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ABSTRACT

Tho property of decision-taking is basic in all types of control systoms,
and the goal-seeking characteristic of such systems can be considered as a
direct consequence of this decision-tuking capability. The difficulty of
optimizing goal-seeking procedures in systems in which the rules, or
eonstraints, are based on two-valued logical statements is discussed. In the
present study it is shown that if the varisbles in a particular system, and the
corresponding rules of behaviour, can be expressed in terms of a many-valucd
logic, a function, called the measure function, can bo defined which provides
a4 crude method of optimizing the goal-seeking process. The approach is
essentially empirical. A high-speed computer is used to study selccted
16-valued logical problems. The main object of the paper is to stimulate
interest amongst control specialists in tho possibility of applying many-valued
logies in the control of complex processes.

§ 1. IXNTRODUCTION

Ix the control of certain classes of complex processes the criteria upon
which optimum performance depends may frequently be stated in terms
of logical relationships between the significant process variables. These
relationships are described as rules or constraints. TFor example, in air
traffic control systems some of the rules of operation can be expressed in
terms of simple two-valued logical statements, and it is the task of the
controller, man or machine, to ensure that these logical constraints are
satisfied at all times. On the other hand, other processes may involve
many-valued variables and the corresponding rules of operation will
involve many-valued logical statements. It is probable in the future that
a degree of mechanization will be introduced into such processes and this
will inevitably lead to problems involving the solution of logical
inference.

The procedure involved in determining the state of a system, which
satisfies a given set of logical rules, may be regarded as a goal-seeking
process, and the consideration that the achievement of the goal usually
involves the taking of a decision to initiate some particular action has

1 Communicated by Professor Porter.
1 Lately at Imperial College of Science and Technology, London.
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resulted in the term ° decision-element ’ being used to describe automatic
elemental logical connectives. It should be noted that all control systems
are essentially goal-seeking, and all incorporate manual or automatic
decision-taking elements. For example, a simple regulator or servo-
mechanism incorporates a single decision-element which determines and
initiates the action necessary for the behaviour of the control system to
approach a desired state, or goal, in an optimum manner. In such
systems, the decision-element is a simple comparator. On the other hand,
in multi-variable process controls it is frequently impossible to define the
overall control problem in terms of such simple decision-elements because
the operational decisions usually involve interactions between variables.

It is worth noting that the enormous power and potential of the high-
speed digital computer is due essentially to the introduction of the
conditional transfer (or jump) instruction into the machine order code;
this involves a logical decision-element of a simple kind. This facility
appears to be adequate for all computational purposes although it may
not be adequate to deal with the fairly complex logical statements
inherent in many data-processing systems.

An example of a problem in which complex logical decisions may be
involved is the control of an electrical power distribution system, in which
it is necessary to mechanize the processes of load-shedding and load-
distribution in order to optimize performance—this problem would be
further complicated if nuclear power stations were incorporated into the
power distribution system. Moreover, all traffic control problems and
most problems involving time-tabling can be stated in terms of logical
connectives, special cases being the optimization of certain production-line
processes, and the automatic servicing of complex electronic equipment,
perhaps involving large numbers of components.

This paper deals with the general problem of handling logical goal-
seeking processes with special reference to optimizing procedures.
Although, in the present state of development, the approach is essentially
empirical, it is felt that the importance of the subject justifies an early
statement of the basic problems involved.

§ 2. STATEMENT OF 2-VALUED LoGICAL PROBLEMS

2.1. Logical Connectives

We adopt the notation in which variables, assumed in the first place to
be two-valued, are denoted by the letters A, B, C, etc., and the value 1 is
assigned to a variable which is true and the value 0 is assigned to a variable
which is false—the assigned number is referred to as the ‘ truth-value’
of the variable. We define logical connectives as functions which operate
on the truth-values of a set of variables, i.e. F (A, B, . . . X)) to produce a
resultant set of truth-values. The most common two-valued logical
connectives are listed below, and the corresponding truth-tables are given
in fig. 1,
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Table 1
Conneetive Written Symbol
Negation Not A ~ Aor A
Conjunction A and B A.B
Disjunction Aor B Av B
Implication If A then B A-~ B
Equivalence A is equivalent to B A=B
Fig. 1
. Variables Counectives
A B ~A A.B AvB A->B A=B
1 1 0 1 1 1 1
1 0 0 0 1 0 0
0 1 1 0 1 1 0
0 0 1 0 0 1 1

A statement such as ““ A implies (B or C) ” is described as a ‘ rule °, and
this particular rule is written symbolically as A—(B v C). The correspond-
ing truth-table for this rule is given in fig. 2,

Fig. 2
1 2 3 4 5 6 7 8
A B C A (B v 0)]
1 1 1 1 1 1 1 1
1 1 0 1 1 1 1 0
1 0 1 1 1 0 1 1
1 0 0 1 0 0 0 0
0 ] 1 0 1 1 1 1
0 1 0 0 1 1 1 0
0 0 1 0 1 0 1 1
0 0 0 0 1 0 0 0

Consider the folowing elementary problem which can be readily stated
in terms of logical connectives:

“ A manufacturer must decide which items to produce in order to
maximize his profit. Suppose these items are designated by the letters
A, B, C, D, and E. If he chooses item A, he must also produce items B,
or (, because these items Involve similar raw materials. However, it is
uncconomical to manufacture both items B and C simultaneously.
Further, if item D is chosen, it is convenient for item B but not item C
to be produced. It is also well known that if item I is produced then D
should not be produced. Determine the desirable ecoinbinations of items
which ean be manufactured.”

This problem can be stated symbolically as follows:

[A>(Bv ). [D=(B.~C)]. ~[D.E]. ~[B, (]
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and it can readily be shown, using the truth-table methodt, that there
are 11 non-trivial permissible combinations of items some of which are:
A.B.D;A.B.E;A.C.E,etec

2.2. Interpretation of Logical Connectives as Relay Switching Networks

Perhaps the most straightforward way of setting up a model for logical
goal-seeking processes is in terms of relays or the equivalent diode and

Fig. 3
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Switching tree.

t See, for example, Basson and O’Connor 1957, Iatroduction to Symbolic
Logic (University Tutorial Press),
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magnetic core circuits which can be used for line selection. The
representation of the fundamental connectives in terms of simple
switching circuits is trivial. However, it may be uscful in visualizing the
goal-sceking nature of logical problems to consider the problem in terms
of sceking unique paths through a relay trcc. Given n rclays we can set
up a relay tree capable of selecting any one of 2" lines—a 5-variable
switching tree is shown in fig. 3. Each of the terminal states shown can
be rcached by a unique path starting at point O. Given a set of logical
rules for which a single solution exists it is clear from the diagram that we
seck the  line * whosc interconnections to point O satisfies the given rules.
Gencrally, the rules involve redundant information and we can regard
the solution-secking procedurc as a means of climinating the redundancies
and reducing the statcment of the rules to the elemental logical conncectives
AN¥D and Nor. In fig. 3 the required ‘ path ’ to satisfy a particular set of
rules is shown, as the path defined by OABCDE. Having established this
unique path we have cffectively reduced the logical rules to their most
clementary form, and incidentally, we have achieved the required goal
which in this casc can be rcgarded as a sclected line. We will investigate
how the process of reaching the goal can be achieved in the least number

of steps.

2.3, The * Problem-space’

Although the relay-trec system introduced above gives a physical
picture of the nature of two-valued logical problem-solving procedures it
is, neverthcless, of limited valuc in handling these problems. It is
convenicnt to consider such problems in terms of a so-called * problem-
spacc ',

If a process involves n indcpendent two-valued variables we can
represent the 2% possible combinations of variables as the vertices of an
n-dimensional hypercube. The edges of the hypcrcube represent all
possible single transitions betwecen states of the system. In the case of
n =4 the corresponding state transition diagram is shown in fig. 4.

We define the ‘space’ occupicd by the hypercube as the ‘ problem-
space . The goal-sceking proccdure may be considered in the most
elemcentary form as a sequential scanning process in which each state
(statc is liere identificd with a particular combination of variables) is
examined to determine whether or not it satisfies the given logical rules.
In the scanning process only one state—i.e. point in the problem-space—
can be examined at a particular instant.

It is convenient to introduce the concept of °distance to go’ or
‘error-mcasurc function’ in considering the relative ‘ positions’ of a
particular point in the problem-space, corresponding to a given state, and
the position of the point corresponding to the desired state; the latter is
the ‘ goal’,
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2.4. Problem-solving Procedures

In the case of two-valued logical problems involving no more than eight
or nine variables it is possible to obtain the required solutions analytically
by determining the corresponding truth-table of a particular set of rules
or by using a punched-card procedure in which each possible state, i.e.
combination of variables, is represented by a punched card and by a
straightforward card-sorting procedure the cards not satisfying a
particular rule are discarded progressively as each rule is considered in
turn. The cards remaining after all rules have been applied correspond
to the desired states.

Fig. 4

ABCD

Equi-probable transitions.

Automatic methods have also been devised for solving two-valued
logical problems and the machine built by MeCallum and Smith (1950) is
particularly noteworthy. In their early machine, which handled seven
variables and incorporated a large variety of logieal connectives, the
machine scanned automatically through all possible combinations of the
variables and stopped automatically when a desired state was reached.
Whilst applicable to problems in which a limited number of variables are
involved, 20 variables involve one million eombinations, the scanning
method is clearly impracticable if more than 30 variables are involved,
even though we utilize high-speed circuits.



174 A, Porter and P. K. T, Vaswani on the

In the second machine McCallum and Smith (1951) introduced a new
goal-seeking procedure. Assuming the machine starts in an arbitrary
state of the variables it carries out automatically a single transition scan
in such a way that in the transition from one state to the next the only
variables which can be changed are those involved in one or more broken
rules. Since only one variable is changed in passing from one state to the
next a random selection of the variables involved in the broken rules is
made for each transition. The scanning procedure now corresponds to a
discrete Markoff process, i.e. a sequence of events in which the probability
of a particular outcome of the nth eventis fully determined by the outcome
of the (n-1)th event. This machine has been described as a logical
feedback machine since ‘ errors ’ in an existing state are used to determine
the next state in the process of achieving the required goal. Tt can be
shown that this machine is only superior to the ‘ scanning-machine ’ in
situations where the rules involved only include a few vartables and in
which each variable is only involved in a few rules,

We have examined a modified ‘ feedback process’, also suggested by
MecCallum and Smith, in which the variable changed in the transition from
one state to the next is chosen on the basis of a weighted transition
probability. For example, the weight given to a particular variable is
made proportional to the number of broken rules in which the variable
appears. Again, the goal-seeking procedure is essentially a discrete
Markoftf process.

Consider & system in which the desired state, or states, is required to
satisfy the following rules:

() A-C,
(ii) (B.C)=D,
(iii) (A=D) or ~(A=D)

which ean be written as a composite rule as follows:
(A=C). [(B.C)=D]. ~(A=D).

The state transition diagrams corresponding to equi-probable and
weighted probability transitions are shown respectively in figs. 4 and 5.
The two desired states or goals for this particular problem are shown
underlined in the diagram. Note that several transitions, indicated by
the absence of an arrow, are not allowed.

We have examined several five-variable problems using both unweighted
and weighted probability transitions with inconclusive resultst. Although
in some problems some advantage is obtained by introducing weighted
probability transitions, i.e. the number of transitions required in the
goal-seeking process is less than with equi-probability transitions, this is

T The weighted transition process is essentially of the kind described as a
Monte Carlo process for which computers have been particularly effective. In
our investigations we used a random number generator to determine the
transitions on a weighted probability basis.
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not always the case and, indeed, in some problems the weighting process
actually increased the average number of transitions required. The
explanation of such anomalous behaviour in logical goal-seeking processes
of this kind is that redundancies in the statement of the rules tend to
nullify any advantage which might be expected in the case of weighted
transition probabilities. Moreover, in practice, due to interactions
between variables, it is impossible to avoid such redundancy and
accordingly the weighted-transition probability method must be regarded
as of academic interest only.

Fig. 5

AB<b

Weighted transition probabilities.

We can regard the optimization of goal-seeking processcs as means
whereby the number of transitions between an arbitrary state or point in
the problem-space and the desired state is minimized. And, in order to
determine the most effective transitions to make, it would be desirable
to have some idea of the ¢ direction ’ to go and the ‘ distance ’ in terms of
transitions from the desired state. In the problem-space there is clearly
a minimum ° distance ’ between any two states and the achicvement of &
goal-secking procedurc which traces such a path is our major aim.

In the case of automatic regulation systems we can always measure the
departure of the state of a system from the desired state and the direction
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in which corrections should bLe applied, and the magnitude of the
corrections are known. Unfortunately, in the case of two-valued logical
goal-seeking processes, no such criterion is available and it frequently
happens that in a single transition a state which does not satisfy any of the
required rules is transformed into a state which satisfies all the rules and
there is no information available which would indicate « priori that a
single transition will lead to the desired goal. 1t is perhaps not surprising
that any system of logic based on two values is not amenable to a
rationalization of the goal-seeking process. An analogous situation would
be the search for a target aircraft using a radar with an infinitely narrow
beam.

The fact that certain processes may be described in terms of many-valued
logical connectives led us to consider the problem of optimizing goal-
seeking procedures in these cases.

§ 3. SraTiEMENT OF MANY-VALUED LoOGICAL PROBLEMS
3.1. Many-valued Logical Statements

In the field of control technology virtually all applications of symbolic
logic have been in the synthesis of switching and computing circuits
which are inherently made up of two-state devices. From the standpoint
of practical application the many-valued logies proposed, for example,
by Post (1921) and Lewis and Langford (1950), have not been investigated
widely. Perhaps the most useful interpretation of many-valued logics is
that they combine the idcas of a two-valued logic (i.e. truth and falsity)
and the theory of probability. Thus, the truth-values in a four-valued
logic might be regarded as corresponding to truth, plausibility, implausi-
bility, and falsity. DMoreover, consistent and complete logics have been
developed for many-valued variables, although it should be stressed that
all many-valued logics can be reduced to two-valued logic; however, in
most cases the reduction process would be impracticable.

We consider, especially in the fields of data-processing, complex plant
protection, and production scheduling processes, that there will be an
inercasing application of the basic concepts of many-valued logics and
accordingly the process of establishing solutions to problems stated in
such terms is of interest. Initially, we shall restrict the discussion to
four-valued logics and assume the valuestobe 0, 1, 2, and 3. We associate
“truth ’ with the truth-value 3, and ‘ falsity * with the truth-value 0.
In the case of a m-valued logical problem, a solution to the problem will
be any assignment of trutli-values to the variables for which the complete
‘ statement * of the problem takes the truth-value m.

If A, B, etc., are many-valued variables we denote the associated
truth-values by «, 0, ete. The truth-value of a logical function
F(A, B...)is correspondingly written fi(e, 6 . . .).

The ¢ basic ’ connectives, and the corresponding truth-functions, of the
Post Logic are defined in table 2, and the truth-tables for a four-valued
logic are given in fig. G.
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Table 2
Connective Symbolic connective Truth-function
Conjunction F,=(ANB) fi=min (a, b)
Disjunction F,=(AUDB) f:=max (a, b)
Negation F,=(~A) 3=(7fn—1—a)
o _ _ S m=1) forb=a
Implication F,=(A~>B) fa= 0 for b<a
. . iar _ J({e-1) for a>0
Cyclic Negation | Fy;=(A") fs= (a—14+m) fora=0
i — _[m—-1ifa=t
J-function Fo=J,(A) fe= 1 Oifa#i
1=0,1,...(m—-1)
Fig. 6
F (A, B) F,(A, B)
ANB AUB
n | 3 2 1 0 B u l 3 2 1 0 B
3 3 2 1 0 3 3 3 3 3
2 2 2 1 0 2 3 2 2 2
1 1 1 1 0 1 3 2 1 1
0O 0 o0 o 0 3 2 1 0
A A ‘
Conjunction Disjunction
(a) (b)
Fy(A) F A, B) Fy(A)
~A A-> B A
A |~A - I 3 2 1 0 B A A
3 0 3 3 0 0 O 3 2
2 1 2 3 3 0 0O 2 1
1 2 1 3 3 3 0 1 0
0 3 0 3 3 3 3 0 3
A
Negation Implication Cyclic-Negation

(c)

(d)

(e)

PosT CONNECTIVES

fi=Min. (a, b) denotes the value of @ or b, whichever is the smaller, and
similarly for f, which is given by the larger value. Note that F,, F, and
F, are merely generalizations of the corresponding two-valued logical
connectives, AND ; OR; NOT. The implication connective in a many-valued
logic may be defined in a variety of ways; F,, as defined above, is one
such definition, which is used in the problems considered subsequently.
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The connective defined by F';, the so-called ‘ cyclic negation * connective,
can be regarded as another way of defining negation in a many-valued
logic. Nevertheless, it is still necessary to introduce the J-functions,
Fe=J(A), in order to define a logical connective which has a property
of two-valued Negation not included in ¥, and F';.

The corresponding Conjunction, Disjunction and Negation connectives,
defined in terms of the Lewis Modal Logic, are shown as truth-tables in
fig. 7. The Post and Lewis definitions of Negation are identical. The
Lewis connectives are introduced to illustrate the point that more than
one form of many-valued logic exists.

Fig. 7
F(A, B) Fy'(A, B) Fy'(A)
ANB AUB ~A

n | 3210 B u l 3210 B A ’ ~A
3 3 210 3 3 3 3 3 3 0
2 22 00 2 3 2 3 2 2 1
1 1 01 0 1 3 311 1 2
0 0 0 0O 0 3210 0 3
A A

Conjunction Disjunction Negation

(a) (b) (c)

Lrwis CoxxueTivEs

Viewed in the light of the ¢ problem-space * coneept introduced earlier,
the representation of a logical situation expressed in terms of # many-
valued (m) variables, can be obtained by dividing each ‘edge’ of the
corresponding two-valued n-variable hypercube into m cqually spaced
points. A single transition in this problem-spacec involves a change in a
single variable by only a single step (i.e. a; to 2;+1). And the m-valued,
n variable problem-space consists of m® ¢ n-dimensional sub-hypercubes ’.

3.2. Binary-coding of m-valued Variables

In designing n-valued connective circuits, i.e. decision-elements,
(Calderwood and Porter 1958), and in programming a digital computer
to handle problems stated in m-valued logics, it is convenient to code the
m-valued variables in binary form.

Suppose in a m-valued logic the number of values is given by m=2%,
If X is a m-valued variable it can accordingly be represented by N
two-valued variables X, X,, ... X,. Andif «;is the truth-value of X
we can write the truth-value of X as

= a2t 0L (D)

in which x; is 0 or 1.
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A situation describable in terms of » many (m)-valued variables may
now be considered as a situation describable in two-valued logics in which
there are n.N variables.

3.3. The Measure Function
It is convenient to define a function

G’(x)=.§:xj S £:)

which gives the total number of ‘ I’s’ in the binary representation of the
truth-value of X.

If F(X,) is a logical function of the 2¥-valued variables X; (i=1, . .. n),
and the truth-value of F is f(z;) we can generalize (1) above asf

N
xi= z :Eij . 2j_1 (IC,-]-=O or 1), . . . . . . (3)
j=1
N :
f=>f.21 (f;=00rl, B €3]
j=1
and (2) is written ’
N
G(F)=-z1fj. B i)
J=
We will assume that F(X,) describes a situation which is satisfied by a
single combination of the 2¥-valued variables (X;, X,, ... X,)—

alternatively we say that F(X;) defines a problem which has a single
solution. The truth-value of F is given by (4), and we consider the value
of the function G,(F), given by (5), as corresponding to a measure of the
‘ distance from the goal’ for a particular combination of values of
(X, X,,...X,). In terms of the problem-space, for n.N two-valued
variables, we can regard this measure as being made up of single transitions
in which only one of the two-valued variables (of which the m-valued
variables are built up) changes—the corresponding change in the truth-
value of the m-valued variable for each transition, in this problem-space
is 2%a@=0, 1, ... (N -1))1.

The problem-space can be represented as a n.N-dimensional hypercube
(cf. fig. 4) which is symmetrical with respect to each of the 27¥ vertices.
This hypercube can be regarded as having (nN + 1) levels, or planes, which
are readily recognizable in the four-dimensional hypercube shown in fig. 4;
it is convenient to call these ¢ transition levels ’. If we assume the hyper-
cube is orientated so that the state corresponding to the solution is at

1 In the case of a logical function of two-valued variables f takes the values 0
or 1. If, and only if, the logical function F(X,) is satisfied by a given combina-
tion of variables, say X';, can we write f=1, otherwise f=0. The measure
function G(F) in this case can only take the values 0 or 1, and thus provides
no additional information of value in seeking the goal.

1 This ¢ measure of distance ’ was proposed by J. D. Cowan, Department of
Electrical Engineering, M.I.T., who is investigating its theoretical validity—
this work is as yet unpublished.
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the ‘top’ of the diagram, the minimum number of single transitions,
from a given state to the desired state, corresponds to the number of
‘ transition levels ’ between the two states. For example, the number of
transition levels between the ‘ complement ’ of the desired state and the
desired stated is nN. In the case of multi-solutions, re-orientation of the
hypercube for each solution (desired state) would be necessary.

In order to investigate the nature of G(F) in some specific cases we
have used the Pegasus computer to determine the appropriate truth-values
and associated functions for several 16-valued, three-variable logical
problems. The problem space contains 22=4096 points, each of which
must be examined; each state can be represented by a 12-binary digit
word.

§ 4. ArrLicaTION OF A Dicital. COMPUTER
4.1. Programining Procedure

Two machine programnmes called I and 11, are required ; the correspond-
ing programme flow diagramns are given in figs. 8 and 9 respectively.
Special sub-routines are required for the generation of the Gray Code
(4096 combinations each differing from its predecessor in the sequence by
a change in a single digit of the 12-digit word) and the setting-up of the
logical rules.

In programme I, each combination of variables Y enters the ‘ logic
sub-routine ’ (corresponding to the rules or constraints) and we obtain the
appropriate value of f(Y;), the truth-value of F(Y}), and the value of
G(F;) is determined by summing the I’s in f(Y;). The values of f(Y;) and
G(F,;) are punched out on standard five-hole paper tape. The truth-value
f(Y}), associated with each combination of variables, is tested to determine
whether or not it corresponds to a solution, i.e. f(1;)=1111; if a solution
the combination of variables producing it is stored in the magnetic drum
store of the computer for use in programme II. On the completion of
programme I (after each of the possible combinations of variables has
been examined), the list of solutions to the problem is printed-out—the
particular problems chosen for detailed study had no more than five
solutions.

The programme flow diagram of programme II is shown in fig. 9. In
addition to the programme tape we feed into the machine the output
tape T (giving the values of f(Y) and G(J")) obtained from programme I
and the 12-bit word defining one of the solutions; we refer to the latter
as 8. We arrange for the identical sequence of combinations to be
examined as in programme 1.

Each combination of variables 1. is compared with S and a non-
equivalence operation is carried out in which a new word P; is generated
having 1’s in positions where the digits of ¥; and S are non-equivalent
and 0’s otherwise. TFurther, the number of 1’s in P; is summed and this

T The subseript ¢ as in Y; now refers to a particular ¢ trial combination °.



Optimaization of Logical Goal-seeking Procedures 181

value, say p;, corresponding to the number of transition levels between
combinations Y; and § (note that 0<p,;<12), defines a storage location
in the drum store. The associated truth-value, f(Y}), is added into this

Fig. 8

Set Counter

C =4036 EENTRY
And Set Other

Initial Conditions

Generate Next
Combination OF_
12 2-Valued Variables
X

Appl Logic

To %resenf

Combination
Fi{X)

Punch QOut On

Paper Tape The
T.V. And Then

\ The Value OF GIF)

Test For
Solution

If Seclution,
Store On
Drum

|

Reduce Counter
By s
1.E. C=Cc-/

]

If c*=0 1f C'=0

Print Qut
List OF Solutions

4
SToP

Flow diagram of computer programme I.

storage location ;. Similarly, the value of G(F;) is added into another
drum storage location also defined by p;, Upon completion of programme
II, after all combinations have been considered, the average values of
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1

f(Y) and G(F;) accumulated in the ‘ p-storage locations ’ are obtained—
the accumulated sums are divided by the number of entries (points in
respective problem-space levels) and these average values are printed-out.

Fig. 9

Set Counter
And Other Inifial NTER
Conditians

Read In
And Store
Solution S

Generate

Next Combination Of

Varsables,
X sToP
Perform
Operation
P=(X¥S) Print OQut
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Is In P
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v Obtain . Averoge
Of Each Group
Read In Next of T.V. And
7. V. Values Of GIF)
\I/ on Drum
Add T.V. Infto
Group On Drum , ,
Determined By p Iir ¢#0 £ C=0
)\ |
From T.V. Reduce
Calculate GiF) Counter By |
1LE. C=C~/
i Reaod In OfF) I
N
Qbtarn Difference Add GI(F) Into
Of These Values Group On Drum
(Call This d) Determined Byp
STOP
Due To

d=0

ERROR d#0

Flow diagram of computer programme II.

Moreover, the standard deviations of the average truth-values and the
average values of G(F;) are determined for each transition level and the

results are also printed-out.
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4.2. Results

The results for two typical problems are given in figs. 10 and 11. In
both cases the average truth-values, the average values of G(F;), and the

Fig. 10
[AVu(~Buc)Ya [T ({(~BufAanc) n4}n T, {(~Bu(A nc))v1j
6
14
3 R /
2 /
1w
[
s S STANDARD //
g ., DEVIATIQN /)/‘(/\
" /\\/"/ \
0 ?/ __..__..-4/ \
2 0 1 9 8 7 6 5 4 3 2z 1 o0

NUMBER TRANSITION LEVELS FROM SOLUTION

STAHDARD / \

DEY IATION /’/
N )/“' / \
A

g I 10 9 8 7 6 S5 4 3 2 1| o0
NUMBER TRANSITION LEVELS FROM SOLUTION

AVERAGE VALUE OF G (F)
N\
’\

corresponding standard deviations are plotted as functions of the number
of transition levels ‘ away from a solution’. Although, a priori, we did
not anticipate a close relationship between f(Y,) and G(F;), these
functions are almost identical in form, and this matter alone deserves
further study. Perhaps the most important finding is the obvious
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existence of a ‘ trend’, i.e. there is a correlation between the average
truth-value, or the average value of G(I7;), and the ‘nearness’ to a
solution. The nature of the trend function will clearly depend upon the
nature of the problem, e.g. the logical situation.

The standard deviations are appreciably greater than we expected and
would, in an actual goal-seeking procedure, tend to mask the trend effect,
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On the other hand, m =16 corresponds to a comparatively ‘ low-valued
logic ’ and we believe that for values of m > 128 the trend would be more
marked.

In the application of the measure function G(F) to optimize logical
goal-seeking processes we would obtain the values of G(F) for points
chosen at random in the problem-space and concentrate the search for
solutions in those regions where G(F') has high values. The process of
goal-seeking would be analogous, in principle, to the evolutionary
operation procedure for optimizing the performance of chemical processes
{Box 1954). It is intended to extend the present investigations by using
the computer to carry out this ‘sampling’ of the problem-space for
particular cases, and to assess quantitatively the efficiency of the search
method based on G(F).
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