reformulates the policy problem as one of solving a
heterogeneous differential game and then solves the
game by applying a variation of the Kohn-Nerode
methodology for extracting control programs to find
nearly optimal economic policies. The framework is
applicable to many areas of economic policy model-
ing. The Multiple Agent Hybrid Control Architecture
(MACHA) [9, 10, 11, 1] provides an effective proce-
dure for near optimizations of difficult resource deci-
sions.

Static Analysis.

Static “actual cost analysis” is widely used in indus-
try [19] for planning and budgeting. It is based on
historical experience tables. All historically based
analysis methods have the defect that there are never
any strictly similar past processes with the same en-
vironment and requirements and therefore their ap-
plication has to be based on untested, and usually
unstated, judgement calls. A priori values assigned
at the beginning are usually not updated as the pro-
cesses responsible for budget decisions evolve. More-
over the models often use assumed forms of statistical
distributions of variables which have not been mea-
sured. The defects in the planning process are de-
tected retrospectively by tracing back failures in the
results to their causes in poor decisions.

No Feedback.

There is a general lack of feedback or self-correcting
mechanisms. This is due to a lack of even the most
elemental dynamic modelling of the complex interac-
tions between decision makers as they affect the gen-



eration of economic actions. Unlike dynamic models,
actual cost analysis cannot take into account non-
linearities due to feedback between agents and pro-
cesses, or even between economic variables. Finally,
near-optimal plans and budgets for components can-
not be constructed based on static analysis of the
purely local information available to individual deci-
sion makers because of the mutual feedback effects of
their ongoing decisions. In summary, in static anal-
ysis the dynamics of the evolution of the processes
being budgeted for are not modelled and are not em-
ployed.

Necessity of Global Dynamic Analysis.

If we wish to achieve global goals for systems of par-
tially autonomous interacting distributed economic
decision makers, we have to model their interactions
with each other and the environment, their global
goals, and the dynamics of the evolution of the pro-
cesses. As outlined above, this is beyond the capabil-
ities of current actual cost analysis schemes.

Can we develop a common framework which will al-
low us to compute robust and near optimal plans and
decentralized budgets to meet global organizational
goals? These issues are partly addressed by the ap-
plication of theoretical and applied economics to plan-
ning and decentralization. Mathematical models and
experience tables for planning and optimization by
a given economic agent in a homogeneous model or
game are the standard stuff of operations research,
management science, and applied economics. But
how do we optimize and plan for economic organi-
zations comprised of heterogeneous economic agents?
There has been, up to now, no cost/benefit software
which incorporates heterogeneous organizational sub-
units. These are subunits will have different opti-
mality criteria for different agents and different be-
havioral cost functions for different agents. Even for
large homogeneous organizations, current algorithms
and models cannot be executed fast enough to update
distributed budgets and plans on-line. The Kohn-
Nerode algorithms, based on the relaxed calculus of
variations and differential geometry, are designed to
overcome these computational obstacles.

We propose a new architecture to remedy the prob-
lems with static actual cost analysis which we have
outlined above. Our new architecture is based on
hybrid systems theory and dynamic games. In gen-
eral, a game is characterized by a collection of rules.
When human agents are involved, interaction always
involves some level of competition. The formulation
of this interaction ranges from formal games to situa-
tions where rules are difficult to discern. Social scien-
tists and economists both have endeavored to charac-
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terize significant cases of competition by abstractions
which select rules and hence games. Many such games
have been carefully studied mathematically, defin-
ing possible strategies and giving deep insight about
many forms of human competition [3]. We have taken
the Von Neumann and Morgenstern point of view
that, in the large, human agents rarely apply “pure”
strategies, but rather compete by combinations of
strategies fashioned from their own unique points of
view and understanding of the course of play. We
have meshed this with MAHCA [6, 1], whose control
policies (plans and strategies) are indeed “chattering”
{(mixed) combinations of pure strategies.

We believe that in [1] we were the first to propose
a single implementable and principled mathemati-
cal model for integrating interacting economic agents
which takes into account their rules of negotiation,
differing cost functions and behavioral models, and
the global organizational goals. Such a model can be
used to compute, in real time, unit plans and bud-
gets which are cost effective relative to the assumed
behavior of the units, without applying any central-
ized control, and assuring that global goals and con-
straints are met.

The principle benifit of using the Multiple Agent Hy-
brid Control Architecture (MAHCA) is that it al-
lows us to use a cost/benefit model in which the sub-
units of a heterogeneous economic organization and
their interactions constitute a partially decentralized
“Cost/Benefit” economic game played between sub-
units. The MAHCA model then becomes a dynamic
economic game played between players with hetero-
geneous cost functions and with both logic and con-
tinuous evolution constraints. The budgets so ob-
tained are“decentralized” plans for individual sub-
components that meet material, financial, informa-
tional, and behavioral constraints of the heteroge-
neous organization. MAHCA algorithms assure that
for a given the organizational structure, the plans and
budgets computed are robust and cost-effective or,
using a more technical term, near optimal.

Economic models with rules for interaction and het-
erogeneous competitive strategies have been studied
for many years in economics for manufacturing, leg-
islative, executive, enterprise, and other processes.
The Multiple Agent Hybrid Control Architecture for
the first time allows the extraction of heterogeneous
dynamic game strategies simultaneously for all the
agents at once. These games are played between
multiple agents which participate in economic pol-
icy modeling and game law extraction. The com-
posite strategy coming from the application of the
individual strategies, generates a near minimum cost
solution for the implementation of design initiatives.



Moreover this behavior is obtained in the presence of
knowledge uncertainties, such as incomplete models
of the systems being designed, loosely defined opera-
tional requirements, and evolving design parameters.

2. Problem formulation

In this section, we formulate the basic game prob-
lem that we shall solve. Suppose that there are N
players (herein referred to as agents) (N > 1). As
a function of interdependency, which is determined
by the application, we group the N players into not
necessarily disjoint subsets Si,...,Sg. Within each
subset, the players play a common game according
to a set of rules prespecified for the subset. Notice
that since the subsets S; are not necessarily disjoint,
a given agent may be playing in more than one game.
This arrangement implies that the action of an agent
has to simultaneously comply with game rules corre-
sponding to more than one game. In conventional
formulations, this leads to inconsistencies. However,
if we are willing to allow as a solution of our games
a two-time scale chattering solution, we obtain im-
plementable game strategies for this problem. In the
next paragraphs we will overview the nature of this
solution which is the basis of our proposed cost anal-
ysis implementation.

An example of a game formulated cost analysis sys-
tem of the type introduced above is shown in figure
1. The system has three agents controlling the (cost)
process. Each agent observes the process via its local-
ized sensors and acts on it via its localized actions. In
addition, the agents interact dynamically with each
other via an interagent network. The three agents are
playing two simultaneous games: S; involving agents
1, 2, and 3 and S, involving agents 2 and 3. Within
each subset, the agents are suppose to conduct a game
whose effects are the generation of actions that mod-
ify the behavior of the process. The nature of these
actions will be discussed later in this section. For now
we proceed to overview the main characteristic of our
proposed solution.

In a two-time scale chattering solution, each agent
contends with two hierarchically organized time
scales: the game scale and the action scale. This
is illustrated in figure 2. Each game step takes A
seconds. Each agent must determine what portion
of this interval will be assigned to play according to
one of a finite set of basis games. Then, within each
subinterval the agent has to decide the time it as-
signs to one of a finite set of pre-established primitive
infinitesimal actions [7}.
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Figure 1: Example of a Multiple Game Arrangement.

i i i i i i
Dn!A‘ ﬁn‘A I Hle l ﬁné A ' Bn.,A I anA
I

N i

A=A

E'u"- % g
[ i, ipi gigald
o d, ah oo « Ay @ A
f "el '1"5[ 'JA“sl ) "sl Ts g

Ai DiA
Ny

Figure 2: Two-time Chattering for Agent 1.
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Figure 3: Basis Game Chattering.

Each basis game is characterized by a different (rule)
model. The heterogeneous game is carried out by im-
plementing each game agent with its associated game
and process rules as a MAHCA agent. As illustrated
in figure 2, a MAHCA agent is performing on-line two
hierarchically organized functions: (1) the construc-
tion of a composite game strategy by game chatter-
ing combination and (2) the generation of infinitesi-
mal actions that are chattering combinations of the
primitive infinitesimal actions available to the agent.
The other principle feature of MAHCA, adaptation,
works similarly as the adaptation process that is used
in control problems [7]. Because of space limitations,
adaptation will not be discussed in this paper, ex-
cept to say that deviations from expected conserva-
tion laws are used to modify the cost functions that
the agents optimize.

The basic idea behind our proposed solution of any
particular game problem in which an agent is involved
is to construct an arbitrarily close behavior to the op-
timal behavior of the game by chattering among be-
haviors of a suitably selected basis for the game. The
solution of each basis game is obtained by chattering
of game actions as in control problems [4]. This is
illustrated in figure 3.

3. Conclusion

The central results of this paper is that a composite
strategy coordinating the agents for achieving a near
optimal cost solution can be obtained by an exten-
sion of the Kohn-Nerode procedure for near optimal
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control law extraction [10, 11, 12] to the near op-
timal solution of the dynamic cost analysis problem.
Our methodology [1] has as intermediate step the con-
struction of game rules that satisfy all multiple inter-
agent constraints and the construction of behavioral
and cost models for the individual agents. In these
models, the concept of a “catrrier manifold” and its
connections plays a basic role, see [12]. In this pa-
per we formulated cost analysis as a system of agents
which play differential, rather than discrete, games.
By our continualization procedure [12], any discrete
game can be transformed into an e-approximate dif-
ferential game, so this is no limitation. A complete
exposition of these methods will be published in full
elsewhere.

Finally, we are in the process of constructing game
models for solving a variety of real time industrial,
business, and military planning and budgeting prob-
lems.

References

[1] B. Cummings, W. Kohn, J. James, A. Nerode,
J.B. Remmel, and K. Shell, “ Multiple-Agent Hy-
brid Control Architecture for Cost/Benefit Analysis:
A Proposed Approach to Optimal Performance while
Downsizing,” Mathematical Sciences Institute Tech-
nical Report 95-6, Cornell University, March 1995.

[2] H.E. Riggs,“ Financial and Cost Analysis for
Engineers and Technology Management,” John Wiley
and Sons Inc., 1994.

[3] A. Friedman, “Differential Games, Conference
Board of the Mathematical Sciences,” Regional Con-
ference Series in Mathematics, Number 18, June 4-8,
1973.

[4] X. Ge, W. Kohn, A. Nerode, J. B. Remmel,
Algorithms for chattering approximations to relaxed
controls, Tech Rpt 94-23, Mathematical Sciences In-
stitute, Cornell, 1994.

[5] R. Grossman, A. Nerode, H. Rischel, A. Ravn,
eds., Hybrid Systems, Springer Lecture Notes in Com-
puter Science, October, 1993.

[6] J. James, W. Kohn, A. Nerode, “ Multiple
Agent Hybrid Control Architecture: A generic open
architecture for incremental construction of reactive
planning and scheduling,” Intermetrics Report, Inter-
metrics, Bellevue, Wash., June (1994).

[71 W. Kohn, “A Declarative Theory for Rational
Controllers,” Proceedings of the 27th IEEE CDC, Vol
1, pp 131-136, Austin, TX, Dec 7-8, 1988.

[8] W.Kohn and A. Nerode, An autonomous con-
trol theory: an overview, 1992 IEEE Symposium on
Computer Aided Control System Design (March 17—
19, 1992, Napa Valley, CA), pp 204-210.



[9] W. Kohn and A. Nerode, Multiple Agent Au-
tonomous Control Systems, Proc. 31st IEEE CDC
Tucson, Ar., 2956-2962, 1993.

(10} W. Kohn and A. Nerode, Models for Hybrid
Systems: Automata, Topologies, Controllability, Ob-
servability, in [5], 317- 356, 1993.

[11] W. Kohn and A. Nerode, Multiple agent au-
tonomous hybrid control systems , in Logical Meth-
ods: A Symposium in honor of Anil Nerode’s 60th
Birthday, (J. N. Crossley, Jeffrey B. Remmel, Richard
A, Shore, Moss E. Sweedler, eds), Birkhauser, 1993.

[12] W. Kohn, A. Nerode, and J.B. Remmel, “Hy-
brid Systems as Finsler Manifolds: Finite State Con-
trol as Approximation to Connections,” to appear in
Hybrid Systems II, Lecture Notes in Computer Sci-
ence, Springer-Verlag, also Mathematical Science In-
stitute Technical Report 95-22, Cornell University,
June 1995.

[13] W. Kohn, A. Nerode, J. B. Remmel, and Xi-
aolin Ge, Multiple Agent Hybrid Control: Carrier
Manifolds and Chattering Approximations to Opti-
mal Control, CDC94.

[14] W.Kohn, A. Nerode, J.B. Remmel, A. Yakhnis,
Viability in Hybrid Systems, Theoretical Comp. Sc.
138 (1995) 141-168.

[15] A. Nerode, J.B. Remmel, and A. Yakhnis, Hy-
brid Systems Games: Extraction of Control Au-
tomata with Small Topologies, Technical Report No.
93-102, December 1993, Mathematical Sciences Insti-
tute, Cornell University, 1993.

[16] A. Nerode, J.B. Remmel, and A. Yakhnis,
“Controllers as fixed points of set-valued operators,”
to appear in Hybrid Systems II, Lecture Notes in
Computer Science, Springer-Verlag

[17] A. Nerode, A. Yakhnis, Modeling Hybrid Sys-
tems as Games, CDC92, pp.2947-2952, 1992.

[18] A. Nerode, A. Yakhnis, Hybrid Games and Hy-
brid Systems, Technical Report No. 93-77, October
1993, Mathematical Sciences Institute, Cornell Uni-
versity, 1993.

[19] H.E. Riggs,“ Financial and Cost Analysis for

Engineers and Technology Management,” John Wiley
and Sons Inc., 1994.

4359



