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Complexity and Dyssmics: Applications of Dynamic
System Theory

HANS W, GOTTINGER

Abstract—An attempt i made (0 define & general owasure of com-
plexity In the costext of algsbrakc system theory, The telationship
b lexity sad bresk Is lavestigated, and further ramifica-
tions and hais ou npplications are given,

1. INTRODUCTION

The purpose of this paper is 10 exhibit the relationship between
complexity and caiastrophe in the framework of algebraic
system theory. In general, a dynamic system (7, Z, X, ¥, #. %)
is characterized by the following properties.

DX={xiT>Land ¥ = {y: T~ ¥, where .& ¥ are
sets of input and output values and X, ¥ sets of input and
output functions, respectively.

2} Tis an ordered subset of the reals or the integers.
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)

3) Definition of input segment: for cvery v e X lgt Xirytg b
the inputl segments restricted to time incerval (ri)]e T
For

X xEXN 1y <ty I ) = Xupn” Xyap

(concatenation).

4 AT x Tx Zx X- Zis the transilion function given
by 201} = Mrrc.x) e Z with € T as initial time.

53 An oulput funclion given by &: T Z- ¥, KN =
r.2(e).

11. THE ROLE OF ALGEBRATC SYSTEM THEORY

Unfortunately. there has been a split in system theory in
terms of the use of different mathematical 1ools, Discrete-time
dynamic systems use algebraic techniques (those originating in
abstract group theory, homological algebra, category theory),
and much of automata theory is of that sort. Continuous-time
dynamic systems are firmly cmbedded in analysis involving
propertics of continuity, differentiability, convergence, etc,
Much of control theory is closely refated to the latter properties.
On the other hand, many of the computational techniques
such as dynamic programming are more closcly related to the
algebraization of systems. A more unified view seems to be
NeCEssary,

In fact, there are some striking advantages for the algebraic
approach, First, algebra is a natural 100l because it emphasizes
the design of a system as a collection of objects—very similar
to the formation of algebraic structures—by constructing new
objects from given ohiccts via ulgebraic operations. These
il and sig-
\ irtition,
dirision, aml order treplcement). A good example s the
tquivilence of an empirical object, such ay 4 machine, and un
algebraic object, such as a semigroup of transformation. In
fact, the equivalence is so natural that any biological, ecological,
Or cconomic system evolving in time can be viewed as a trans-
formation semigroup (TSG) in which time is an irreversible
resource, {Some authors even went so far as (o consider the TSG
and the associated notion of a machine as the key mathematical
notions of this century.) Second, algebra is natural for computa-
tional work, and this is an important factor in upplications.
Moders computers accept digital instructions, and those in furn
require an algebraizalion of systiems. A good example of that
sort is pravided by equilibtium theory in mathematical economics
(see [10]) which makes exiensive use of measure theory and
topology to derive equilibrium properties of an economic
system. Equilibrium properiies, however, could be shown to be
equivalent 1o 1he existence of fixed points in economic systems.
Unfortunately, with the tools used, such fixed points cannot be
computed, To compute such fixed points one has to retreal (o
digitilization and discretization, e.g., devising cfficient com-
binatorink-algebraic algorithms. For approximation of such fixed
punts, the innoviting tools of H., Scarf [13] can be used relating
to mathernatical programming.

It is suli open to question whether the derivation of fixed
points for very large sysiems is more than of conceplual vaiue
sinee the complexity of such systems may be beyond any reason-
able computation. This is. in this author’s view, one of the main
weaknesses of the mathematical tools currently in usc in
LCONOMICs.

18 infuitively appealing; it starts with very
r which conunon sense ju inns can he
nds requiring oo much; for esample, dif-
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ferentiability #md continuity contain some idealization for which
empirical justification may be hard to find.

Fourrh, algebraic sysiem theory emphasizes qualitative aspects
of systems to the extent that we are interested in propetties such
as survizal or break-downm, This is achieved by determining
complexity bounds of the systemn’s design {design complexity),
By the fact that algebraic system theory is related to computa-
tiopal structures, we are in the position to construct a complexity
theory for dynamic systems which is also amenable to applica-
tions. Asa matter of fact, system theory and algebra are so closely
related that the former can be made a part of applied algebra
(see [3]).

1. GENERAL REMARKS ON COMPLEXITY

In different connotations, complexity assumes different facets:
largeness, size, multidimensionality, or hierarchy. In particular,
the concepts of hierarchy and complexity are intrinsically related.
In fact, hierarchy is a heuwristic device to approach complexity.
For example, if you ask a person to draw a complex object,
such as a human face, he will almost always proceed in hierarchic
fashion. First he will outline the face. Then he will add or insert
features: eyes, nose, mouth, ears, hair. He will proceed this way
unti] he reaches the limits of his anatomical knowledge. There-
fore, pattern-recognizing processes proceed in a “'boxes-within-
boxes™ form.

Structured programming and decomposition methods of linear
and nonlinear programming may also serve as examples of that
sort. One way of understanding complexity in natural systems
(i.e,, in case of humanistic or biological systems) is by con-
struction of analogies with artificial systems. By imitating a
comparable kind of complexity in artificial systems we may have
some hope that by hierarchical structuring we will understand
this systemn sufficiently well, Maybe then we have at least some
key to understand the naturai system. It is therefore not SUrpris-
ing that great significance has been attached to the concept of
complexity in the sciences of the artificial (computer, system
science, and artificial intellig One q which im-
mediately arises is, what kind of system we are going to choose
for modeling complexity of natural systems? There exist different
theories of complexity which are valid for well-defined systems,
and these thearies are not always natural or even compatible
with each other. One theory of complexity is proposed in con-
nection with the construction of Turing and universal machines
and related algorithms generating computable furctions. A
Turing machine has & simple mind. there are no resource and no
time constraints involved, and the machine can do virtually
everything, even the most complex tasks. A Turing machine has
an infinite memory and an infinite 1ape, alithough this is not
necessary for the working of the machine. First, we have to
observe that the notion of complexity does not carry much
intuitive appeal here. For example, what sense does it make to
talk about a Turing machine having infinite complexity? One
resuit which really matters in this comext is Blum’s theorem
(the speed-up theorem), In essence it states: given two Turing
machines one being faster than the other, there always exists
an zlgorithm which computes functions faster on the slower
machine than any given algorithm which computes these func-
tiens on the more powerful machine. Hence, for any complex
algorithm there exists a more complex algorithm which com-
putes functions faster. According to the speed-up theorem we
could always devise an algorithm with infinite complexity, As
could be expected, 2 Turing machine is not a good mode! for an
organism of system which is striving to survive. In contrast we
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need a different modet which takes into account time and re:
constraints. This model is a variant of the more general alg
system introduced above, e.g., a sequential machine.

IV, ALGEBRAIC MACHINE THEORY AND COMPLEXTTY

First we introduce some concepts to make the notior
sequential machine precise. Let 4 be a nonempty set, lef
represent the set of all sirings whose members are element:

" (the alphabet), i.e,,

L A=, -a)nzlandae 4}

Then we define a machine {or sequential machine) as a fin
/:X A — B, where A is the basic input set, B the basic o
set, and f{4,,- - -.a,) = b, is the output at time n if a;
input at time 7 (1L = J < ). Next we look inside the ma
(or “blackbox™) by defining a circuit € as quintupte (4.8,2
where A and B are as defined above, Z is the nonempty
internal states, i: Z x 4 — Z is the next state function
8:Z x A—~ B is the output function. (This essentially
Mealy machine.)

We could also define a machine f in terms of a circuit.
C::Z A — B is a machine given by starting circuit C in
z & Z. This circuit then is defined inductively as foll

Coa) = dzm)
Clay, ) = .n,ru.-__nn_w‘, ),

We say C realizes the machine £: 3 A = B if and only §)
there exisis a z in Z such that C, = f. In fact, ithe noti
realization is crucial. We have the following situation, Gi
specific dynamic system, a black-box, from which we only |
{observe) the inputs, the outputs and the states over time.
can we compose parts of that systern which hocked tog
“simulate™ the original system, i.e., which altogether hav
same performance as the original system? There may be 1
possible realizations of a given system, but not all of them
lead to the same performance. Indeed, there may be jus
unique optimal realization in the sense that any other realiz
performs worse. Decomposition theory in mathematical
gramming is nothing eise than devising methods to find
optimal realization. This, of course, requires that the stru
of the system is observable, hence, that we are able to deter
the complexity of the system. In sequential machine theor
problem of realizability of one machine by copies of «
machines can be approached by decomposition into compc
machines, i.c., serial-parallel or cascade decomposition.
fact, by the fundamental Tesults of decomposition we wi
able to show that decomposition is just a counterpart ol
problem of complexity in sequential machines.

Examples of sequential machines are organisms which
respond in real time to their environments just to stay alive
fighting a bear). Ecological systems (bird colonies) or biolo
systems {(metabolism of cells} constitute systems siriving
survival. Also, all types of competitive economic sys
chatlenged by adversary environments belong to this cate;
Furthermore, modular or neural nets being appticd in ph
logical or brain research constitute finite automata (seque
machines), which are very similar to the design of modern di
computers {see [2]). In general, extreme notions such as sur
or nonsurvival {death} which are characteristic for pure forn

forn = 2,

' A cascade decomposition is just a generalized form of hierars
structuring.
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Looking at the corresponding circuit construction we consider
serial parallel decomposition in terms of stale and output
representations, Therefore, let M, = (4,.8,2,,4,.8)) and M; =
(C.D.Z3.43,8;) be two state dependent output cirewits, Let
H: T B~ 7 C be a homemorphism, Then & new machine
(A D, Z, % Z,,4,8) is the scries composition of M, by M),
with ing b phism £, glven in terms of M; ®
H @& M, where

Altzgry)al = Gy [HIS (4, (2,00 20,4 (8 V] 822.8,0) = dyfz))
Likewise, define the parallel compesition of M, and M, by
M OM=(AxCBxDZ x 21 & Ayd @)

where

Ap @ (2,2 K0,60) = (424202200
8, @ &l{2,.20)) = (8(2))dx(z2)).

The following result (which is casy to prove just by compula-
tion} demonsirates the interconnectedness of circuit and machine
construction. Let

M)y, =/ (M), =g

Then
(M; @ H@ M)y, s = oH"

(M, & .‘nx-..nu- =-fdg

Let us rewrite the state trmmsitions in the serinl compnsition in
o dilferent form, making use of 2, - a ~ Adzoh & -7 - Ldnz0,
t=(a), " aEX A whenl=1and ~mMn.t=n=__| 250
that {z;+ 7)1y = 2;+ 1,2;. Then we have *

Asn.k- @ m {2y M3 (z,0)5 ) = 4250
3znay) = 85(2,)

This reformulation provides us with more inwitive properties
of triangularization and kth component action lying in §, used
in the definition of the wreath product {Section [V-4). We observe
that z,” depends only on z, and @ (and not on z;). This is the
meaning of a acting in trianguiar form, Also since z, -+ I, -@
is an ¢lement of M5, he semigroup of A, associated 0 5|,
for cach a € A, 30 13 ~ 25+ Hi¥z,a)) is an clement of A%
(for cach Axed 7, & Z, and fixad a & A). We ilen sy thul @ hus
kth camponenar action in M~

Let us now state the Axfoms.of Complexity.

Axiom 1: a) [lg implies &) = K and b) Hf, @&
@ S} = max (BOAY i = 1)

Axiom 2. For all machines /), f; € My

0 @A) s A+ S
If there is 8 Feedback operativn 3 from £ W . then
oy &N = B+ 0+ 0 O A
Axiom 3: U s = 0, 8D,) = O
On the basis of Axioms 1-3 (plus conlinuity)® we have
0o = #uf5).
¥1. EvoLution COMPLEXITY

Up 1o now we were only dealing with design complex
particular machine or system. Under design compley

formation process in which full use of the system potential is
made. However, under design complexity, 1his transformation
process need not result in stable configurations; for example,
unstable configurations may result from a gap between com-
putability requirements of the entire system and the computational
capacities of the connecied subsystems aiming at realizing the
entire system. This sitwation accurs if there is no solution of
(XS (X 8) ~ -+ ~ {X,.8,) or, cquivalently. if there is
only & solution of (X' 8V [{X.8) ~ - ~ (4.5} where
(X8 nuty represcnt some system with a lower periormance
than (X5}

Under control camplexity we understand that specific com-
plexity {number) that resulis from computations which keep the
entire system or at least part of it under complete control.
Mathematically, represent the global input—-output behavior by
a semigroup §< FdX) associated o the sysicm (23 A — 8.
Then 8 is under complete control il there exisis an input sequence

= (4, .a, thal applied to S), j = L,---.n leaves §, in
stable stat¢ zp, . i.c., that is invariant with respect to changes
of 1.

Spd = Sp 0

for all j in the decomposition. Thus the control of § is complets
iff all local states in the decomposition are invariant with respect
to input sequences. In practice, we could adopt the above
definition for al! values of 7 in a sufficiently large interval, Other-
wise the contral of § is said 10 be not camplete, and no global

Unstiable conliguration may occur i some subsysiems are
unible 1o compuie (adjust) fast enough in order 1o adopt
clianges of i .=_.== sequences. This is behind the intuitive meaning

A he refation between design and control complexity is called
evolution complexity. A system is said 10 be in perfect harmony
or perfect balance whenever the utilization of its potentialitics is
complete, ie., when design complexity and control complexity
coincide,

Evample: One problem is 1o define perfect harmony assuming
the finite stute machine modeling and then render in a pregise
farm the cvolution complexity relation. The cell is divi
two parts: melahalism und genetle controd; both are
mychings interagting with cuch pther. 10is essentially the Javob-
Monod model, This simple model has been applied in a non-
biological context (s¢e [8]). One way 1o consider the inleraction
within & celt is as Follows. G is atiompting (o control Af where
G sampics the output of M and then puts @ correclion input
pack into A (which is the usual setup in control theory). If G
does it according 10 the design complexity and docs nol compule
more of fess 1han is required, then stable configurations will
result, and design and comrol com ty wibl coincide. €0her-
wise, both will deviate, and possibly @ breakdown ciannot be
aveided.

Forunatcly, in many cases of biologicul or ceological sysiems
the principle of evotutien works as follows. An ¢volving organism
transforms itself in such it manncr $0 48 19 Maximize the contact
with the complele enviconment subject to rcasonable under-
standing and contred o s condacted envirenment, FHuos s why

he
systetn wh
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mining upper complexity bounds along the lines as suggested in
the previous section.

Next, the evolution compiexity relation is crucial. The smaller
this relationship the more balanced (stable) the system tends to
be. We consider this sitnation as gualitarively stable. Such a
system will survive if qualitative stability holds. On the other
hand, the larger this relation, the more unstable the system will
become up to a point where a breakdown cannot be avoided.
Such a breakdown will constitute a catastrophe. (All the examples
in this context relate to work presented by Gottinger [7], [8])
Recall that we want to model competitive systems, €.g., systems
that strive for survival, in a biological context they relate to the
Darwin-Wallace theory of evolution.

Example 1: In economic theory one is interested in what
properties the competitive process invokes, and the notions of
competitive equilibrium and Pareto optimality apply in this
context. It can be proved that every competitive process acting
in a so-called classical environment is a Pareto satisfactory
process. In this case where the environment is *“nice,” i.¢., where
preferences and technology are coxvex and no indivisibilities
and no externalities do exist, one can prove that the competitive
process will show a stable and optimal pattern. This situation
corresponds to our case where design and control complexity
coincide. On the other hand, if externalities are present we are
able to show that the design complexity of the system increases,
whereas the control complexity remains unchanged. Therefore,
in this case the competitive system acting under externalities
does not produce an optimal pattern in terms of Pareto op-
timality. This can be demonstrated for very simple models of
the tragedy-of-thecommens-type (see [8]).

In the tagedy-of-the-commons-type situation it is obvious
that the existence of externalities does lead to a nonoptimal
pattern of the competitive system. The same holds true for
various environmental models of the competitive type as dis-
cussed by the author [8], where in general, a breakdown,
catastrophe, or ¢haos cannot be avoided unless there are sig-
nificant changes in the level of contact or control by eliminating
external effects.

Example 2: Structural models of spatial distribution of cells
of the Conway-Schelling type could be explored in terms of
evolution complexity. These models aim at explaining optimal
and nonoptimal spatial configurations of cell development or
more complex humanistic structures such as urban structures.
Conway recommends playing the game by starting out with some
initial paitern—searching for cells which are geing to survive,
o die, or are birth cells—then determine all kinds of configura-
tions possible in this game, hence show the complete life history
of cells according 10 the rules. Conway demonsitrated that, given
some initial configurations, most patterns show a stable con-
figuration in a finite number of subsequent generations. In our
approach each cell could be modeled as a finite state machine
interacting with other component machines governed by Lhe
rules of Conway's game. The interaction of all finite state
(component) machines in simulating the entire system produces
an overall patiern 1hat according to its survival chances is judged
on the basis of the evolution complexity relation. It would be
quite natural to apply these ideas to more complex social
systems as thase pertaining to urban and city formation. In fact,
this has beer done by Schelling [£4]. Schelling is primarily
interested in some practical problems, e.g., in segregation
patterns observed in cities and in the major factors that cause
the patterns. Like Conway’s, the game devised can be played on
a checker board with checkers of different celors representing

different races, groups of different linguistic or cultural ba
grounds, etc. It involves definite rules to generate certain spa
patterns, for example, that every black checker wants at k
half of his neighbors to be “black checkers,” and every w!
checker wants at least a third of his neighbors to be “wl
checkers.” Every checker who tends to be discontented with
neighborhood is allowed to move. Every move is going to cha
the initial configuration, and the question is, under a given fi
number of moves (stages of the game) do the configurations ad
a stable pattern? A stable pattern is reached when everyb
settles in a satisfactory environment, that is, when everyb
does not see any reason to move elsewhere,

Summarizing, therefore, the following applications of o
plexity to dynamic systems can be made:

1) competitive economic models of resource aliocat
models of the “tragedy-of-the-commens-type,”

2) specific models of resource depletion and environme:
pollution (see [8]),

3) structural models of spati al devel (Conw:
game, Schelling’s dynamic models of g:o? see
[14), and [8]).

VIL CompLEXITY IN THOM'S PROGRAM

Some of the remarks at the beginning stating the advant:
of zlgebraic system theory may also be directed toward eva
tion of Thom's program [15], which is in the framewor)
differential 1opology and global analysis, and therefore is ro(
in quite different mathematicat considerations. One of the &
technical problems here is to relate discrete descriptions of
“form™ {via transformation igroups) te differentiable mo
of the form. Thom works with n_a.g._w!n functions. No
the topology-of the form is carried or generated by a-machine
digitalized abstract simplicial complex. the changes in the [
can be taken to be simplicial transformations. Take a maci
and generate a configuration with this machine bearing tc
logical properties or at least approximating such propert
then a study of the change of the form via transformation s
groups could replace a study of vector fields on manifold
suggested by Thom. And this would lead to an algebraiza
of Thom’s theory and would make it amenable to larges
computation. However, it is not clear how fo generate
topalogy of the form by algebraic tools.

A second point is the connection between topological ¢
plexity of a form and information as discussed by Thom.
topological complexity assumes the form of a metric on the st
states (endowed with a suitable topology) that comprises
transformation process from one form to another. Thus &
logical complexity is related to the topology of the form
unless generated by a discrete model canmot be covered
algebraic complexity. This gives ris¢ to questions as to whe
one should have a total complexity measure comprising aiget
and topological complexity (see [4]). One restriction of alget
complexity is that it is on-line, ¢.8., computed when the syste

Tunning. We probably need a detailed theory o_. dynan

systems. Many dynamical ph (e.g., gre
of form) should be modeled first descriptively, ¢.g., whi
system is doing within finite time and not what it shoulc
doing guided by a potential to optimize, The first aspect cal
treated adequately by finite state machine theory, whercas
latter aspect is more it the spirit of global analysis. These
aspects are complementary rather than substitutable. 1
cover both the descriptive and the normative aspect,
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Somne modcls of organizations based on sequential machinc theory have
already been suggested in unpublished papers by Marschak and McGuire
(1973), and Gottinger (1973). This paper is in the spirit of these
investigations, but here we emphasize the determination of complexity in
such systems. .

We proceed first by giving a general nontechnical description of the
system we have in mind, then we turn to the description of an economic
system and show how it works within this framework. We in fact analyze a
dynamic finite state system which interacts with its environment under
constant evolutionary stress imposed by real time, space, and resource
constraints. .

Its general characteristics are described by

1. A set of inputs, e.g., those changing parameters of the environment
which will affect the system behavior in a predictable way.

2. A set of outputs, i.e., those parameters that act upon the environment
leaving observable changes in the relationship between the system and
the environment.

3. A set of states, i.e., those internal parameters that determine the
relationship between inputs and outputs and which may reveal all
necessary information embodied in the past.

4. The state transition function, which determines the dynamics of how
the state will change when the system is fed by various inputs,

S. The output function, which determines what output the system will
yield with a given input when in a given state.

How can we put an economic system in this framework?

SEQUENTIAL MACHINE MODELING
OF AN ECONOMIC SYSTEM

In this regard we reformulate a well-known description of an economic
system as originally formulated by Hurwicz (1959, chap. 3), and translate
it into a proper system-theoretic language. What are the basic ingredients?
First, we encounter the environment, which consists of the set of the
economy’s resources, a set of technological possibilities, and the set of
consumers’ and investors’ preferences. In system-theoretic terms the
environment could be represented by an appropriately dimensioned vector
of parameters where each subvector contains parameters of resource

(/)

availability, technological conditions, and preference patterns, Rmvnn:é_w.
Second, in a market-type economy, changes in these parameters would
produce messages via prices. In this framework the messages may result as
outputs of the decision-making units. They in turn form additional inputs
for other units. .
Third, we do not distinguish between physical and corresponding
informational activities, since there would be no naturai distinction in the
transformation process. For example, changes in the physical parameters as
inputs will in general not only produce a change in physical output but
also a change in the message generated by it (e.g., a new price quotation).
The initial state of the system is given by a distribution of the
environmental parameters. In the almost classical Hurwicz paper an
allocation process consists of a message set and a response function
mapping messages into action for a given environinent, Here we assume the
more general case that the environment is essentially “dynamic,” thus is
subject to changes in the process of transforming inputs to outputs. Also,
the message set, as defined by Hurwicz, is rather limited. We wish to include
changes of environmental parameters (acting externally), as well as those of
informational activities (output changes) of other units (acting internally).
Except for these generalizations an allocation process would be just a
transition function or rather a set of transition functions.
To be more specific about what is involved here let us introduce some
formal definitions.

1. If A is a nonempty set of symbols, then let A® represent the set of all
strings whose members are elements of A, ie,,

A' = {(2),...,2):n>1and mh.mz

Then we define a sequential machine as a function f: A® > B where A is
the basic input set, B is the output set and f(a,,...,a;) = b, is the
output at time n if a; is the input at time j (1 <j<n). In fact, this is the
external description of a sequential machine by specifying a function
f: A* - B that maps the set A® of sequences of inputs to single outputs in
B. The external description is useful to trace the global behavior of an
activated sequential system, but it fails to tell us what might be going on
inside the system.

2. Therefore, let’s look inside the machine (or “black box™) by
defining a circuit as a quintuple (A,B,Z A5), where A and B are defined as

\0
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SOME FUNDAMENTAL ISSUES OF COMPLEXITY

Before approaching complexity in the context of pgspecific models we
should pause for @ moment and first indicate why complexity is so crucial
for the analysis of systems we encounter in real life. Since if we know the
complexity we could possibly devise better (mathematical) methods of
modeling and controlling real systems. So far our tools seem to be rather
limited. Mathematics so far has been quite successful in dealing with either
small or infinitely large systems. At one extreme there are a small aumber
of parts to a system of fairly simple connections. Here mathematics is very
helpful in exhausting all the possibilities by getting, say, a complcte
solution of the set of equations. At the other extreme one works with
some fictitious assumptions when the number of particles gets to be of the
order of magnitude of some very high power of ten. If they are sufficiently
homogeneous it is assumed that there are infinitely many of them. Here
certain properties of continuity, some sort of smoothness may be invoked
so that the whole power of classical analysis comes into the play.
(Theorems on the core of an economy in mathematical economics are

based on these assumptions but the fiction of an infinitely large number of”

economic agents having an infinitely small impact on economic interactions
seems to be a rather unrealistic viewpoint.}) Unfortunately, most of the
large systems relating to societal problems fall intc a range that is
intermediate to these, The systems are much too “complex” to get explicit
solutions for them, and yet the number of parts is not large enough nor are
the parts homogeneous enough to be able to pass to the limit.

What could be a general characterization of such complex systems?
The description of Simon (1969, chap. 4) that we understand a complex
system as ‘“one made up of a large number of parts that interact in
non-simple way” can at most be considered as a plausible description in a
colloquial sense but falls short of contributing to the question of what
complexity is.

In this regard it seems useful to ask a couple of questions about the
behavior of the system. One major question, for example, is about
identification or as Bellman (1965} has put it: “Given some information
concerning the structure of a system, and some observations of inputs,
outputs and infernal behavior over time, deduce all the missing information
concerning structure, inputs and outputs.”

13

The second question one may ask is, does it produce errors in the
sense that its behavior is hard to predict??

As has been pointed out by Rosen (1975a), the concept of error is
crucial and arises naturally in social and biological systems. In fact, error
and complexily seem to be positively correlated, it is frequently the cause
of sudden changes, mutations, perturbations, and break-downs occurring
within the system.

A third question to ask, related to the second one, is what is the level
of control we can exert upon the system? Controllability scems to be a
desirable property of systems independent of complexity. But this, in fact,
is not the case. It is useful to mention here that controllability is not
always inversely related to complexity as one would intuitively expect. In
the engineering field we observe systems operating that are highly complex
(according to some standard) but they are also highly controllable.
However, in the special economic and biological field the more interesting
aspect is that these systems are only partially controllable if at ail. This
observation has given rise to the distinction between design and control
complexity (Gottinger 1975a,b, 1976).

The level of controllability is really what matters in dealing with
complex systems, and its relationship to complexity is not sufficiently well
understood. A case in point is provided by our experience with the
behavior of economic systems.

The fact that our economic system has responded to attempts to
control it in surprising and unexpected ways has often been offered as
an illustration that complex systems are counterintuitive. What does
such a statement mean? It means simply that those intuitions regarding
system behavior which we presently possess were formed on systems
which are in some way simple, and that properties of these simple
systems do not generalize in any obvious way. (Rosen, 1975a)

2Under “error™ we subsume all those functional activities of a system that are
erroneous or mistaken if they will not carry the system from its initial state to its
desired final state or goal. Here, in other words, an “error” is intrinsic to the system
{design rclated). Another kind of error may be seen in unsatisfactory computational
performances of subsystems hooked together to realize the original system. This kind
of ermor will be discussed (Gottinger, 1976) in connection with the derivation of
computational requirements and computational capacities of subsystems. It forms the
crux in distinguishing design and control complexity.
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interaction. Complexity, as a system’s property has been treated under the
term “‘organizational complexity™ by Weaver (1948), and more Boo:m.cv.
Brewer (1973). Weaver, in his paper (which, unfortunatcly, has been largely
overlooked), draws a distinction between “disorganized” and “‘organized”
complexity. He claims that problems of disorganized complexity relate to
those situations where events occur in an accidental, random fashion. (An
accident may hit many individuals in a random fashion, completely
unpredictable at an individual lcvel, but an insurance company feels
confident to calculate the average risk per accident.)

A problem of disorganized complexity is one, according to Weaver
(1948)

in which the number of variables is very large, and one, in which cach
of the many variables has a behavior which is individually erratic, or
perhaps totally unknown. However, in spite of this helter-skelter, or
unknown behavior of all the individual variables, the system as a whole
possesses certain orderly and analyzable average properties. (p. 538)

The conditions under which such .systems act are similar to those we

mentioned at the beginning of this section where infinite analysis applies,
i.e., these cases can be handled by probability theory and statistical
techniques. *“Organized” complexity, on the other hand, pertains to a
situation that defies statistical analysis in which the number of variables js
not too small but not too large either. The variables are related in a
complicated, yet organized way and they require a different treatment of
complexity as a system property. It is interesting that Weaver himself
(1948) refers for support of his concept of ‘“‘organized” complexity to
economic examples:

Hew can currency be wisely and effectively stabilized? To what extent
is it safe to depend on the free interplay of such economic forces as
supply and demand? To what extent must systems of economic
control be employed to prevent the wide swings from prosperity to
depression? These are also obviously complex problems, and they too
involve analyzing systems which are organic wholes, with their parts in
close interrelation. ... These new problems ... cannot be handled
with the statistical techniques so effective in describing average
behavior in problems of disorganized complexity. (p. 539)

\?

It is precisely this kind of complexity which bears the most challenging
task for future scientific investigations.

Brewer (1973) distinguishes a system’s analytic size from its empirical
or actual size. By analytic size he mecans the number of variables, the
specification of their rclationships (of the model describing the real
system).

The greater the divergence between the analytic size of a descriptive
model and the actual size of the social system the more information is
lost and the less reliable the model is as a basis for policy
recommendations.

... Thus we assume that analysts would attempt to increase the
complexity or analytic size of the descriptive models they use to
understand such a social system.

Somewhat related, but developed in a more rigorous framework, I
distinguish (Gottinger, 1976) between structural and computational
complexity (see Figure 2). The first roughly indicates the complexity of the
subsystems that hooked together (in a particular way to be explained)
realize the entire system. The latter means the computational length that is
required by (inter-)connecting subsystems to realize the entire system.

FIGURE 2. Representation of computational (links) and structural {circles) complexity.
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1. There exists a subset Y' of Y and a subsemigroup T’ of T sucl: that Y/
is invariant under the action of T (ie., Y'T' W Y".

2. There exists a map ©:Y' >~ X(>-means onto) and an epi-
morphism ¢: T'~>— S such that &(yt) = (y)#t) for all yeY’, teT'.

Definition 6: Finally, let S be a finite semigroup. Then by definition
#5(8), the (group) complexity of S is the smallest nonnegative integer n
such that

5 _ A%‘-—un_.-u w Axu.mu-v w... —<A<— .O—vs Axu vn-vﬁ. AM\Quﬂuev

holds with Gy, ..., G, finite groups and C,, . . ., C, finite combinatorial
semigroups. o

It is obvious from the above definition that it would be futile to
attempt to find the shortest wreath product representation for Anm.vm. the
semigroup of the machine ﬂ.. . However, there are upper and lower
bounds available which are computable; this is the route which wili be
taken in this section. But first it is necessary to look at the structure of
Anw.vm. As an example, 1 want to begin with C,, (the threestate model)
and look at its semigroup in order to pave the way for an analysis of O.N..

The elements of G, § are equivalence classes of input strings, but they
may be visualized more easily as transformations on the set of states Z =
{z4 23 23}. For example, let (131) represent [(a, )] nn_ , the class of inputs
which sends z, to z;, za to z,, and z; to z,. By direct computation it is
possible to establish that there are 24 such elements:

(11 @1y G11)
(112)  @12) (312
113)  (21)  (313)
1) (222 (G2)
(122)  (223) (323)
(123)  (231)  (331)
a3 (@320 (332
(133)  (233) (333)

Since On_w is a subsemigroup of Fp(X;), the full transformation
semigroup on three letters, no two of these elements belong to the same
equivalence class.

Furthermore, it is easy to see why Ou.m # Fr(X,;), for the only

2!

elements of Ou.m with rank three (i.e., taking three states to three different
states) are those corresponding to combinations of inputs with rank three.
This is because the product (composition) of a transformation of rank n
and any othcr transformation (on either the right or the left) will always
be a transformation with rank < n. So, since az is the only rank-thrce
input and since Oum {a;,47,82,42) = nnm (az) for i = 1,2,3, there are only
three rank-three elements of

G5 ¢ [a)ICy, = (31), [(e2,22)]C,,  (321)
and

Hﬁmuuwuuﬂnv— GN— =123

Now there is an immediate upper bound for %oAnu-m ) w.:nv\_ﬁo—_?
Mateosian, and Rhodes (1967)

#nanu.wv < | spec Anu.mv | = | {r>1: r=rank (t) for some ﬁou_mw
=|{2,3}I=2

This also follows from the machine inequality

#(C,5)=0(C,)<IZI-1=3-1=2
where
Z={z,,2;,23} (Rhodes, 1971)

In order to apply any of the existing lower bounds to nn_m , something
must be known about the local structure of this semigroup. For this
purpose it is convenient to define the Green relations:

Definition 7: Let S be a semigroup. An ideal is a nonempty subset 1€ §
such that ISC 1 and SIC I (ie., for all iel seS, is el and si el). is a right
or left ideal if the first or second, respectively, of these conditions holds.
For seS, I(s) = S'sR(s) = sS', and J(s) = S'sS' are, respectively, the
principal left ideal, principal right ideal, and principal ideal generated by s.
Define binary relations J,L,R,H, and D on S as follows:

2T
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—A__wv = {(12), (i21), (122), (211), (212), (221)}
Lipsy = {(113), (131), (133), (311), (313), (333)}
Li223) = {(223), (232), (233), (322), (323), (332)}
Y23y = {(123), (231), (312)}

2. R Classes:

Ry = (1), (222), (333))

Re11ay = {(112), (113), (221), (223), (331), (332)}
Raar) = {021), (131), (212), (232), (313), (323))
%A.NNV = {(122), (133), (211), (233), (311), (322)}
W:uwu = {(123), (231), (312}

3. J Classes:

Juan = {011), 222), 33

Jaiz) = {Q12), (113), Q21), (122), (131), (133), (211), (212),
(221), (223), (232), (233), (311), (313), (322), (323),
(331), (332)}

Ja23) = {(123), (231), (312)}

An examination of the above equivalence classes yields the following
generalization.

Proposition I: Let X = {1,2;3}. With each element t of C, $ we associate
thrce things: (1) the range t(X) of t, (2) the partition ._.:.Hﬁ «t! of X
corresponding to t, ie., the equivalence relation on X defined by
xmyx.yeX, if t(x) = t(y), and (3) the rank {t(X)| of 1. Then we may
describe the L, R, and J classes of C,5 as follows:

1. Two elements of ﬁ.n.w are L related if and only if they have the same
range.

2. Two elements of On.m are R related if and only if they have the same
partition.

3. Two elements of On.m are J related if and only if they have the same
rank.

Proof: Clifford and Preston (1961, pp. 51-52) prove the above proposition
for Fp(X,). It generalizes to nn_m. but due to the fact that L2y =
Rei23) = J(123) (the highest , R, and J classes of n~.m , respectively, in
the same sense that Ly < L33y, R, K Rey34,, and J; < J(4,3 for all
Knn.mu is a cyclic subgroup of nn_m of order three. It is not true in
general for any subsemigroup of Fg(X,). Clifford and Preston prove
Proposition 1(3) for D equivalence rather than J equivalence, but for finite

semigroups J = D (Arbib, 1968, p. 153).

This proposition may be further generalized as follows.

Proposition 2: Call t¢Fg(X,) an order-preserving transformation if t = (x;
coe XpXyp oo X)) for xg, Lo x0eX = {1, .. ,n}and x; ... < x;.
An order-preserving partition is defined analogously, ie., n is order-
preserving if and only if there exists an order-preserving transformation
with partition 7. Let S be the subsemigroup of Fg(X,) consisting of all of
the order-preserving elements.

1. There is a one-to-one correspondence between the set of all J classes of
S and the set of all cardinal numbers r<n such that the J class J;
corresponding to r consists of all elements of S of rank r.

2. Let 1 be a cardinal number < n. There is a one-to-one corresponidence
between the set of all L classes in J, and the set of all subsets Y of X
of cardinality r such that the L class corresponding to Y consisis of all
elements of S having range Y.

3. Let 1 be a cardinal number < n. There is a one-to-one correspondence
between the set of all R classes contained in J, and the set of all
order-preserving partitions ® of X, for which |X/nl = r such that the
R class corresponding to m consists of all elements of S having
partition n.

4. Let r be a cardinal number < n. There is a one-to-one correspondence
between the set of all / classes in J, and the set of all pairs (,Y),
where 7 is an order-preserving partition of X, and Y is a subset of X,
such that |X,/al = |¥Y] = r, such that the H class corresponding to
?}5 consists of all elements of S having partition 7 and range Y.
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Proof: All of the J classes of S are regular. Thus J° is O-simple for each J
class J and is isomorphic to a regular Rees matrix semigroup (Arbib, 1968,
p. 157).

Now with each J class J of ns.m it is possible to associate the
structurc matrix of the Rces matrix semigroup isomorphic to J. This is
done as follows.

Select and H class of J containing E_P idempotent e, denoting R, and
L, by R, and L, respectively, and consequently H, by H;,. This amounts
to moving any H class with an idempotent into the upper left hand corner
of the *eggbox picture” of J, simultaneously adjusting the rows and
columns mono-&:m>_\2 {R, : aeA} and {Ly : beB} be the sets of R classes
and L classes, respectively, of ou.m contained in J. For each aeA and beB,
select and fix an element 1, of H,; and an element z;, of H,},. Defin§ the
IBI X Al matrix C = (c,) over Hy;® as follows

Zyt, if Zyyr, € Hy

Cha ™
~ 0 otherwise

It is clear that a different choice of representatives z, and r, would yield a
different structure matrix; however, the Rees matrix semigroups so
obtained would be isomorphic.

The structure matrices for Jy)1), J(312). and J(q,3) of nu.m are as
follows

(323" (312’ 0
(232) 0 (323)"
(333"

(333"

29

Now let | represent the idempotent of each structure group Hy, and let g
= (232) thus the above matrices become
Jazs ¢ (1]

-
1 H 0

Jay: [0 11
g

Jaap s {1
1

L

Proposition 5: Let S be a finite semigroup and let J, > J; > ... > J be
a chain of regular J classes of 8. For each ie {1, ...,n} let G; be the
structure group of the Rees matrix representation of J; (i.c., the group in
the H;; position of each J class). Furthermore, define the structure matrix
C; of J; to be normalizable to zeros and ones (the identity of G;) if and
only if it is possible to obtain from it a matrix consisting only of zeros and
ones by a process of multiplying rows and columns by elements of G;. Let
G; be the subgroup of G; generated by the idempotents of J;. Finally,
definc the orbit of G on J;y, to be the set of L classes of Ji+; obtained
by a right group action of Gj on Ji,; (ie., the L classes whose eleménts
are of the form j;,,g; where j, €Jis; and gieG; and where j;,, is fixed by
the identity of OU. If Cjyy, the structure matrix of J,,,, restricted to the
orbit of Gi, is not normalizable to zeros and ones, call Ci+y (of the
restricted J;, ) essential, and let k be the largest non-negative integer such
that there exists a chain of essential groups

G >G,>...>G,
where G} > G}, | if and only if J; > J;, . Then k < #(S).
Proof: k < #(S), defined by Rhodes and Tilson (1972) as follows.

Let L be the L class of J; containing G;, and let S; be the semigroup
generated by the chain L; > Ly > ... > L, of L classes. Now let L

30
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Since all of these J classes are regular, each J; is isomorphic to 2
regular Rees matrix semigroup (Proposition 4) and so, in particular, it is
possible to compute their structure matrices C; (i.e., the structure matrices
of the “reduced” J classes).

Proposition 8: #; _AO..H..vw_ =

Proof: Notice that C;, ...,Cy are not normalizable to zeros and ones.
Furthermore, G = G; in each of these cases, since a generator of G; is

obtainable as the product of idempotents as follows

€1, 124y " 8124, 11-) T %14, 104) ¢ - - €3, " €2, 1)

= et, 120 *[325] an, <int)

It

-1
811

where g;;.; is the non-normalizable element of C;. For example, if i = 2,
then .

i-i-2_;
€1, 124) .‘...ua_& €(in, -i-1)

=€1,10) " ©10,9) " 9,8 - --%2, 1)

= (0123456780) - (0123456799) - (0123456889)
- (0123457789) - (0123466789) - (0123556789)
. (0124456789) - (0133456789) « (0223456789)
+ (1123456789)

= (1234567891)

=g!

Hence ;1.0 = G; = G;, since G; is cyclic.
Thus Gj is essential for i = 2,...,9, and

Zw=G >CG =G >G,=G3;>...>G, =G,

33

is a chain of essential groups with length k = 9. Therefore 9 < # Anw.um
and by Proposition 7, #¢ :ﬂ.vm_ < 9. Thus

9 < #5(C,, )5 <9 and #5 (€} )5]

THE GENERALIZED MODEL

In fact, the set of internal states Z' could be enlarged in order to simulate
the action potential with more quantitative accuracy. It will be shown now
that as |12l = n is increased, the complexity of the model remains n-I. Let
nn..s represent the n-state machine simulation. The elements of AnN._Ju.
the semigroup of nn..:. will again be treated as order-preserving
transformations on Z" = {z,,...,2,.1}

Proposition 9: mnu.._vm is the semigroup of Fg(X,) consisting of all of its
order-preserving transformations.

Froof: 1. As with mnmovw. all of the transformations corresponding to unit
length input strings are order-preserving, due to the nature of the model,
and so Ann.auu is a subsemigroup of Fp(X,) and consists only of
order-preserving transformations. This requirés the same argument as in part
(1) of the proof of Proposition 6,

2. Anu....vw contains [123 ... (n-1)0}, since a stimulus sends each state
Z; to the next state z;,), with the exception of z,, ,, which goes to z,
[123...(n-1)0] generates all other order-preserving transformations Q.
rank n, the collection of which is a cyclic group isomorphic to Z. Now at
least one rank-n-1 element exists since any stimulus of unit length is
presentable by the transformation [01...(i-1) (i+1)...(n-1)0]. Multiply-
ing any rank-n-1 element on the right by each of the elements of rank n
gives a rank-n-1 transformation of any desired range. Similarly, by
multiplying a rank-n-1 element on the left by all of the rank-n elements, all
possible order-preserving partitions of X, of order n-1 may be obtained. In
order to get a rank-n-! transformation of range Y and partition @, choose
one of the already existing rank-n-1 elements with partition # and multiply
it one the right by an appropriate rank-n transformation. Thus all
order-preserving elements of Fp(X,) of rank n and n-1 are included in
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this organization. more informally. s a kind of scheme of process whick this
organization reveals ar each iteration and which would satisty certain proper-
ties to the best of all members of this organization. In this context. an adjust-
ment process can be viewed as a sequence of aggregarz actions {behavior pat-
terns) taken by each agent. A class of (economic) environments is the triple
X = (A 7) where Q describes the set of resources, .# a set of preference
relations on £ and 7 a set of feasible technologies. Any given environment
can be represented as a parameter x of the class X°

For different classes of environments. L. Hurwicz [3] has studied adjustment
processes in terms of difference equations in which agents respend to messages
from other agenis incinding themselves imemorizing). (Of course, the agent
may be completely or unly partiaily ignorant about the environment. in this
case stochastic responses have to be considered. ) Henve, in technical language,
an mpusiment process s a riple Lo d7 ) consisting of a response function
Z {possibiy ;. vecror for ¢ At number of agentst. an outcome function .
independent of changes in the environment bu; depending on the amouni of
resource emniow  aen, trade, production. erc. given the environment and a mes-
»uge space (‘language’) # whose elements (‘messages’) generate new messages
(via the response function 2 ) for any given environment x. There is associated a
message acting &s a stimulus on every agent. If sufficient information has been
collected by the agents (and the response resulting in different types of actions
such as trading, producing, storing. etc. is uniquelv determined such that ad-
ditional information will not result in a different response), the process is
called to be in equilibrium and the message recetved at thar stage is srationary.
To every informational equilibrium value of the process i = A, x) there
may correspond a (Pareto-) satisfactory outcome level 8(7) which is pre-
ferred to any other outcome leve! for any given environment. The behavior
pattern of such an economic system can be studied in terms of a particular
soctal welfare function satisfving an optimality criterion (Pareto optimality)
given an environment of a particular kind (classical or non-classical environ-
ments). A class of environments is called ‘classical’ if externalities and indivis-
ibilities are absent and if both technology and preferences are convex: other-
wise it is called non-classical. On the basis of the adjusitment process new
states will be generated up 10 a point where the final siaie 1s compatible with
the welfare criterion. Some important results in this area have been obtained,
notably by Hurwicz [3], for a class of processes which may or may not be
Pareto satisfactory for all conceivable environments. In particutar., it has been
shown that the competitive process acting in a classical environment is Pareto
satisfactory. In principle, at least, a similar adjustment process could be estab-
lished by a central agent having only partial information about the environ-
ment constintiing an aloarithmie annrnach tn the sotutton of the problem.

ORGANIZATIONS RLPRESENTATION

Oa the other hand, in nonclassical environments with externalities and indivisi-
bilities present and technology not necessarily convex other types of processes
different from the competitive process have been studied with respect to opt:-
mality properties. It is well known that the evaluation of the process has to be
based primarily on the informational requirements necessary to establish a
Pareto satisfactory process, and secondarily on the incentive compatibility
with the actions of the various agents. The first point has to do with the com-
putability of the adjustment process, i.e. with the capacity of various agents
to process and disseminate information. There are actually iwo aspects of the
first point: one aspect concerns the purely ‘technological” problem of selecting
the appropriate or even the minimal ‘information-handling equipment” capable
to do the job. Since informatien-handling usually involves costs the other as-
pect relates to the problem of selecting those information-handling equipments
witich cause minimal costs. Both aspects deal with the question of informarion-
al efficiency in various organizations. (Both aspects will come up later in a
different framework). As it is known, the question of informational efficiency,
in a more imprecise formulation, gave rise to controversies about the choice
of economic systems many years ago.

The second point involves the question of goal-compatible behavior patterns
of economic agents (incentive compatibility) which in a competitive system
are satisfied, given the classical environment, by assuming profit — and utility
maximization. We will not deal with the second point in this paper, although
this point will come up at various instances.

Recent work on adjustment processes along Hurwicz' lines (see Reiter {7])
contains mainly some mathematical refinements of previous results which
center around the question of informational efficiency. It is assumed that the
space of environment X, the message space -# and the space of actions A4 are
all topological spaces whereas the adjustment process starts from some sub-
set of the message space defined by a correspondence u: X —» .# and a re-
sponse function /: .# — 4. Hence the adjustment process {y, 4) is induced by
an initial message set u,(x). The outcome function : 4 — A may be in-
troduced in the appropriate context. Reiter shows — technicalities omitted that
the response function sarisfied some “nice’ system properties which could be de-
rived from the topological structure of the underlying spaces. Contrary to this
approach we consider it more natural that such a response function reveals its
structure and behavior in the context of a device which is known as a sequential
machine. .

The perspective is to consider sequential machines as basic analogues for
modelling complex *humanistic’ systems (organizations), and to treat adjust-
ment processes in terms of transformations on the set of states of a machine.

T ntnse serm ccnZt 0 N .
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no message message message
received incomplete violated
states 0 stop stop. go 10 alarm. go to
row | row 0
1 slop slop. go o zlarm, go to
row 2 row 0
z s10p €0 1o Fow 1 alarm, go to
row G
3 g0 go stop
next states
Figure 1.
stimui
states 00 [t} 10
0 00 (W)=} 10—-00
! 00 0010 1000
10 00 01 11 10—~00
i 01 a] o)
nent slakes
Figure 2.

In case of the states we have the following correspondences: 000, 1-01, 2-10,
3-11. There are sumilar assignments 10 snmuli and responses, as exhibited in
Fig. 2. Both devices, the human and the electrical one. obviously perform the
same tasks. in terms of performance oge maching is as good as the other. 1t 1s
hence natural 1o describe the second machine as a homomorphic image (or
homomorphism ) of the first, since 1 15 supposed to transform all operations
performed by the first machine into the same operations petformed by the
second machine.

Now, for this simple kind of example. which ubviously is a crude one. all that
we want to conclude is thar. in principle. there is no difference between an
engineering design and the design of 4 human o1 ganization. Other examples
of control systems and organizational designs are discussed by T. Marschak
and C. 8. McGuire [5]. They describe difierent control systems in terms of
car-dnving. Consider a car driving along a windy road. The conditions of the
road may constitute the stimuli to the car-driver. oo left curb, right curb, going

L ,
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straight. The question is how to control a car in order to stay on the road,
hence it concerns various steering actions given the stimuli. Incidentally, to the
best of my knowledge, Marschak and McGuire were the first to view organiza-
tional behavior 1n the sequential machine framework.

Although this might be obvicus for execution-type operations as described
above. we will face difficulties where managerial-type decisions will come to
play or where probiems of incentives, competence, cooperation, competition
etc. enter the picture of the organization’s performance. In fact, it is this type
of situation for which one might question the applicability of sequential
machine theory 10 the design of organizations. In this context, John Rhodes,
In a private conversation, argued that situations requiring extensive logical
operations and computations might better be covered by a theory of TURING
MACHINES rather than of SEQUENTIAL MACHINES.?) On the other hand, 1 do not
find it unreasonable to argue that managerial ability, for example, could find
its proper treatment on the basis of computational complexity of a sequential
machine, pertaining to such notions as speed of recollection, recognition {of
observations), execution, decoding of messages, minimal number of erroneous
actions etc. In fact, it would seem to be appropriate to view computational
complexity as a copy or muitiple of elementary computations. If a machine is
too complex, ie. generates too many states 1o compute its own solution we
would like to decompose it into simpler parts so that they altogether solve
the computational problem. The question of decomposition of 2 machine
naturally comes up in the decision-theoretic description of an economic orga-
nization In view of suggestions due 10 Marschak and McGuire we consider
first two kinds or organizations, a decision and a pay-off machine, hooked
together. to make a new machine. More precisely, we could define:

Definition: Given an organization M = <X, Y. Z. ;. 3>. Then it is possible
to represent M by a serial decomposition into decision machine M, =
(X, A, Zy, 4y, 6> and pavoff machine M, = {4, Y. Z,. 4y, 6,) 10 generate
the machine M, B M. = (A, ¥, Z, v Z,, 2, 8> with i[(z,, z,), x] =
[21(x, 2,), Zy0a, 25)) = [Alo, 2)04308,(a. ) 23))  and 0[(zy, 230 x] =
95[25, y(x. z;)).

For reasons of nontriviality. M, and M, have fewer states than M.

Senial connection of decision machine M, and payofl machine M,

I
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There are messages (external sumul) affecting all component machines, how-
ever. every machine produces its own messages afiecung all other machines
on line. As one realizes, the information process in such cascade form tends
1o be increasingly complex, the highest degree of complexity is obtained by /.
This will lead to a peculiar resolution principle with which we are dealing
later.

Wiich kind of decomposttion one wouid like to choose for an organization
depends on various factors, certainly on the economic environment it taces.
on nature and extent of its performance. and last but not least there 1s some
.+t important consideration. One could argue that decomposing an organi-
s into mivemation, decision and pavoll machine is a rather artiticial pro-
. oz we atl BEnow that often pars of an organizational umt do all this
asmultancously. However, besides emphasizing the point that we are not pri-
marily :nterested in what actual organizations do. the crucial point in 1he at-
{aape (O construct an organizational unit is how much information the sys-
.~m as a whole needs in order to select the “right” actions and 1o produce a
‘de~trable result’. The second question, equally important. 1s how to dissen-
nate information among organizational units in order to achieve this result.
A possible third question 1s that of cooperation or even competition betwesn
thess upits 3o taes wr ooimal use is made in the allocation of "informanonal

. .

FUSOUITES by L r‘,..;dﬁz_.wc.__.:v_..wu‘ ).
A: res - as a machine - Informs. computes. remembers. acts and
Feveris 1 s sldic ccAdvior and vutput structure. For doing all this the informa-

o .yt o+ ress well be substantial. In fact. it might turn out that
woonot wteae om o worke on the basis of highly aggregated messages (data)

st constizuies a considerable loss of information. It is therefore
sviitas to kovow whether a particular machine preserves the original informa-
v t: - ontent supplied by the messages. The related question derived from the
srnational requiremients 1o operate a machine finds its counterpart in the
cennomicn of ceniralization and decentralization. Often it has been recognized
that an economic system shows a poor performance because the computational
capabilities do not match the informational requirements given the amount of
input data and number of states in the system. In an intuitive sense onc could
araue that computational complexity®) of a machine (organization) is related
- i~ ‘information technology’. This notion has been introduced by C. B.
Merure (6] by emphasizing the cost structure associated to the technology.
We hore use the notion in a genuinely technological way. bound to the machine
structure, here called an ‘information-handling equipment’, which is analogous
to the number of storage components, versatility of operations eic. 1n a com-
S A s enon o desenibe precisely situations which are hinked

moonta g s s (o) eonsderal i

will enter the picture later, recall that we first have to solve problem (1) in the
previous section, before proceeding to problem (2).

Before developing the structure of information technology we need to state
some preliminary definitions,

Definition: Let M be a finite machine. A machine M’ = <X’ ¥, VA SN
said 10 be a submachine of M = (X, Y. Z, 4,0 if X'. ¥. Z' are subsets of
X, Y, Z respectively and if

£ X' xZ = Z, £ and . idenncalon X' x Z:

X' xZ Y, & and d identical on X' x 2",

Definition: Let 2 denote the set of all finite non-null sequences (the alphabet)
m:m in a machine M, denote by X = x,, x5, ..., X, an element of 7. Define
0: & xZ — Z. Then two machines M, and M, with identical input and output
alphabets are said to be equivalent (state equivalent)iff 3, (z, X)=0,(z.%)forall
zeZ andXe . Incase M, = M, this is trivially true. Qmmm.f two machines
M, and M, with the same input and outpur alphabet and state set are equiv-

alent iff M,, = M,, forali ze Z. ie. iff at every state one machine produces
the same as the other machine.

Definition: A machine M is reduced ro a machine M"; iff 2 ¢ Z is equivalent to

Z'eZ' implies r = 7’ :

Usually a reduced machine has fewer states. in fact, it can be made unique in
the mn.umm that it has the smallest number of states since every other reduced
machine with the same number of states must be isomorphic 1o it.

Definition: A machine M'is a homomorphic image of machine M if there exists
a homomorphismh = (hy, h,, k1) suchthat by, - Z - 7. Ry ! X X by Y >
Y’ are *onto’ mappings and |

M2z, x)] = ¥'[hy(2), hy(x)],
hald(z, x)} = 8'[hy(2), ha(x)).

.dz:.mw to say M’ is homomorphic to M if every state and cutput configura-
ton in M has a corresponding configuration in M'. Likewise, we call /# =
(hy, by, k) an isomorphism if every mapping /1y, i,. by is one-to-one.

It

bm.mﬂ.:.oan {Realization) If A" is a homomorphic image of M. then by using the
notion of homomorphism M can be used to realize (imitate) M’. In fact, this

- homomarphism is an assignment of A into M. consisting of mappings
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H. W, GOTTINGER

to the associated machine one might find - as an interesting counterpart - that
a possible lack of output consistent partitions reflects redundancy of state in-
formation. hence by performing computations for machine M it would be
sufficient to confine the computational process to the realization of a reduced
machine My, My can be constructed (or induced) by a homomorphism be-
tween the original machine M and My. Let then M, and M, be those machines
that compute M and My respectively. Then M, and M, are trivially equiv-
alent. This property certainly has a meaningful interpretation in organiza-
tion theory. Output — consistency. in fact. 15 a desirable subproperty of the
substitution property {S.P.) of machines.

Definition: A partition = on Z has the S.P. ifl - = = given n = (2, x) =
(=, x) given 1z,

This prorertv actually ensures that if some A/, could perform subcomputations
for M hea for anv given block B, in © we could find a smaller block B, con-
tained 1in B, wire for every inpurt the state transition function acting on the
smaller biock generates only states in the larger biock. i.c. there is a unigue
block to block transformartion on =,

One technical problem mught arise in the case of realizing a machine by a
sequence of M, machines scrially connected. For example. if M, is the first
machine in line doing subcomputations for M. then we would have to know
about those remaining states which still have to be compuied in order to realize
M. This is necessary 10 know what kind of M_, machine, say, is required 10
do suppiementary subcompurtatuons. Now if we could think of an orgamzaton
to achieve a certain performance standard within some ume limit (in terms of
compurational, not lustoric time ). one has a farlv accurate vision which states
have to be computed at various instances of time. Hence this gives some hint
on answering the question which information technology could be used for
the realization of M by serially connected M, machines. This problem s
rather deep and we will deal with 1t next in a more general way.

Adopting the idea that we can effectively compute a machine by various
kinds of compositions of 1ts x; —images M., we would be basically interested
in the following

Problem” Given any r-partition of a machine. could we find another 7’-partition
which Ars © in an appropriate way?

We call such a pair (#, =") complete if it exists and constitutes the eaure informa-
ton technology needed to realize M. This problem can be given different kinds
of interpretation but to what it really amounts to is to determine clearly what

kind of complementary information =’ is needed for machine A _.. in order

K2
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to compute jointly with A, the states and possibly outputs of the original
machine M. More generally, we could consider the minimal partition

7x = [[(m; : (n. ®;) is complete w.r.t. M)
and a maximal partition
7* = Y (r;: (n, m;) is complete w.r.t. M).

In the first case nx describes the largest amount of information (given the par-
tition m) necessary to compute the next state(s) of M for all n; finer than .
In the latter case n* represents the least amount of information (given 7) to
compute the next state(s) of M for all m; coarser than =*.

Example: Given a partition m; = {<1, 2, »,{(3, 4>, {5}, then compute all pos-
sible states onto which all blocks of =, are mapped. Assume they are given by
the sets {4, 5}, {1, 41. {2, 3}, then ms = {<1, 4, 5), <2, 3>}

We already know that the set of partitions forms a lattice L under the nat-
ural partition ordering, the set of partition pairs will be a subset # < L, x L,.
We call -2 the pair algebra’) satisfying a closure, completeness and bounded-
ness property e.g. .

a) (m;. 7;) and (#;, xj) in 2 imply that
IT {(ri.m), (i n)} and ¥ {(m,, 1), (. 7))} are in 2.
b) For any nin L, and 7" in L, the trivial partitions (0, =) and (7, I) are in 2,

¢} Forsome r € L there exists nx = (m, 2’} and n* = (=, n”") constituting g.1.5.’s
and fu.b.’s in 2, respectively.

Obviously. .# is again a lattice under the natural partition ordering < since

(my. ) S A=), ®3) in Ly x L, is equivalent 0 =, £ 7} in L, and 7, £ 7}
in Ly, and . has the zero element (0, 0) and the unit element (1. 1).

In some sense the lartice L, describes the ordering of information about
the machine {we have got) whereas L, describes the ordering of information
to which the previous information can be transformed by M. Hence M is
considered (o be a transformation machine which already suggests that any
adjustment process, to be defined later, acts as a ‘transformation walk’ on
the lattice of partition pairs.

In many cases it would be sufficient to start out with a subset {not necessar-
tly sublattice) .2, of .# containing all initial partition pairs. If additional
information is needed to compute the next state(s) of M then this information
can be obtained by modifying #, in an algorithmic fashion. i.e. by refining
the first component and or coarsening the second component ot the pair.
In an organizatonal context this procedure is very much like the process of
interchange of messages between various subunits.
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H. W. GOTTINGER

off between bath. characterizing an efficiency frontier of allocating informanion.
In particular, a legitimate guestion is what is the mnimal size of the message
space still able to sustain a certain performance standard. Nothing s known
about the absolute size of a message space but something could be said about
the ordering of message spaces given different economic environments where
the competitive process is the most natural to start with because of its Pareto
optimal property. The efficiency question can be translated appropriately in
our framework. Now translated in the language of machine theory we are
interested in finding the minimal information technology sustaining the reali-
zation of a machine. Whereas the traditional approach actually studies the
size of a message space {or informarion-carrying capacity) in terms of ropolog-
ical properties we believe that this is rather unnatural from a machine-theory
viewpoint « wreinformation rchnology (here message-transferring technology )
really ha: 7o dgebrare couriorpar
Although principally, we could solve the technological aspect of informa-
tional efficiency we still have 1o take care of the economic problem of finding
an information technology with minimal costs. Here machine theory doesn’t
provide tools for the direct solution of this problem. The reason is that engi-
neers and computer scientists are not so much worried about monetary costs
of operating components or pieces of hardware, all that they are worried about
is the feasibility of the design with the performance standards set out in ad-
vance. However, they are much concerned about problems like computational
complexity (measured in terms of number of diodes used in the realization),
real-time computation,- and algorithmic efficiency of a machine. These are
important parameters of ‘computational costs’ and they have some relevance
for economic considerations, too. Nevertheless, we wish to treat costs asso-
ciated to the information technology in a more unified analvtical way. If wc could
find some link between computational complexity and costs of information
we will be able to speak intelligently in economic terms about the optimal size
of a machine. Now it seems intuitively reasonable 10 argue that the cost of
operating a machine is associated to the information technology necessary
to realize the machine, or more explicitly. is associated to a certain partition
pair satisfying this requirement. Hence, we would like 1o associate the cost
function to the lattice of partition pairs mapping the state set generated by
the partitions into an appropriately defined vector space, the cost space. Un-
fortunately, we do not know much about the properties of this function,
except, perhaps, that it is menotone-increasing. Informally, this means that
handting more information is more expensive, or that handling more complex
messages causes higher information costs. However, this implicitly assumes

that infarmation handline equipment is completely divisible and equally

ORGANIZATIONS REPRESENTATION

&. compurations, On the other hand we know that more complex computa-
rions could be handled more efficiently by more advanced technology which
introduced might even decrease total unijt costs of E?:smnca-?wanmm_.um
.In..mnn, ﬁ.sﬁ.m is no uniform pattern regarding cost function specifications oh..
E.oﬂnw:ws technology and this basically requires a broad range of empirical
Eﬁm:mm:.o:m on that matter. The problems of specification of cost functions
for a certain information technology often appear in discussions on advantages
or disadvantages of decentralized or centralized economic organizations. In
general, however, if we consider large organizations it is safe to argue muwn
costs of .Emoﬂ.:m:c: processing are roughly proportional to ‘computational
non.%_ax:w" of the machines which is increasing with the dimension of the
lattice of partition pairs measured from its zero element. This brings us closer
to the concern of computer scientists representing a measure of computational
an_uWEQ by costs of computation. The problem of computational complexit
will arise later in another context. PR

One _.uomm&z_.c. to deal analytically with the problem of costs of information
processing should be pursued here explicitly in some general form.

Definition: A partially ordered vector space is a cost space C if

C is endowed with a tolerance relation R, such that for each ¢ € C there exist a.
beCsuchthata<c<banda<ec < & implies (¢, c’)e R. .

In fact, in. usually think of a cost space as the reals, under a tolerance of the
form (¢, ¢')e R |e>¢'| < & for some fixed ¢ > 0.

“wi_ given a EmmE:n M=(X,Y,Z 2,5 and its homomorphic image
' = {X,, u\,e.. Ly Lrns mn.cv. and a cost space C associated to Z,. a cost func-
tion for M’ is a function ¢ 1 X.xZ, - C with representation o(x, z,) =

Y xe wﬁuu zz). We could then formulate an optimal control problem in a
tentative way.

NSE«E.. Let z, E.a 2y be two states of Z, and Z,. respectively, cailed the ini-
”_mm and the terminal state. We say that X = (¥....,x,) e Xiransfers M’
\,.qoB Zg 1o 2y if Azq, x;) = 2, for all x,, whereby A(zo, x;... .. ) # 2, if
<n )Bonm all such x, in X, find that sequence Zrya - - - Zp, ToOr which
&(x,, z,) is a minimum. _ -
. Let then M" = (X, Y, Z_x C, fexs 01, be the machine with cost function
and cost space C. We define the machine (M, d)={(X,Y.,, Z xC,i5 &
t] [=3] k4 Lie ¢ 44 ToF

.Wu.{ \..nﬂA.Na. c, u.wnv = A\-.«HAN!. .an_ ﬁ..Tﬁﬂan .w.«vh. and 4¢,(z L4 Rv = %aEAU:. Hv-
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H. W. GOTTINGER

2) an absrract finite semugroup S, a complete algebraization of 1)
3) a transformation semigroup {Z. S} where S s a set of transformations
acting on Z describing state transitions on Z induced by input sequences.
We find it most useful to adopt the last approach for it leads naturally to in-
vestigations of dynamic properties of machine behavior. This yields a new inter-
pretation of adjustment processes in organizations. Given the information
technology and the latrice of partitton pairs one could describe a sequential
machine as a set of mappings of the set of states into itself where each mapping
corresponds to an input. 1f we have an mput sequence then a composition of
mappings corresponds to this input scquence. In general, these mappings form
a finite semigroup of transformations on the set of siates of the machine.”}

Example: The concepi of the semigroup of transformations is very natural for
various branches of sciences, and certainly pertains to dynamic processcs of
economic or social systems, Let & be an economy which by generating mes-
sages occurs in various states s, s'. 5", . .. according 1o certain actions of its
agents interacting with each other. Suppose the syster is in some state s then
as a result of the aggregate actions of the agents it will be ‘transformed’ to a
new state s°, say (which may of course coincide with the original s if the given
state is not affected by the actions). Thus every action in ¢ is simply a trans-
formation in the set of states of the system, and a sequential machine forms
such an appropriate svsiem. Consider now that actions are sequentially produced
by certain activities of the agents, then sequential actions could be concatenated
to produce new actions. Then obviously the transformation produced by the
last action (in a sequence ) is, so to speak, conditioned on its past history, and
forms the product of subsequent transformations corresponding to successive
actions. . :

In this way the totality o! the actions in the economic system, being closed
with respect to successive applications s naturally a semigroup of transforma-
tions of the set of all states of the system under consideration.

Hence, it is simply 2 matter of taste whether we regard the process of trans-
formation in a system as a machine {and so describe it explicitly in machine-
theoretic language} or whether we consider it, more abstractly, as a semigroup
of transformations of a set of states. Since to every machine structure there is a
corresponding semigroup structure, partitioning of 2 machine involves a de-
composition of semigroups. Both descriptions are formally equivalent, although
the first seems to be more appropriate for modeliing an organizational form.
whereas the second gives more insight into the algebraic and computational
structure of a machine, in particular, in connection with finding solutions via
functional equations. The semigroup of transformatiens can be understood as
v “computational capability” of 4 machine to transiorm a past history into

E:

ORGANIZATIONS REPRESENTATION

?E_.n states and may be viewed as an adpustment process acting in an organi-
Nm:omw_ design given the information technology with which this design is
associated, and given the performance standards. Here again the structural
behavior of 2 machine is reflecied by an algebraic concept of a sufficiently gen-
wnm_ nature. For the simple case of 4 state machine (Z. X, 4y the mnEm.m_.ocn
induced by inputs is the set of tmpul functions

x:Z - Zforall xeX,

Ru_.nmnuz..a by (z)x = x{z) = (z.x). To put the input function x(z) in the
form (z)x is convenient for considering the more general case of an input se-
n:«:wa X1a X3, ... where the semigroup consists of a concatenation of input
E:.osozm Xy Xy...associated to Z, hence (=)x, * x, . . .. This concatenation
satisfles the closure and associativity postulate of a semigroup. Depending
on the length of the input sequence one could enlarge the state flow table up
6 the number of possible concatenations of the input functions. Hence, we con-
m_am.w. an adjustment process as the behavior of a machine M associated to its
semigroup of state transformations for a given information structure (atrice
of partition pairs), and we denote it by (M) where ¢ = (z)x; - x,...x,.
One key notion which comes up in connection with this type of m&:ﬁﬁnhﬂ
process is that of computational capability containing a slight generalization
of the notion of realization by machines. Take again the simplest case of a
state machine.

b.wmi:.aﬁ A state machine M = ¢(Z, X, ) has the same no.BvEmz.onm_ capa-
bility as state machine M’ = (Z', X", « iff there exists an assignment (% B)
such that

a) a:Z" - P (S is the class of partitions into non-empty disjoint subsets of Z)
b} B: X' — & (4 is the set of sequences over X )

¢) Az, B(x")) e x(i'(z', x)) forall 2 Z, 2’ € x(z), and x" € X"

The difference to the realization concept is that here B maps inputs into input
sequences, and x maps states into subsets of states.

There are structural constraints which limit the possibility of serial decom-
mom_.:om of a machine M. M is called a reset machine iff each input is an iden-
tity or constant mapping. For example, if M is realized by a serial decomposition
M, @® M, and if M has the capabilitv of a two-statereset machine then
either M, or M, have the same capabiliv. These machines, M, and M,. rep-

‘resent prime capabilities which cannot be further decomposed. In other words,

they are simple machines whose semigroups are simple groups and machines
which are two-state reset machines. A resct machine actually implies that the
organmization adopts a stationary {cvclical) pattern, i.¢. is not moving along

newly generated states, QN
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5. McGuire, C. B. and T. Marschak, Design for Organizations (unpublished notes: Univer-
sity of California, Berkeley 1971).

6. McGuire, C. B., Informarion Technology (unpublished notes: University of California,
Berkeley 1972). ,

7. Reiter, 8. and K. Mount, The Informational Size of Message Spaces, Center for Math.
Studies in Economics and Management Science. Northwestern University, Evanston,
Discussion Paper No. 3, 1972, )

8. Rhodes, 1., Applications of Automara Theory and Algebra (unpublished notes: University
of California, Berkeley, 1973).

Notes

1} In mauy instances ) is (more appropriate Lo consider a more general definition of a sequen-
tial machne and to veplace X by a nonempiy set of finite sequences over X, denoted by X
w F - A sequontial machine s then a mapping £: £X — ¥ and f(x,, . . ., Xa) = ¥, is the out-
pat 2 iime aif x, is the inpui at time 7 for 1 = i £ a. In this case the state set is not explicitly
tomsidored, althongh it is generated by ‘realtime computation’. For reasons of considering
the ‘inforre ation iechnology” given the set of states we will stick to the previous definition,
31 -viiich 5. Rhodes [8} uses the term (sequential)} circuit reserving the term *machine’ for
“1¢ more general definition.

la} We only consider the environment as an ‘input’, hence as a fixed part. Beyond this rather
narrow viewpoint presented here, it is perfectly legitimate, not only mathematically interest-
g, 10 view the environment itself as a machine (variable part). In fact, this problem of ma-
chine interaction is pursued by J. Rhodes {8] in most of his applications of automata theory
te biciogy, psychology and psychiatry. The distinction resembles that of decision-theory
{games against nature} and game theory proper. .

2) This idea has been further claborated in recent notes by John Rhodes [8). In these notes
certain situations are analyzed, involving guite distinci areas, but all situations involve
‘real time computation’ where ‘machines” respond in real time with its environment just to
stay zlive. The situation is quite different for Turing machines. where there is 1o time and no
space constraint with limited computability. (Computer scientists speak in the first case
of on-line computing. in the second of off-line computing). These qualifications have to be
adjusted to concrete situations. In universities. for example, the organization of research by
competent scientists is hard to evaluate in the sequential machine framework. On the other
hand, the usual type of work performed by secretaries and administrative assistants. less so
on a more professional level can be subject to "organizing’ via sequential machine theory.
2a} One way to increase compuiational power in the realization of machines is by emphasizing
parallel decompositions given some level of serial decomposition. Thus, the computational
power (speed) of an organization realized by serial-parallel decomposition can be sub-
staptially increased by increasing the number of parallel connections, if possible. As zn
interesting analogy we mention that the design of high speed computers relies heavily on
parallei computations.

3) We do not explicitly consider feedback maps which could be considered as ‘two-sided
internal stimuli’ acting on compenent machines in the process of realization. Feedback would
substantially increase complexity of computations. This is in perfect agrecment with on-
line computation, and simplifies certain aspects which are at the present stage of greater
importance.

4) See Hartmanis and Stearns [2].

5) As indicated before, the question of incentive-compatibility remains open here. at the
present stage it suffices to say that incentive-compatibility wilt appear in simpler form than

it does in the conventional economic theory of organizations (see Hurwicz {4]). Here what
i# waafly amnunte ta ie that arsanizatianal unite nerfarm commutations in accordance to

ORGANIZATIONS REPRESENTATION

v -at they are expected to achieve under ‘real-time computation.” Delay in computations,
...,kwmvon.wmnm:nu of messages, misallocation of funds, resources etc. - these possibilities might
.cpardize the process of realizing the original machine and, provided all other structural
-aditions are met, may basically reflect ‘incentive incompatibility.*

-+ We use the concept of compuiational complexity in a different, but related sense to Rhodes’
-eatment of complexity who exposes an algebraic theory of complexity for sequential ma-
.hines: First, complexity is related to the computational capability of a machine. e.g. the more
capable a machine is (in terms of input received and output generated) the more i1 is con-
sidered to be complex. Second, complexity of a machine 10 be realized is {at most) the maxi-
mum of complexities of its component machines. Here we are more interested in a narrower
concept of complexity related 1o the structure of information technology.
7) Reczll from above that every partition pair constitutes by itself a feasible informarieff
technoiogy. Thus every point of the lattice of partition pairs (or pair algebra according ¥
[2]) is jtself a lattice, hence we can speak of a lattice of lattices. Instead of no:&ao:..un&
pair {7, '), for simplicity, we could take an n-tuple (x,,.. ., 7,) {corresponding to 2 uoni
tial process in n-stages) which itself forms a lattice.
8) Furthermore, if D and D' are both dimension functions and exist, then: D and D’ are uil
quely refated up to positive linear transformations, hence dimension in a lattice is measura

- on an interval scale. We consider the minimal dimension of the lattice as a measure of cods

putational or informational efficiency.

9) A mapping of the set Z into itself is called a transformation. We could denote S, as thé
set of transformations on the state set Z, and this is a (finite) semigroup with respect to the
operation of forming the product transformations under successive application of concatenat-
ing inputs (in terms of mappings}, hence §, is a multiplicative set of transformations of the
set Z. One could consider a semigroup of transformations as a natural tool for the study ow
general processes with a wide range of applications. The semigroup property for multistage
decision processes such as dynamic programming has already been recognized by R. Bellman
(1957). This property is strongly connected with the representation of such processes by fumc-
ional cquations. In fact, if we think of actual computations of a semi-group of transforma-
ions they would involve appropriate solations of functional equations.
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COMPLEXITY AND SOCIAL DECISION RULES

that people simply make mistakes because of complexity or embarras de
richesse in selecting among many alternatives—in the same way as
people may understand simple arithmetical rules but cannot solve
complicated arithmetical problems in the large because of time, re-
source and computational constraints.

The alternative then is that people adopt reasonabie behavior
strategies (in the sense of being within their ‘computational budget’)
which cope with the intrinsic complexity of (social) choices, e.g., those
rules exhibiting non-optimizing behavior.

Regarding the second approach, much of the contribution by meas-
urement theory has been in the direction of weakening preference
requirements (for example, Luce’s semi-order theory, avoiding in-
difference, but admitting thresholds).

The weaker assumptions aim at reducing the computational burden
of decision-makers, yet they fail to make explicit the complexity
bounds in forming decision rules.

Many choice processes in the real world, in contrast to theoretical
constructs used by choice theorists, represent essentially ill-structured
problems to the extent that solutions of these problems are not readily
available and they involve an excessive amount of computational
power. In general, a problem is considered to be well-structured if it
satisfies & number of criteria, the most important of which relate to the
existence of at least one problem space that provides for solvabitity
with the help of a practicable (reasonable) amount of computation or
search. Apparently well-structured problems such as theorem-proving
and chess playing in artificial intelligence turn out in many instances to
be ill-structured, given the problem-solving power of problem-solving
methods. There seems to be an intrinsic relationship between well- or
ill-structuredness of a probiem and the threshold of complexity (in von
Neumann's sense} below which a system shows a regular, stable and
predictable behavior but beyond which often quite different, sometimes
counterintuitive modes of behavior can occur. A problem can be
well-structured in the small, but ill-structured in the large. According
to H. Simon {13] “the difficulty stems from the immense gap between
.computability in principle and practical computability in problem spaces
as large as those of games like chess”. This generally applies to
complicated choice processes.

Thercfore. the problem of complexity is similar to the problem 2
chess pluyer faces when searching for o 'satisfactory® strategy in chess,
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The social choice problem resembles the choice of strategies in chess-
playing to the extent that the decision-maker is involved in a choice
problem of combinatorial dimension. To search for all game-
theoretically possible aiternatives goes far beyond the computational
ability of the human being. .

One conclusion, therefore appears to be obvious: we have to depart
from behavioral hypotheses involving optimizing behavior, as conve-
nient as it might be in mathematical terms, since it does not come to
grips with non-trivial choice problems in compiex situations. We do
not have to leave the grounds of rationality. A rule-of-thumb method
may be rational in a restrictive sense, thus we have to view it in terms
of ‘limited rationality’. Rule-of-thumb methods may be applied for
various reasons: either because the individual faces expected costs of
computation to be far beyond expected utility of further searches in
choice-theoretic behavior or he (she) is faced with an immense mass of
alternatives to the effect that he (she) is psychologically outstripped by
the ensuing ‘complexity of computation’. Chess players tend to choose
simpler decision rules. They do not consider ali possible strategies and
pick up the best, but generate and examine a rather small number,
making a choice as soon as they discover one that they regard o
satisfactory. According to H. Simon [12], “limits of rationality in ches$
involve (a) uncertainty about the consequences that would follow
from each alternative, (b) incomplete information about the set of
alternatives, and {c) complexity preventing the necessary computationé
from being carried out™.’

All three properties may be subsumed under a more general concept
of complexity in choice-theoretic situations. For example, uncertainty
and lack of information may here assume different aspects to what i
widely known in statistical decision theory and the economics of
uncertainty, e.g., uncertainty resulting from computational incapability
when faced with a large number of choice alternatives. These are
cssentially non-probabilistic situations. Thus, complexity is an impor-
tant tool for evaluating decision rules, in fact, it may prove instrumen-
tal for an axiomatic analysis of ‘bounded rationality’ which is still
lacking.

3. SOME FORMAL PREREQUISITES

We present here some formal definitions toward developing o more
general theory of complexity for social choice situations that may

#0
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COMPLEXITY >ZU. SOCIAL DECISION RULES

a combinatorial semigroup corresponds to a machine that virtually does
no compulation but rather switches inputs and outputs among various
input—output configurations. This property reminds us of information
theory when selecting events which have information measure zero.
Since these types of machines generate regular patterns which are
expected, they do not yield any surprises. Therefore, their behavior
does not produce information. Since everybody understands it, it
cannot be complex. This result has some immmediate impact on
possible applications. It suggests that if we are able to detect subsys-
tems that behave like flip-flops we could erase these subsystems
without changing the structural complexity associated to other subsys-
tems but, nevertheless, decreasing the computational complexity in
terms of length of computations.

On the other hand, simple groups conform to machines that perform
simple arithmetic operations (such as addition, multiplication, . ..).
Many examples of that sort have been given by John Rhodes [8]. A
simple group constitutes the basic (irreducible) complexity element
which increases the complexity of the machine by just one unit. Hence
punching out groups, of that kind, in the decomposition will lower the
complexity at most by one. Now what is the significance of the
Kroh-Rhodes theory? It shows us to what extent we can decompose a
machine into components that are primitive, irreducible and that the
solution depends on the structure of components and the length of
computation, Hence, complexity does not depend only on how long a
chain of components is, but also on how complicated each component
is. Therefore, complexity not only takes into account the total number
of computations in a chain (the computational aspect), but it also does
so for the inherent complexity of the subsemigroups (submachines)
hooked together via the wreath product (the structural aspect). The
structural aspect can be heuristically represented by the amount of
‘looping’ in a computer program that computes § on X. This has been
proposed by C. Futia [3] for computing sequential decision or search
rules.? These are the key features of an algebraic theory of complexity.

4. AN EXAMPLE OF A DECISION OR SEARCH RULE

.H..ro. subsequent example has been adapted as an illustration from a
similar search problem presented by Futia [3]. An individual, as a
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member of society (or voter) is subsequently confronted in a ‘large’
market of public goods to choose among difféerent kinds of com-
modities or services (nuclear energy, missiles, health care, etc.) offered
to him for sale by different government agencies at different prices
(i.e., tax rates). In order to receive a tax rate quotation (or possibly
some other relevant information) from any given agency, the voter
must incur some (not necessarity monetary) cost constituting his margi-
nal search cost. The voter’s goal is: given a certain bundie of public
goods that satisfies his aspiration he wants to search for low tax rates
such that his final taxes (plus total search costs) will be kept as low as
possibie. This problem can be formalized as follows:

Let t; denote the tax rate quotation of agency i. Let t=(t,,...,1,) be
the tax structure and suppose f,€[0,1]=1 Denote by I* the n-
dimensional Cartesian product of I, and define a probability density F
on I" representing the voter’s initial belief about which tax rates the
agencies are likely to quote. The order of quotations presented to the
voter is considered to be irrelevant, thus, for simplicity, it is assumed
that F is symmetric, i.e., if p is a permutation of {1,2,...,n} and if
"=ty ... bom) then F(8)= F(17). ,

The set-up of this problem enables us to construct a decision rule
which prescribes to the voter, for each i, whether to stop searching
after receiving i quotations or whether to continue searching on the
basis of the i quotations he has received. A decision rule is assumed to
be a mapping from a set of observations into a set of actions. In this
problem, for each i, let the set of actions be A ={‘accept’, ‘reject’}, and
the set of observations be O, = I'. Then a decision rule is a sequence of
functions D=(D,,...,D,_,), where D,;O,— A if (1,,...,4)e O,
then D;(t,,..., ) records the voter’s decision to either accept the tax
rates that have been quoted to him and choose (by vote) the given
bundle of public goods presented to him, or to continue searching and
reject tax rates f,, ..., 4

Now it is perfectly legitimate to ask, for this kind of problem, what is
the voter’s optimal decision rule? This question could be answered by
the machinery provided in statistical decision theory to find optimal
solutions for search problems (see Gottinger [5a]).

Instead, we are interested here in the basic ili-structuredness of the
problem given by the complexity of the decision rule. To this end, on
the basis of the previous section, we proceed to associate with cvery
decision rufe 12 a (computer) program [, which compautes ). ‘This
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COMPLEXITY AND SOCIAL DECISION RULES

PROBLEM: Let X" = X, x...x X, be the social choice set when the
DM is confronted with a sequence of finitely many social alternatives.
Let A,c A, c...c A, more precisely given in the time sequence
to. t, - - . » L, be those sets of alternatives in which the DM can actually find
comparisons {in the sense that he prefers alternativesin these setsand finds
himself in a position to compute preferences). Let & be a nonempty
collection of all Ag, A,,..., A,. Then he constructs selection functions
Pos P1s - - - » Pur P2 X — o such that for all x; € X, p(x;} € A,. Ina way. p;
constitutes a reduction mechanism by reducing all possible alternatives
with which the DM is confronted to those which are computed as actual
choices.® It is said that the DM accepts the decision rule D;(xy, ..., X;) if
p(xq, ..., X)€ A, more explicitly, accept D,(x,} if p(x,)€ Ay, accept
D\(xg, x,) if p(x, x,) € A4, etc.

There is an upper bound, representing the complexity bound of the
DM, beyond which he is unable to compute his preferences. The upper
bound somewhat restricts him in selecting decision rules which are
‘beyond his complexity’. Therefore, let #D) be the laggest integer
satisfying the bound such that Agp,1 G Agp). How is the bound to be
determined?

In a different context, regarding the complexity of (dynamic) finite-
state systems, I distinguish between design and control complexity.

To quote (cf. Gottinger {5]), under design complexity I understand
that complexity (number) associated to the transformation semigroup
in which full use of the system potential is made. Under control
complexity I understand that specific complexity (number) that results
from computations which keep the entire system or at least part of it
under complete control. A qualitatively stable decision rule would be a
rule for which design and control complexity coincide. However, in
most practical cases design complexity will exceed control complexity.
Since one cannot assume that the control complexity of an average
(unsophisticated) DM can be increased by teaching him how to behave
in a rational manner one should pick up designs of decisions rules for
which there is a reasonable understanding and control.®

Example. In a game of chess the number of all possible strategies to
achieve a check-mate corresponds to the design complexity of a
chess-playing program. The number of ail actual strategies chosen by a
particular chess player to achieve success corresponds to his control
complexity. Given two chess players both initially endowed with the
same knowledge of how 1o play chess, and i in a sullicieatly long
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sequence of how to piay chess, and if in a sufficiently long sequence of
repetitive plays one does better than the other, he exhibits a better
understanding of the game, €.g., a higher control complexity.

In a certain way both concepts are naturally associated to ‘programs
of optimization’ and ‘programs of satisficing’ or bounded rationality),
respectively. That is to say, design complexity pertains to that decision
rule (which is best in some appropriate sense). In general an optimiza-
tion principle is involved, which, however, cannot be realized given the
limited computational resources of the DM (control complexity).

To which extent this bound can effectively be determined by experi-
ments appears to be a problem in experimental psychology. However,
it is possible, at least in principle, to give a set of criteria under which it
can be determined whether a DM chooses decision rules violating his
bound of complexity.” Whenever individuals violate in experiments a
set of consistency postulates (such as transitivity), namely those which
they have wonou"oa.ﬁ the very beginning, they will realize that they
have committed computational errors. Thus commitment of errors or
violating consistency postulates seem to be suitable criteria for deter-
mining complexity bounds of computation. In experimental situations,
subjects then have to be confronted with various decision rules of a
different complicated character and the class of decision rules in which
no errors or almost no ervors occur constitute those which satisfy the
control complexity of the DM. :

Those decision rules are called qualitatively stable, Only qualita-
tively stable decision rules guarantee that social, economic and political
processes can be controlled in any effective way by social choice,
otherwise the amount of error, misrepresentation of preferences, etc.,
could easily lead to a destabilization of the social system, and a degree
of rationality can no longer be maintained.

6. A CONSTRUCTION OF COMPATIBLE SOCIAL DECISION RULES

Let P,, P;, ... be sets of computable preference profiles for i=1,2,...
individuals of the social group achieving a common social decision rule
D (maiching the preference profile of the social group). Let there be
D,. D,, ... decision rules acting as sequential machines such that D,
computes the preference prodile Py, Then we detine the complexity of
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COMPLEXITY AND SOCIAL DECISION RULES

Fig. I. Game tree with binary outcomes (winning strategies for C)
@) (&1), (a, 1), (e, 1}, (& 1), (k, W),
®) (& 1), {a, 1}, (.00, (h, 0}, (n, W),
(€) (4,0, (6,0, (£, 1), (i, (1,0, (p. W),
{d) (.0), (5,0), (£.0), G, (1,0)), (g (1,00, (v, 1), (s, W)

following result:

PROPOSITION (J. Rhodes): Let S be a semigroup of mappings on
the finite set X (sequential choice space). Let r be the maximum range
(or fixed points) of any idempotent e = e*€ S, Then #o(S)=r—1,

Proof. Let I be the ideal generated by the idempotents of S. Then
S/I is combinatorial and I={f: X — X:|f(x)|=r}= 1. Further L, k=
1,.... n are the ideals of Fr(X), the semigroup of all mappings of X
into X, Then by the results of Rhodes ef al. [8] it can be shown that
#o(S)=#a(D) and #(l)=<r-1. q.e.d.

7. SUMMARY AND EXTENSION

We have noticed how choice processes could be factored into compo-
nent subprocesses and how these are associated to propertics of

&

HANS W. GOTTINGER

transformation semigroups. A social choice process could be under-
stood as a sequential game, as an interaction between individual choice
processes in such a way that the interaction generates a SDR that is
compatible with all individual choice processes. To achieve this, we use
new tools of ‘limited rationality’, derived from automata theory, em-
bodied in the system of social decision-making, Complexity as a crucial
factor in the choice of decision rules is related to limitations of human
decision-making in terms of their capacity to recall, memorize and
compute only relatively few items among which consistent choices can
be made. In contrast to conventional social choice theory we only
consider preference profiles that are in a certain sense ‘computable’,
thus restricing the social choice process to reasonable behavior rules.
It is not yet clear to what extent the ideas expressed herein will have
an impact on traditional social choice theory, namely relating to
Arrow-type impossibility or possibility theorems. In actuai human
decision-making, alternatives are often examined sequentially, conse-
quently we consider this approach to be basically of sequential type,
whereas traditional theory is static, e.g., all alternatives are evaluated
before a choice is made. Furthermore, in view of Arrow's assumptions
on constructing a social welfare function (SWF) it appears that the
assumption of ‘unrestricted domain’ of the choice set will no longer
hold because of imposing strict computational requirements.

An obvious extension would consist of using complexity of decision
rules as a primitive notion for an axiomatization of economic behavior
that introduces explicitly behavioral assumptions related to limited
computability. The DM is not only limited in his choice behavior by
computational requirements, but equally important, he is also re-
stricted by acting as a member of a group or social class where, in
order to achieve some consensus (for example, a common group
decision function), he has to adjust his behavior to past choices of
other group members. This is illustrated by looking at the adjustment
mechanism as a sequential game. The determinants of the game
(environmental conditions, previous choice configurations) are them-
selves determined as outcomes of complicated cognitive processes,
bounded by complexity. Complexity of this kind virtually covers two
aspects: one is structural, the other computational. Structural complex-
ity here relates to the ‘sophistication” of the DM, how he can reason
when confronted with difficult tasks, depending on his problem-
salving capability (as discussed in the example of the missionaries and
the cannibals, see Ernst and Newell [2]).
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COMPLEXITY AND SOCIAL DECISION RULES

ill-structured problem  becomes well-structured 10 the extent that the mew design
coincides with the computational pawer of the problem-salver,

* H. Simon SUBRCSIE & “common sense” st based on the intraspective knowledge of our
own judgmental process.
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For example, let nun A* » R be the system given by
starting C = {(A,B,Z,1,6) in state zeZ, then c, is defined in-
ductively in a straight-forward way:

<, (ay} = 6{z,a,)

Aud.....uﬂv forn » 2.

c_fa ,...,a ) =¢C
1 n »AN.NAu

£

2) " Let f: A* + B a machine. Then £°, the semigroup of £,

is given by the congruence wm on A* where for t,r,c Af, t 3T if
and only if f(a t B) = f(a r 8) for. all a, 8 ¢ A* U{1}. Then,

. i1f ﬂn_m denotes the equivalence class of the equivalence re-
lation = containing t, we have mmu:Sm" t ¢ A*} and Hﬁn.ﬂﬂ_n =
= _nu_& (where tr denotes the product in A* and - denotes the

product in mmy. {1} i1as the empty string.

(3) A semigroup S 1s combinatorial if and only if each

subgroup of § is of order 1.

{4) A right mapping semigroup or right transformation

semiqroup is a pair (X,S), where X is a nonempty set, and S is
a subsemigroup of wwaxv the semigroup of all mapoings of X into
X under the multiplication (f.q)({x) = g(f(x)}). For each

xeX, 3¢5, let xs = (x}s. Then the following conditions are

patisfied:

(83 xamdunU = naquwu.

{2) 8,8, € 5 and 3, ¥ s, imply xs, # xs, for some x e X.

(5) {Wwreath Product]) Let nxu.muv be right mapping semi-
groups for j = 1,...,n. Let X = x: X .. % X4 Let S be the

semigroup of mxnxv congisting of all functions % : X + X satis-

fying the two following conditions:

Rq

{1) {triangular action) If Py iX+X, denotes the kth projectic
map, then for each k = 1,.,.,n there exists mx"xxz...uad+xw”
such that

vxe.nz.....nx+d.nx.....ndy = nwnnx.....nd.
for all nh E xw. 1=1,...,n.

(11) (kth component action lies in 8,) We require m_ ¢ Sy,
and, f =

» for all k = 2,...,n and all a = nnxnd~....ndvnxxudx...ux_.
the functi =

ction g nmmaxx« given by aaawwv = mxaww.ﬂrnﬂ.....ndy is an

element of mx.

Then ax:.mbvﬂ...ﬂnxd.mAV = (X,S} is the wreath product

of ﬂxu.msu....~«xJ.m_u. and axu.msvs...tﬁxg.mdv is the abastract

semigroup determined by {(X,S).

-

{6) Let (X,8) and (Y,T) be right mapping semigroups.
Then we write (X,S) | (Y,T), read (X,S) divides {Y,T), if and

only if (1) there exists a subset Y' of ¥ and a subsemigroup T*'
of T such that Y' is invariant under the action of T' (i.e.,
Y'T'c ¥'); and (2} there exists a map 8 : Y' ++X (++ means onto}
and an epimorphism ¢ : T' ++5 such that 8{yt) = e(y)elt) for all
ye¥,teT.

(N {Krohn-Rhodes Decomposition) Let (X,S) be a
right mapping semigroup. Then the {group complexity -nﬁx.m_ =
= -nﬁmv is defined to be the smallest non-negative integer n such

that

5| E:.ns??u.n:?. --w{¥,,Colw(x, Gydwly,,C )
holds with nd.....mu being finite groups and nos..ns finite
combinatorial umaumnocvn {flip~flops}, 1i.e. the minimal number
of alternations of blocks of simple groups and blocks of com-

binatorial semigroups anmmmmww to obtain Nw.mu. Hence by
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3. Bounded Rationslity
In the traditional theory of decision-making it is generally acknowl-

adged that at lesst two definitions of rationality ars conceivsble, de-
pending on vhether the -E.nouay, is abatract (normative), based on non-
oontradiotory reamcning, or pragmatic (descriptive), based on experience.
We hold that these two concepte are not nacessarily mutunally exoluaive,
if we 2dd one importsnt aspect to the description of rationalty, e.g.
gomputsbility. Rationality in the normative sense is too restrictive

by granting the noouu»oullbw..n unlimited o ational ces which

obviously fail to be utilized in complex (ill-mtructured) situations.
On the other hand, rationality in the descriptive sense is too elusive
and diffuse to be of any analytical or even predictive value since it vio-
lates unique linke to consistenoy and cohsrence standards of normative
posinlates.

Reasona for using sirategies of 'bounded rationality' could be

itenised as follows:
(1) 1limited computational rescurces of the decision-maker,

{2) thresholds of complexity beyond vwhich irdividuals are unable to

discriminate, choose and reveal cognitive limits,
(3) many choioe processes represent essentially ill-struotured problems.

Let us take a moment to diacues the last point.
An ill-structured problem {ISP) faile to satisfy at least one or

likely several of the liated conditiona:

DSC: thera is a definite singls oriterion for testing any proposed
solution,

RPS: there is at least one problem aspave in which can be represented
the initial problem state, the goal etate, and 2ll other statas

that may be resched,

92

TP3: attainable state changes (legal moves) can be representet
via transitions in a problem spaoe,

APPS:if the acstual problems involve acting upon the external
world (environment), then changes of the state by applying
operators can be predicted, controlled and directed toward
the goal stats with any desirable nlnuoo of sgcouracy, con-
titional on the knmowledge of the environmental states,

PACt all basic processes underlying the step-by-step procedure
of problem-solving search involve only a 'practiocable amount
of computation' sc that only a practioable amount of search
is needed for itermipnating the problem solving process.

Starting with characteristie DSC we nots that ISPs usually involy

a representation of sultiple oriteris, requiring gomplex irady off
statementa whioh in fact would snhance the number of computational ate

In the sst-up of & decision problem the trade-offa may pertain to

either of the following differsnt situations:

(s) Two or more valuss are affected by the decision, tut they
are known to the decilsion-maker.

{b) At least one of the outcomes is sudject to uncertainty, e.g.
involves & lottery that has to be traded sgainat a sure
proapect. What ia the a. rtaint valent?

{c) The power to make a decieion im dispersed over a mumber of
individual actors or orgunisational units representing
differsnt wvalues, goals.

Thense trede off probleas have been treated, one way oxr the other,

in recent contributions tc decimion theory, ses J. Marschsk and R.
Radner A97F, J. Steinbrunmer AYT#. R.L. Keeney and H. Raiffa A97Y.

They are excluaively confined to static problems whioh are not sufficis

924

to exhaust ISPw.
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How is it posaible that good chess-players still outperform
computer programe of chess which sre such more powerful in computing
startegien? The ansver is that they evidently activate useful heuristics
that more than offset <their lack of oomputational power.

Ve claim that activating successful heuristiocs is intrinsioslly
connsoted to the motion of atructursl complexity in dymamic algebraio
systems. Chess belongs to »ro. class of two person games with complete
inforsation and no chance moves. It is known thet there exists for each
boasd position(or more generally for each state of the game) one (or
several) optimal moves. A tabulation of the optimal moves ie a tremendons
task. Chess has on the average over ._oamc board positions, hence the
table would have to have the same number of entries. Such a complete
search for the optisal move 1s 80 enormous that it transcends the capa-
bilities of any physioal ocomputer, in oither words 'brute force computing'
iz not likely to be the solutionm.

By designing the first chess playing program Shamnon 49507 proposed
two principles on vhich an algoritha for rlaying cheas gould be formu-~
lateds

"(1) Scan all the poseibilities (moves) and construct a ssarch tree
with branches of equal length. Hence, all the warianis of the
moves to be searched for are computed to the same depth. At
the end of each wariation (at the end of the branch) the
position is evaluated by means of & mumerical evalunation
?ﬂmn»en. By comparing the numerical valuee, one can choose
the best move in any given atarting uo-wﬂeu. aimply by the
minisaring procedurs, f.s. averaging strategies by the

svaluation function.

{2) HNot all possibilities are scunned, some are excluded from
consideration by a special rule, #.g. by & special search.
Some spacial search methods have been proposed apd proved
to be successful, ses B. Bepbael /T97¢, ch. 3. In this method,
with the same computationsl rescurces, the depth of computation
can be greater.

In the first case, information of high value will be treated
equally with information of low valus, oF collecting information 1s
uniformly aseigned equal cost to esach node. 4 uﬂeng,ﬂ-.w part of the
vork will be useless, i.e. not leading to s desirable goal (checkmate).
This ia a modified bredth first search with a numeriosl evalmation
function and minisaxing procedurs.

In fact, in option (2) it appears that highly selective search,
the drastis pruning of the tres or in depth search is likely to be more
susoensful to treat highly complex decision problems. For this parposs
one nesds a heuristic, as & rule of thumb, strategy or trick which
drastically limite sesrch for solutione 1in large problem spaces. Heuristie
4o not guarantes optimal eolutions, they even 4o not guarantee any
sclution at all, but a useful heuriatic offers solutions whioh are gocd
snough most of the time.

The pay«off in using heuristics is grestly .n.-nnooh search and,
therefors, involves & 'practicadls amount of computation'.

In faot, summarising the experisnce of various ochess playing
programs, wo observe that some programs have put more emphasis on
computing pover along tres search in the direction of option (1) vhersas
others have traded off computing speed againet sophistication or selea-
tivity as sources of . {aprovemsnt in complex programs. Selectivity ia
& very powverful device and speed a very weak devioe for improving the

performance of complex programs. By comparing two major chess playing



g

4. P 4 4 s i.
o0
s83¥3e TWUTJ W PUT 9338 TR0J ¥ UGEALEQ UOSTIRAEOD ® JO UOTIONNS ¥ SpWR 8q
uwo pexordre eq 03 deys 3xeu oyy seswo Luwa Uy LYV *'g Uopyvaedo
qowe Jo WOT3woTTEdw eul WITA 3200 ¥ S4WICONSY SA YOTYA W] WOTAUSIXS
[eanywa ¥ 03 spuel 37 ‘dsma¥ o3 Lfewe Lysafitmaut 87 31 "salwiowipw

se1q} sey JUTATOs WTqoad sowdw-ejwis Jo uorjviuessadex orudead eng

fx y3ra Fx urroemmoo [28 uorawasdo uw o3 eaeqy v dreo puw 37

f puv T sepou useajeq Eoaw MFA ‘ydwad ® Jo sepow oYy FuyuTIeP eq

g 391 -gdwa® v y¥noaqy yywd v Fuypuis go merqoxd eqy puw g IUTpUTF jo

uarqoId ey} USSA3eq SOUSPUOANEIIOs SHO-04-SUC ¥ YSTIqEiEe PInco sup
-Aao-.nﬁo!uanNm...v-rlﬂmuﬂm _—

s3u38 Tvo? sy3 sjvieusd o} Oz epeie

TOFATUT 908 307 $PTOY ATUSUOTINTEX POISOV ¥ YWY} Woms sowds s3w3s

*q3 Jo WOT3TEOdNO0SP ewos o) pUnO] 8q PROO geeeselgitp w g

sz0juaedo dnoxBywes jo sousnbes ® USYA DSATOS 8T meyqozd ¥
*ge3wje Tvol JO 309 DOITRED ¥ JO U0 WOWSX o} jdmesiw uw uy ‘sejwye
oy} Kq peupJep sowds yinoryy SuTAom oe Tess ¥] Isatos weTqoxd eyl
t§ uodw Fuyrjor g sduoalyEes Jo JUT}sTsUGO sxojuxedo jJo %.. 108 ® puw
. ‘se3wys JO £ 308 STQVIEROO I0 $3TUT] ¥ JO SOUMSIXS Y3 WISy
. «RyTxeidmco puw swejals opwagedre ojmwuip 03
UOTIUIS08NE [NINIWU ¥ S¥Y 3T SOUTs ‘uoT3RINNNSIdes Sularos-metqoxd ejwtad
oxddn L1sa u 37 Yowozddw eowds-e3wys eyl “Suraros-we1qoxd jo Lxoeq; 1wezog
® Jo esu exwm Leqy J§ SUOTNTSSP ITeqy SaoIdu] PINOO SISYVE-TOTETOSP
ssoqy 3wqy L1exsy o7 31 -sxedvuwe o s3RIORWAXNQ ‘suw]of3Tiod Jo
SUOTIER} I8 FUTAVE-TOTSTOY UITA FUTTWep 0 yNeIniul Teaeusd jwejoyzjns
Jo exw pesn senbjugos; pUT SPOYINR SQ3 30q ‘SOUSEITISINT TTOTITII
Jo supTdrosTpans SuFuerieye v o3uy pedoTeasp vy JulATos-WAIQO]

ey | I i . : P § “ i : . P} a

*¢ *o8g UT sqIIOESp LTJOTIQ [ITA SA Iezjwm josfqus

v ‘Suruoeid puw sjsipeuw spue-sumem Jo Jurisyeuce °‘sgp £q peplacad T

poqem FUTIeIeju] ‘IeTOOTiXed Y 90TISTARGY Jo sweiaks FuipuwisIepum
puw SUTINACOSTE YiTA pOuUISOUcs #T Fujaros-werqoxd jJo Lxoeqy v

*uog3voTieTudos

‘pssuyIves ‘LfousisTeuco [worRor osrw 3nq ‘sousixedxe ‘s¥peTacux TROTIOREd

J0STIX WY} SOTISTINGY SATOAUT 0} ST FUTATOR-EETQOIL, 03 supwyxed

39Y3 UOTIVEIOJUT PEINTEI-ANW) JO SPUTY TT® SysIeued of *,GFviye 03

AOY AOUY ATSLWIPSENMT 10U 560D Y 3VG} BITRIJE JO S3¥3E 0 SWODAUC $WOH

BOITISP IGATOR WOTQOId ¥ JeASUSYA FISTXe WeTqoxd T, -wam.w UOWIg puw AWHS
'TUSASH 03 FuTprooow WeTqoad § JO OTATUEIP ¥ WITA 3TNIE #U 38

‘ e e S

*, " **swepT sesuo o3} puodsexzoo jwyy Lerd puw vorytecd
30 suzessed egy exyulooex pue ‘juessdex ‘LFTAUSPT 03 L3TTLTAY gy
sxyubex TTIA 37 *‘LAreweg *seex} Suiyolwes Jo lson«ol jussexd oy} Futaoxd
-x} 3Eaf uwy} sIow szyubex TTia Lwid 19Ae] I03AVE eFUNOEq ‘SESYD ®OXJ
POUTNST 8 O3 WOUM 8T eIeWy AWINY I, */FLEY £daxwgon < Furiowd
*sueqo s gous ‘uciiwoiysTydos ‘L3yariweac ‘FupawIv:
.ooﬂowﬂowuo sxTabex 3wyi sews? ui J0u INQ .-.u-n.-ﬂn uemmny Jo £371Tq®
Arxomew oy} pafueITwqDd Savg vy} Soww? U] TUJESEOOMS 350H UNNQ SAw
smealozd yous pejoedxe oq 3uitm sy ~senbjuyos] IWETUTE PUW pusys J0O1
{Twoor) uocdn peswq sxv swexfoxd wnuhdﬂarol_ru Zolfwm oqy JO 3eoy *wexload
$38YQ B3 0% WOTIWOTINTHGOS SIOW SEORPOXIUT WeaFoxd s, uyeisuzey ‘fun »
uy ‘og *pesds T¥noTjwindmos uo FuTL[ex 30U JBq LITATIOSTHS jo jumowe
afre7 w Furen £q puocces aqy ‘yseg Lxea ..-u.won pue L37arjosres ou Fursn
£q 39337 w3 tqoworddy OT3TIOAY oq} *SA TEUOTIindmoo g3 ‘sejnox
jusze}yip Suynsand £L£q eouenzojred jo LyTrend emws exy LTUIMOX SAeTUOW
Loqy 3vq3 o0s SA ‘muxPord uleEUIeg 04} DUT SOEWTY SOT 843 .-lc.ﬁo.&

SRR 10h% (U i 1 Bt | Eaniiits GAR: 1401 1 HRandins AR i i1 { Chnadiits SORE: 1 01 1 HROatENY 08



How does a theory of problem-solving relats to decision theory?

The ingredients of the conventional decision problem under uncer-
tainty consist of

(1) a set of sctions available to the decision-maker and subject
to gontrol by himself,

(1) » set of mutually excluaive states of nature, one and only
one of them can ocour,

(ii1)a set of consequences that obtain if the decision-maker
chooses particular actions and a certain state of nature
turns out to be true.

If the decision-maker is rational and satisfies certain conaistency
criteria on the choice of actions, he will attempt at maximizing ex-
pected utility or expected pay-off. In this problem it appesrs that
uncartainty about vhioch event obtaine is his moat savers restriction in
following an optimal course of actions. On the other hand, apparently,
the decision-maker need not cope with computational constraints, either
thers are no phyesical or psychological limits on his ability to handle
an immense amount of data, facilitating his choice problem, or elss
costs of computation are 4».1,:-5% negligihle.

A problem-~solving aituetion, requiring decision-making in contrast
Teveals special festures that oould be circumscribed by degree of diffi-
oulty, limited decision-making capabilities or resocurces, intrinsic
ocomplexity in finding acceptable or satisfying stirategies (solutiona).
These characteristics requirs sdequate methods such as complexity-
bounded search, heuristics eto..

Consider the description of = genuine problem in this framework.

In the 'miesionaries and ocannibalas' problem, three missionaries and three
cannibals wish to cross a river from the left bank to the right. They

have available a boat wvhich can take only two people on & trip. All can

dns

row. The problem is to get all six safely to the right bank smbject to
the constraint that at no time may the number of sissionaries on either
side of the river be excesded by the rumber of cannibals on that side.
To translate the pussle into a forsal problem, let s atate be defined
by the number of missionaries and cannibals on the laft bank and the
position of the boat. The starting position is (3,3,1) and the goal
{terminsl) state (3,3,R). The permissible movea of the boat define the
operators. The problem is solved in a pumber of eteps, vhereby the
minimal numbar, if it exiats, coastitutes the optimal solution.
Problem-solving is certainly linked to 'survivability', given a chess
poaition, change it into a position in which the opponent's king is
chesamated. En Toute to this position, avoid any position in which your
own king is checksated or in which & stojemate ocours. The board
positions define the states, and the piece moves the operator.

In this example the terminal state need not be fixed, but in the
process of problem~solving may be subsequently redefined and wmodified
subject only to the restrietion that at no point 'survivability' ie
sndangered {endogengxous value n'ﬂo.uimnouu.

Mathods of decismion analysis, ss proposed by H. Raiffa AY6H, for

instance, are restricted in several ways:

(1) they are basically off-line procedurss, i.e. limit cholces
to the 'givens' once stated,

{(2) they limit complexity to the detergination of ymoertsinty
via probability,

{(3) they address only to 'wgll-structyred' decision problems,
where the whole set of alternatives is laid out before the
decision-maker and where he knowbov to achieve a partiounlar
course of aotionm,

(4) they apply only to sitwations whers the goal structure has bean

s i
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ame Payond the grasp of most college students, and the technique
reveals sophistication rather than brute foroce search.
Two basic principles are intertwined inm GPS: meanc-end analysis
and planning {or
Heans-end analysis {MEA)} is a general purpose heuristie  for
saking sure that an opsrator is only applied to the problem if there

is soms purpose to the application. In more sconomic type problam
situations means-end -ubu.ui_..a oan be extended to .nn appropriate cost-
benefit analysis where inatead of 'difference operators' other suitable
types of operators can bhe used. However, the general structure of MEA

remalins unchanged. Let us firat addreas to this set-up. It involves

(a) A set of 'objects! that are relevant for the problem defimtion,

oa.....ou.

(b) 4 eet of attributes X,yee.p X, attached to the objects,
desoribing their probdlem-relavant location, charaeteristics,
specifics, sometiimes represented by proxies, defining the
problem situation at each state of the problem-solving

Process.

(c) A aet of operators acting on the set of attributes in terms
of
additivity operators: Apseesohy 1
di{fference ocperators: UA .....uwﬁ operators pa.....ow
maltiplicative operatora: x._.....xw .
such that they satiefy algedbraic operations of finite simple

groups.

(2) A terminsl goal structure containing the desirable attributes
n._t.....nu- such that the operations applied to M._,....Hu

gensrate the desirable set M NJ *.....Mu..w after a finite number

/10K

of ateps.
The gosl struature may be either imposed sxternally as part

of the task environment: or sucoessivel ted endo-

genecusly in the problem-solving process.

(e) A problem sclution sxists after a finite mmber of steps.

For purposes of illustration, let us identify the variousz elsments
involved with chess-playing. In chess, & set of objects embraces all
pisces on the board, pawns, bishops, rooks, king and queen ete., inter-
soting with each other (a). Atiridutes of these objeots apply to their
location on the board, of courss, in relation to the looation of all
other objects, whether they are attacked, defended, or attacking, in
retreat and relatively safs. Henoe, attributes of the sane piece change
frequently with each meve (b).

Operators correspond generally to the rulees of the &%Ee, EOVe
specifically they are idantified with the allowable moves of sack plece,
& bishop, & rook etc. There moves satisfy a certain algebracih structure,
which ims obvious since chess ia a discrete game (o).

4 definite goal structure is claarly imposed on chess prescribing
& configuration of attributes such that the opponent's king is cheok-
mated. Howsver, a goal gtructure may be endogsneonszly formed, by

misaing subgoals such as king safety, material balance, center control

eto. and therefore adapta to the terminal goal to 'avoid being check-

nated' (&).
{e) Finally, a problem solution exiets by resching 'checksate’ or ‘remini
Consider, for illusiraticn, a much more simplified problem, the so-oalled
Monkey Problem:

A monkey is in & cage. Suspended over the center of his cage, out
of reach, is a bunch of bananas. Thers iz a box in the corner. What

should the monkey do to get the bananaa?

108
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AL.stract

Structural Characteristics of Bconomic Models:

A Study in Complexity

Hans W. Gottinger
University of Bielefeld
P.0O.B, 8640

D - 4800 Bleclefeld 13

It is claimed that economic model-building has only limited
policy navwnnmﬂ»ouw unless the issue of complexity 1is taken
explicitly into account. It is shown how mnmcoaﬁu-p connected-
ness works in gconomic models and what impacts decomposition
has on the model’s behavior. Results of the Ando-Pisher thaorem
of decomposition are applicable here. A simple measure of com-
plexity is proposed which has its roots in decomposition re-
sults of dynamic alyebraic systems., The complexity measure

is applied to a model of an economic system and reveals the
computational dimension of the model's parameters. Reduction
of computational complexity can be achieved by utilizing the
potential problem-solving power of the interacting subunits
{'modules'). The relation to problem-solving methods in ar-

tificial intelligence appears to be relevant,

/13

Structural Characteristics in Economic Modelsg:

A Study in Complexity

Hans W. Gottinger
I.M.W., University of Bielefeld,

D~4800 Bielefeld 1, F.R.G, °

1. Introduction

In the past twenty years we have experienced a tremendous ad-
vancement of tools and techniques in analyzing, diagnosting,
predicting and controlling economic unonmwmmm. Sophisticated
models have been bullt that claim to predict future economic
trends of micro and macro-economic variables, largely facili-
tated by the availability of large-scale computational re-
sources. These models also form the basis of policy recom—
mendations such as the Brookings models or similar large~scale
econometric models. There have been some Emuon.wavno<nam=nu
in the design, cstimation, statistical structure, testability
of economic model-building as have been in decentralized de~
Cision-making, distributed computation and hierarchical con-
trol. Yet, there is still one major link missing which we
consider as one of the most fundamental properties of any mo-
del-building in the large that one has not come to grips

with the structural constraint »f complexity, e.g. the infor-
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in responding to changes or disturbances of its cnvironment,
(2) strongly interdependent with regard to actions of its
components, (3) following a threshold discretionary type

of behavior with gqualitative jumps, (4} partially or locally
controllable inducing global effects. In fact, these pro~
perties can be observed in modern economic systems that
render them a higher degree of wzmnprpwnn<,mu similar
behavior patterns are traced in ecosystems (R.M.May [5 ]}.
Hence behavior of an FCS is not of a purely random character.
The nommo:AmOu this is that it reveals certain imperfections
like lagged responses, maladjustment, non-stochastic depen-
dence between parts, discontinuity that appears not to be

compatible with randomness.

3. A General Approach to Dynamiec Systems and Complexity

The approach starts with the basic identification problem. The

.
technicalities have been treated elsewhere (Gottinger {6 ],(7 ).
Given some natural complex system, a black box, where we only
observe outputs and inputs over time but we ara ignorant about
what is happening 'inside’', e.g. about local properties or i
para.eters of transition. Is it possible to find an 'artificial’
system that simulates the original natural system? Systems
we have in mind in this context are those which respond in real-
time to their environments just to stay alive {(bull fighting
a bear}. Ecological systems (bird celonies) or biological systems
(metabolism of cells) constitute systems striving for survival,
also all types of competitive economic systems challenged by
adversary environments belong to this category. In general,

extreme noticons, such as Survival or non-survival {death),

which are characteristic for pure forms of competitive systems

m

are involved. ilere interest is focused on global properties of
dynamic systems. The design orientation follows from the iden-
tification process, e.g. by taking intercennecting part of the
artificial system 'hooking' them together in order to simulate
the 'black box', The approach is algebraic, since it starts from
finite-state dynamic systems, €.g. sequential machines, the ge-

neral characteristics of which are described by:

1. A set of inputs, e.g. those changing kumannmnm of the envi~
ronment which will affect the mwmnma.um:m<»on in a predictable
way.

2. A set of outputs, i.e. thosa parameters which act upon the

environment leaving observable changes in the relationship
between the system and the environment.

3. A set of states, ji.e. those internal parameters which deter-

mine the relationship between inputs and outputs and which
may reveal all necessary information embodied in the past.

4. The state transition function which defermines the dynamics

of how the state will change when the system is fed by va-
rious inputs.

5. The output_funciion which determines what output the system

will yield with a given input when in a given state.
There are some obvious advantages, theoretical and practical

ones, to use an algebraic approach. First, algebra is a na-

tural tool because it emphasizes the design of a system as a

collection of objects. Second, algebra is natural for compu~

taticnal work, and this is an important factor in applications.
Modern computers accept digital instructions and those in turn

require an algebraization of systems. Third, algebraic system

theory emphasizes qualitative aspects of systems to the extent
that we are intcrested in properties such as survival or break-

down. This is achieved by determining complexity bounds of thn

g
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1) provided inter-systems dependencics are sufficiently

(2)

weak {up to a negligible degree) relative to intra-
systems dependencies, then, in the short run, the
relatiye hehavior of a nearly decomposable system be-
comes almost indistinguishable to that of a . decomposable

system,

provided inter-systems dependencies are sufficiently

weak relative to intra-system amvm:unsnwmm. then also

in the long run relative behavior of the nearly decomposable
system and the decomposable system is approximately the
same cven though their behavior in terms of abgolute lo-
vels and rates of change may be very different. In other
words, if we give a ncarly decomposable system encugh run-
ning time, and that even when Hanwcm:nmu having bLeen negy-
lected have had time to make themselves fully felt, the
relative behavior of the variables within any subsystem
will be approximately the same as would have been the
case had those influences never existed.

Now there are obviously two critical factors in the va-
11dity of the last result:

(a} the degree of approximation depends on the number

of computational cycles (e.g. running time) and is cer-
tainly a result in the limit,

(b} the degree of approximation depends on a prepostu-~
lated, suffleciently weak linkago among the subsystems,
below a certain threshold value where the system moves
continuously inan orderly manner. This however Bresupposes
a very large number of subsystems, acting uniformly on

an equal power base, ag in the classical model of economic

2y

equilibriuam,

Botlr assumptions (a} and (b) are hard to defend in the
context of analyzing real-life social and economic systems.
For these mwmnmaw.;mm real-time systoms, we simply haven't
got enough running time to force this approximation upon
the system's behavior. Time is a scarce and valuable re-
saurce.

Second, there are only a few, relatively large subsystems,
the relative behavior of which have a graeat potential
impact on the entire system, and where tha intra-syatem
behavior is not limited to the subsystem itself.

In fact, we would very much argue in the oquwpﬁo diraction.
The characteristics of large-scale complex systems are
such that they are very sensitive to discretionary bo-
havior of their subsystems and that mnmno:n. outcomes and.
consequences of thesc subsystems very often induce gnow~
ball-effects that pervade other subsystems and Janonor

actions, perturbations, maladjustments, all sorts of reactions

that deeply affect smoothness, regularity, stability, noaﬁuowmi

lability, and is highly unpredictable becauss of the non-

linearities involved.

5. Systems, Modelling and Complexity

Let vs start by describing a dynamic system very much like
an automaton. The ingredients are given by

an internal state vector z, = _Nd.n.nw.n....n:.ﬂu

an external state vector X, = _xaqn.xm.n....xn.nu

representing exogeneous factors,driving the system from

‘outside’, and not incorporated in the decomposition.

2.
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from some initial time to some target time in the future. But On the other hand, the computational complexity indicates the

knowing the complexity would permit us to design control stra- number of links between various subsystems times the number of
tegies which are effective in guiding the system toward re— interactions that ensue until the computational cycle {in real-
lative stability or harmony. time) is completed, as roughly indicated only for one speci-

) fic subsystem, say [POP), (for all other subsystems likewisc)
Therefore to understand the complexity of such systems we

in the following illustration
should be able to understand the strongl¥y connected, coupled
nature of its .subsystems. For this pUrpose we neced a measure
of complexity that reflects the stru:tural per Eormance of cach
of the connected subsystems in terms of state space configu-
rations plus the number of computational links that are estab-
lished among the various subsystems and that reflect the rich- ’ Insert Fig.3 here

ness of state representations in the apovww.nnuuonn0n< space

of the entire system.

l1llustraf.ion

Take the population subsystem [POP) consisting of initial
elight states, e.q. z = RN_.NM.....Nm,. then after inputs are

fed into the [POP) system a new state conf iquration obtains

Insert Filg. 2 here
In the satellite system, connecting all neighboring subsystems,

the computatjonal complexity related to the {POP] subsystem

amounts to

A simple measure of structural complexity, in accordance to t,((POPI} =(F links to [EN} + ¥ links to [ECO]+...+§ links to e}
Gottinger [ 61 ,[ 7], could be given v« the number = ng #, {links to i).
L ]
f.(2) =5 Hrodz) = 3£y (longth of time nceded to roach Then the total computational complexity comprising all links
a satisfactory state) x (number among all subsystems within the satellite system is given by

of feasible states to bLe attain-

/126 7 12
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function of ¥ {(or some aggregates thereof), it is also

t-1
an indirect function through this variable of Coqr Ty
Gy_q+ and through these variables R, is an indirect function
of several other variables, ctc. Obviously, the power of

the connectedness matrix increases in correspondence with

an increse in the number of real-time nmnumm of the model.
The anhalysis of unncnncﬂww conncgtedness has obvious limi-
tations for the chartist approach to predictioen. If the
analyais suygests that oven in a system that is loosoly
connected in its static description every variable in the
system may ultimately depend upon every other variable as

the system runs on~line through time, then r.upawwo extra-
polation of trends which iynores these dependencies may
indeed b: highly misleading. In a situatich where the num~
ber of outside factors tend to be increasing to inflnity,

we would well expect some statistical regularity in offset-
ting influences among the factors, and,indeed, a chartist
approach may be a good thing to follow by neglecting these
dependencies. This would moHHmmvonm to view the real si-
tuation as a state of 'disorganized complexity'. However,

in the course of ﬂwm<wocm arguments, the case of an mnm

would not support this point. <Then a serious modelling

and vnmnhnmmoz effort would have to take into account in-
direct effects that may have a highly nonlinear character.
However!, there is the possibility that In a particular system
or in a particular application of the model, certain of thesec
dependencies may be sufficiently weak that they can be safe-

ly ignored. If this were the case, the chartist's approach

20

which iqgnores these dependencies and the comprehensive mo-
delling approach taking them more fully into account may lead

approximately to the same conclusions.

7. The Model's basic sets of relationsnips

{a) [POP]=Subsystem '

Rate of population change

P(N) = g faverage number of children per family ) exogeneous
}
+ By (number of women in child-bearing age)) factors
) 1EF)
+ 3, (availability of birty control devices)
and liberal abortion policies) “
+ &, (expected average family income, )
given some current level of family “ [EC]
incoma) . }
* e {population supporting energy con~ ) (EN]
sumption level) !
+ n, (population density index level) [ECO])

* g, (provision of public goods and ser- )
Vices relevant to child rearing acti- w fe}
vities) )

1 (lavel of wide-spread political gatis-)
faction and trust in political insti- W {P]
tutions)

(b} [EN] ~ Subsystem

Supply of Energy

mﬁMny = a, (availability of domestic energy resources)
+ 8, {energy provision through imports)

+ Ay (potential of mobilizing new energy
sources via technology}

/120

}
)
)
) (uR)
}
}
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proportionality factor T (tax:rate) .
mn.uwumnnrA . -
Government -expenditure

Gy = a5 {international structural changes in ) =
. hnnam om.cﬁwﬁznm10nuwﬁ<a¢unu surplus/ “ [EF]
deficit) o)
+ mm Anmnm Om mowzwmnwon change and age ) )
structure of society) ) (PoP]
O i S L ~
5 (energy supply hpny and R & D n« W (EN)
PEnditures on new cnergy sourcos) i
wir# b (Wbatement ‘performance: safety and ) wmmmw :
..o eRviZonmental regulations) . . . ). .. ..
+ €g (level of economic and v:ascnﬁ»w,__ AC=); WaTew et
, ﬂu<pnwu . } . o ;“.-.
Aoavuoqsm:n msm nmvnnwn< Ho<m~_ o ;W. o
+ g (index of ?.ﬂmﬁo:. . o))
s Bl bBmpliuaanas o T LSt RSB RER B A S Nl ki B
+ 8. (political support 3 major wnus%:n ) el
=i Y vyl dmaw g Ik L Ui E i o
A of the” vovcwmnwon amon»ww groups) ) K
salicasren 2o to asbvag 1s S S E T b o

(f) Hmmmnhhmqu%w#mmm conaleT on
Majority dfrvokes Efom all:or- sohe' wodménis 6F the " -+ +ui-

¢ w ek ey

voncwmnﬂwaimw;mmwmm@@tmwuow»mw rulé®in™ vwnw»uam [ SRR

:cﬁ = om Pbs9ehBl6gEERL: fbhdit ibhs o EENGETC T r,mwmlvua i
-yy shOnestysand stability:-ip=gomiety); maw‘h Tevu onua
:-w%u“nnwnpon U&%ﬂp&nmma nrwsao» Uowedmip o oo

}
chidgdchange. of migraklon paktorns <Eroms oo
I ;Fural to urban mnmmmv ) . .W u
0= (I E e Ldesnatte oy te o fgsne [ R RS 3 3 R s A -
* 9 (ccewstional smaresy ) pew
. Wzmm ﬁm:nnmw mcvvwkmn:m &rmnhuvcﬁvo: of .ﬂp. L)
e mmMmm% mmmOcnnOm. )
R ¥ S s FARFEN T SV LGV NI IXDL T TR U e R

+ ng (level of voHch»o: pmmmﬂnp:n smuon )

social groups and trial )
areas) M

+.mm ﬁnoiVOmwnwon of rate of G.N.P. in

v‘
" relation to political goals agreeifg’ \Wh tec} ’
with major interests of the popula- H
nwo:u )
+ mm nvuocpuuon of government services and ) te}
}

collective goods)

8. Evaluation of Complexit

Now the static description of the structural connectaednaas
underestimates the degree ni Interaction among subsystems

as the:interaction. cperates through time, this is trus since
ﬁ:wnKMﬂhzwmrmomnvmorJLmbnammomnonsmnn;sunrnswnlununmsnon&o

the intepaction. in.a nenlinear:way. We..consider the connected

system.as.a:realvtime. . onrline dynamic system, see Martin {10},

that starts-operating.at a specific. p:»ﬂ»uw state.for. tzhox R

sufficient information is avajilable, and t:ho: ovnnbwnufdﬂ S

equal length time .interval-of one: year. -: . he ‘.anaoa«_.oa,..nnuoa.

only nb.n,prwsﬂgafg purposes altiaugh kuuﬂnnnn o:t:mw-
this model appear tqihave only longer -term impacts:  Then the: 2
the numbur of links ta be.estimated:(pertaining to;

complexity) .amounts to-the following .set-up. The ‘entice System -
consists of altogethey six ‘modliles®; (RPOR}.[8N): 4ECO] , ABC),: o
(G}, [P]. plus, the external envbronment:: eMogencous: factors. (ER] .
Each module, gonglsts of at least: five: Yinking fariors. to othor
modules. negkecting tha exogerieous factors {RE] Whibh are consl« "
dered to be predetermined, . the inforimtide of Whivh 37 by aii ‘v

rectly accessible.by:the:module comncerncd.” : Fach" #EiBhede” FIves =

2

Linking 'factors-or pirdmdtirs-dépohd’ dpon’ At moBt dIghE” factors’
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Insert Fig. 5 here

9. Conclusions

The most. Interesting aspect of this analy:siis €or prob:lom-
solving !nn:omou.on_.nu. pertains to the distinction between
design and control complexity. If the design complexity of
the system amounts to 240'C structural links, the only way

to cope successfully with the control of such systems is to
use a ducomposition that makes most out om the intrinsic com-
putational capabilities of the modules, their smartness or
sophistication, much in the samec way as chesa playing pro-
grams bucome smartor to match master chess players Ly build~
ing into the programs some sophisticated heuristics.

. This shods new light on the Question of centralization vs de-
centralization of decision-making in organizations, in par-
ticular in view of these results one could hardly hope to
achieva rational nn:nu!_.nno.ﬂ economic planning against market-
type docentralized mechanises (sec F.A. ltayek [11]). At least
the need for decentralization is now widely acknowledged in
Soviet work on program—planning. As N.W. :r»-moc and A.G,
Schmidt [12) put ﬁ-n ‘it is not difficult to see that no mat- -
ter how advanced the level of the nnn_:._.a:nu. for n..mnt processing
and data transmission may be, a certain level of decentrali-

zation in l.!..nao.-oan will always be necessary.'

Furthermore, in general mixed-type economies, one can concluce
that government regulation will easily [ind its limit of workabi -
lity because of the computational burden that ensucs,

Another point worth of no=m»m0nwnho: is that the analysis of
structural connectedness had obvious implications for the
chartist. approach to cwoucnnwoa. w»:ns.m<o= in a system that is
loosely connected in its static description, every parameter in
the system may ultimately depend upin every Onron.vun-lJnon

as the systom operates through time. A simplo extrapolation

of trends which ignores these dependencies s-m »:nton.vo

highly misleading. If in a particular system it turns out

that meost of these anvoaaran»ou (links) are sufficiently

weak 50 that they can be safely ignored (according to the
Ando-Fisher Theorem), the projcctions of the chartist who
neglects thaese dependencies and the n::&ulﬂ:n.w»nﬂ who takes
them fully into account may be approximately the same. But
even 'simple’ systoms which are only loosely connocted in

their static description are highly interconnected in thely
dynamic behavior.

Let's closc with a methodological note.

Throughout this paper we attempted to i -.s-.t.un. the question

how complexity appearing as a structural constraint on .w.-n.ani
scale dynamic cconomic systems can be u.-nomuum..:% handled
from a controller's point of view. For answering this: .
question it appears necessary to know what units of de-
compositien are most Appropriate for designing and under-
standing complex systems. The sheer ..iogn of oo!cﬂn-ww...b:.-
reflected by a measure of computational complexity, nrohi-

bits the decision-making or -.:uon!..w.noa..vuoncu.-»:m‘ vo&mn
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