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Complexity Analysis in Intelligent Ma-
chines

In this section we address the issue of com-
plexity analysis in Intelligent Machines. The mo-
tivation of performing complexity analysis for an
Intelligent Machine is to determine the intrinsic
limit and ability on which tasks can be accom-
plished by that Machine.

The performance of task processing of Intelli-
gent Machines will be measured by precision or re-
liability. To include the reliability as the measure
of performance is based on the consideration that
for many tasks, especially the higher level tasks, in
an Intelligent Machine, their solutions (i.e., ways
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to accomplish tasks) are not unique and are not
defined in the conventional normed spaces (e.g.,
the normed linear space G in information-based
complexity), therefore the terms “error” and then
“precision” are not well defined for those tasks.
Instead, the performance of those tasks are usually
described by the degree of satisfaction of certain
specifications (McInroy and Saridis, 1989). Relia-
bility can then be used as a probabilistic measure
of assurance of performance. Like the precision of
a task processing, its reliability can be computed
off-line or estimated by on-line observation.

The two central questions of complexity anal-
ysis for an Intelligent Machine are,

e What is the minimal cost to accomplish a task
by the Machine for a given level of precision
or reliability?

e What is the maximal precision or reliability
accomplished for a task by the Machine with
a specified level of cost?

It is very important to point out that here
we discuss the complexity within the context o
a specific Machine, not with respect to all Ma-~
chines.
plexity of a task processing by an arbltra,y single
Machine, which is a machine-dependent q

In other words, we talk about the co

not the complexity of a task processinggby all
chines, which is a machine-indepe

The reason for this is simple:
a way to measure the ability
cific Intelligent Machine, n
Machines. The later is
complished at the ¢

of all Intelligent
plicated to be ac-
reut stage.
Following t lation of information-
based complexity, ill formalize the problem
of complexity analysis for Intelligent Machines.
Since we just investigate the complexity of task
processing of a specific Machine, unlike in the
information-based complexity where almost all
possible information operators and algorithms are
assumed to be available, we have to assume that
the specific Machine has only finite number of in-
formation operators and algorithms for its task
processing.

A. Complexity of Machine Precision:

The formulation of complexity of machine preci-

ston is a triple

CMP = (TS,, DB, MI)

where

1. TS, =(T, D, E, ¢) is task specification:

e T: a finite set of tasks. An element f from T

is called a task.

e D: T— DBxMI is the decision mapping.
D(f)=(Np, ¢p) indicates a decision to pro-
cessing task f with information operator Np
and algorithm ¢p.

e E: D(T)— R, is the e
defines the error of
R+ = [O +OO

ion. E(D
fon D at task f

pecﬁcatlon of precision: D
orimate decision at f iff
gror of a decision D can be
ifedyinWtferent settings (e.g.,
and probabilistic cases).

we consider only worst case setting,

the worst,
For sim-

h&efore, the worst case error of D is defined
y
e(D) = max{E(D(f)) : f € T}.

D is called an e-approrimate decision iff
e(D)<e.

2. DB=(H, A, Ny, ..., N,) is database specification:

e H: a set of measurements of the database.

e A: a finite set of primitive information oper-

ations of the database. An element L from
A is a mapping L: T— H. L(f) represents the
information about f through the computation
of the form L(f).

tion operation is assumed to be a constant

The cost of each informa-

¢pp (cpp primitive operations).

e N;: T— K is an information operator. Ni(f)
specifies the information about task f ob-
tained by N;. K= {[L;(f), ..., Ly,(f)]: feT,
L; € A, m > 0} is the set of all finite se-
quences of information operations.

3. MI=(R2, ¢1, ..., ¢¢) is algorithm specification:
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e (): a set of primitive computational opera-
tions. The cost of each computation opera-
tion is assumed to be a constant cu; (casr
primitive operations).

o ¢;: Ni(T)U..UNy(T)—G 1is an algorithm,
where G is the set of task solutions. An algo-
rithm combines the known information N(f)
and produces an approximate solution for a
task, using computational operations in €.

Now we can define the e-complexity of ma-
chine precision.  The total cost of decision
D(f)=(Np, ¢p) at task f is given by

cost(D, f) = cost(Np, f) + cost(¢p, Np(f)) (1)

where cost(Np, f) is the database cost of comput-
ing Np(f) and cost(¢p, Np(f)) is the decision cost
of computing ¢(Np(f)). The cost here is defined in
terms of the number of primitive operations per-
formed. The primitive operations include the ad-
dition, multiplication, etc. The cost of computa-
tion of decision D in the worst case setting is given
by
cost(D) = max{cost(D, ) : f € T};

The e-complexity of machine precisiom is tiﬁn )
defined as the minimal cost among all deéigio

e(Iﬁ @]

with error at most &,

comp,p(€) = min{cost(D) : D su
(2)
compyp(€) is the measure of difficulty of process-
ing tasks with the given pre € by an Intel-
ligent Machine. A task c t be accomplished
with precision ¢ if perational resource as-
(€). Tasks that cannot
itations dictate that the
requisite operational resources cannot be granted
by the Machine are said to be intractable by the
Machine.
C-precision is defined as the minimal error
among all decisions which accomplish the tasks

signed is less th
be achieved because

with cost at most C,

pres(C) = min{e(D): D such that cost(D) < C'};

(3)
pres(C) is the upper bound of precision of process-
ing tasks with the given operational resource C.

Precision higher than pres(C') cannot be achieved
with the resource bounded by C.

B. Complexity of Machine Reliability:
The formulation of complexity of machine relia-
bility is a triple

CMR = (TSg, DB, MI)

where
1. TSg =(T, M, S, D, §) is task specification:

o T: a finite set of tasks. An element f from T
is called a task.

e M: a finite set of specific S.

e S: T—M is the spéCifica mapping. S(f)
represents the specificatigns to be met by task

f.
[
e D: T— the decision mapping.
D(f)= D icates a decision to pro-

f with information operator Np

cea
andpalggrithm ¢p.

o eﬁ(), 1] is the specification of reliability: D is

alled an d-reliable decision at f iff Prob[S(f)

is true | D(f)]> . The worst case reliability
of a decision D is defined by

r(D) = max{Prob[S(f) is true | D(f)]: f € T};
D is called an J-reliable decision iff r(D)> 6.

2. DB=(H, A, Ny, ..., N;) is the same database
specification as in the formulation of complexity
of machine precision.

3. MI=(R, ¢, ..., ¢¢) is the same algorithm speci-
fication as in the formulation of complexity of ma-
chine precision.

Now we can define the d-complexity of ma-
chine reliability. As for complexity of machine
precision, the total cost of decision D(f)=(Np, ¢p)
at task f is given by

cost(D, f) = cost(Np, f) + cost(¢p, Np(f)),

and the cost of computation of decision D in the
worst case setting is given by

cost(D) = max{cost(D, f): f € T}.
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The 6-complexity of machine reliability is
then defined as the minimal cost among all de-
cisions with reliability at least ¢,

compyg (0) = min{cost(D): D such that r(D) > d};
(4)

compyr(0) is the measure of difficulty of process-
ing tasks with the given reliability § by an Intelli-
gent Machine. A task with the specified reliability
¢ is intractable if the operational resource assigned
is less than compyr (9).

C-reliability is defined as the maximum reli-
ability among all decisions which accomplish the
tasks with cost at most C,

rely(C) = max{r(D): D such that cost(D) < C};
(5)
rely(C') is the upper bound of reliability of pro-
cessing tasks with the given operational resource
C. Reliability higher than rely(C) cannot be
achieved with the resource bounded by C.

The main difference between the information-
based complexity and the machine complexities is
that, in information-based complexity, the com
plexity is computed on the convention that th
same information operator and algorithm will
used for all the problems, however, in Wéth

tasks. The decision to find suita
operator and algorithm fo
the decision mapping D
that only a finite nymker o

cause the facts
formation opera-
tors and algorith ailable for any kind of
task processing b pecific Intelligent Machine
and that a Machine is capable of obtaining differ-
ent information and applying different controls for
different tasks.

The complexity formulation of machine pre-

cision or reliability can be applied in complexity

analysis of any task processing units in an Intelli-
gent Machine. Depending on the connection con-
figuration of task processing units is sequential or
parallel, the resulting complexity will be the max-
imum of complexities of task processing units or

the sum of complexities of task processing units.
For example, in Petri net model of the Coordina-

tion Level of an Intelligent Machine (Wang and
Saridis, 1990), each of the transitions in a Petri
net transducer can be considered as a task pro-
cessing unit, and therefore we can use the above
complexity formulations in their complexity anal-
ysis. When complexities of information operators

cost(¢pp, Np(f)))
be observed

and algorithms (cost(Np, f)

are unknown and uncertai ut
from the task executiod, the be used as the
performance indices in -line learning algo-

rithm for decisiopghaking in Petri net transducer.

nents made for information-

tional resource and the specified
reliability), higher intelligent algo-
thms gaave to be used for small size databases
and dower intelligent algorithms have to be used
arge size databases. This observation verifies
the principle of IPDI of Intelligent Machines for
any specific task processing unit. Since complex-
ity is additive, we can reach the conclusion that
the principle holds for any subsystem of an Intel-

ligent Machine.
(RZAFL)
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