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AQVAL/L (AQT) . .
User's Guide and Frogram Description

ABSTRACT

AGVAL/L (AQ7) is a PL/1 program which synthesizes quasi-
optimal formulas of the variable-valued loglc system.vg%. By 'quasi-
optimal formulas' we mean here disjunctive simple VI rmulas,l which
are optimal or sub-optimal with regard to a user-specified optimality
functicnal.

The basic application of the program is in the area of machine
learning and inductive inference (*inductive learning'): from
deseriptions of objects with known class membership, the program infers
optimal or sub-optimal deseriptions of object classes. These descriptions
are expressed as VL, formulas and represent certain generalizations of
inputted information. The program can also be used (at the appropriate
setting of its parameters) for an efficient minimization of binary- or
multi-valued switching functions with a large number of variables (e.g.,
50-100 variables).
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AQVAL/1: Part I
1. INTRODUCTION

This paper provides a user's guide and brief description
of the program* AQHAL}I version AQ7. The program infers an optimal or
sub-optimal (with regard to & user-specified optimality functional)
disjunctive simple formulals) of the variable-valued logic system le.
In this version, ** the formulas are inferred from event seis (i.e.,
sets of sequences of values of {nput variables) where each set is
associated with a certain value of the output variable(s). The way
in which sets are associated with values of output wariable(s) depends
on the mode of program operatiom, &s explained in section 2.2. in the
deseription of parameter MOILE.

It is assumed here that the reader is scquainted with the
definition of the variable-valued logic system VLl given in paperl and
therefore very limited explanation of the concepts of VL, is included.

Chapters -2 and 3 describe in detail the input and cutput
parameters of the program. Chapter b gives two complete examples of
actual specification of these parameters. Chapter 5 describes briefly
the implementation of the synthesis algorithms (deseribed in paperz}. In
order to understand the last chapter, the reader should be acquainted
with papere. Bibliography, in addition to papers containing the background
information for this paper (i.e., the definition" of the VL, and &
description of synthesis algorithms®) includes also the complete list of

papers relevant to the current status of wrariable-valued logic and its

2
The name AQVAL/L was derived from 'Algorithm ad applied for the synthesis
of Variable-Valued Logic formulas. N

e
A synthesis of quasi-optimal formulas from other {non-optimal) formulas

{rather than from event sets) is presently implemented only in version
AQO of AQVAL/1 described in paper20.



. : steps in input
applications. In Appendix A & short form describing T

preparation is given together with a 1list of optimality eriteria. -

The described here version AQT is written {n PL/1 language*
and consists of approximately 860 statements. The object module
requires sbout €0k bytes (together with the PL/1 library routines
about 90k} plus storage for the data, which may take zomewhers betwesn
10-150k bytes, depending on the total mmber of events, number of
varisbles, sizes of the domains of variables, and some other parameters
(minimum =112k bytes). The complete listing of the program is given in
Appendix B.

o, INPUT PARAMETERS AND FOEMAT

2,1 Description of input parameters

Following is a description of all input parameters in the
order and format in which they should be specified in the input stream
to the program. The description of each parameter consists of:

i. the name of the parameter,

ii. an example of its specification
iii, a list of possible values of the parameter

iv. a description of its meaning.

Input parameters are divided into 2 groups:

A. Control parameters (specified in the PL/l input data format) which

supply an information about the way the preogram should be executed.
Specification of these parameters ends with a semi-colon (;).

If any control parameter is not specified by the user in his iﬁput

data then it takes a default value. The default value is indicated

as the value used in the example of the parameter specification.

*
It is adapted for optimizing compiler and runs under the HASP
operating system.



B. Data parameters which deseribe the VL function(s) to be opbimized

and optimization functional.

2.2 Steps in the input specification:

7. @Specification of control parameters:

e MOTE

Exemple:
Possible values: 'ICY, 'oc, 'VL'.

This parameter defines the mode of program operation
that is, it defines how the program should interpret the
data parameters (specifically, event sets). Conseguently,
the interpretation of the output from the program will
also be dependent on this parameter.

Here we will present a brief description of each mode
(1c, DC, VL), and in Chapter } we will 1llustrate each
mode by an example. (For a more detailed desecription of
these concepts, consult paper<.)

For the convenience of the description of MODE parameter,
let us sssume that in the input stream there are m (disjoint)
event sets (step IV, P 14, parameter F) which we will denote
here as FO,Fl,...,Fi-l. (The essigmnment of symbols
FU,Fl,...,Fm'i to the event sets specified in the input
stream depends on the OLIST paresmeter (step IV, P. 1105

—- If MODE = 'IC' ('Intersecting Covers'), then the
event sets are treated as defining a set of m
binary-valued VL functions fj i=0,1, . .-m-1.

A function fj takes value 1 for events from Fi,
and value O for the remaining events, specified
in ¥, j#i, j=0,1,...,m-1:

1, if e eFL
fi(ej — :
0, if e P\ F

where F is the union of all events specified
in the program, i.e.

P=FUFU...um?

The output from the program consists of m INL
formalas which are optimized expressions v(fi%
(with regard to the optimality functional A
step IV, p. 11, parameter NCRIT CLIST(NCRIT

TLIST(NCRIT))} of functions f;.



These expressions generalize the input
jnformation about functions in the sense that
they may now assign 2 specific wvalue (1 or Q)
+o events which were not 1isted in the input
ctream (i.e., events from E\F, called *-events,
where E is the universe of events). Formally,
a V(fy) expression 1s defined as a DVI) expression
corresponding to an optimized (with regard to
Punctional A) cover of set Fl against the set

E\Fi:
v(gy) ~ C; = c(Ft |AFY) 10,1, ...,m-1

In this mode some #_gvents can satisfy more
than one formula V(fy), i.e., the intersection of
some formulas V(fy) may not be empty (hence the
mode is called 'Intersecting Covers'). DNote,
however, that each event from F(i.e., event from
the input 1ist) satisfies exactly one formula
(it follows from the assumption that gets Fl are
disjoint).

1f MODE = 'DC' {'Disjoint Covers'), then the input
event sets are treated similarly as in the case
when MODE = 'IC'. The difference is, however, that
the program will produce formulas V(fy) which are
now all disjoint (a given *-event will satisfy at
most one output formula V(fy)). Formulas V(fi),
i=0,1, ...,m-1, obtained in this mode, correspond

to consecutively synthesized covers Ci:

0 m-1 .
V() > Cy = c(” | U )
=1
1 m-1
v(e) e~ ¢ = C(F | CoU F)
j=e
i-1 | m-1 ;
V(£) e~ ¢ = o(F | cy U )
J=0 J=i+l
m-2
V(g ) = Cua= S 1 U ¢y



{(By ¢V is meant the union of complexes in cover
c;e) °

gach formula V(f;) is a union of terms, each
term corresponding to a complex in the cover Cy

As we see, the formilas depend on the assumed
order of sets Fi (see parameter OLIST in step IV
P 11}.

If MODE = 'VL', then sets Fl, 1=0,1,2,..-,m-1 &re
treated as sets defining one m-valued VL function:

f: E-—+ [0,1,...,m-1]
where
E -- the event space defined as Dy XDa X ... ® Dy
(Dy - domains of individual yariables)
Sets FL are related to the funetion as follows:
i = {e eE|£(e) = i} 1=0,1, ++.,m=1
The oubput from the program is an optimized VI

formula V(f) expressing function £. Tormula V{(£f)
iz defined as:

V() = (@) By )V

'Lm«-EHTIln"E v TE'E W oeee) WV

1 1
1 (T, v IV aii )

-1
T? , i=1,2,... == terms corresponding to complexes
in the guasi-optimal (g-o) cover

LT m-2
Cpq = C(F | U Fy)
i=0
Tm-E 4 .
i ¢ i=1,2,... —- terms corresponding to complexes in
the g-o cover
..Ifl'arm-
c =c{F "|u F)
m-2 1=0 i
Lo
Ti’ 1=1,2; 44+ -- terms corresponding to complexes in

the g-o cgover

- 1,0



Note that the total number of covers Cy is smaller by
1 than the number of sets F-.

® THFORM

pxemple: | INFORM = 'VECTOR' |

Possible values: "VECTOR', 'GAMMA', WL'*

1§ INFORM equals 'WECTOR', then events are read in as
sequences of variable values. If THFORM equals 'GAMMA', then
events are read in the form of event numbers y(e). If
INFORM = 'VL', then events are expressed as & Viq formala.

® TITLE

Example: | TITLE = 5|

Pogsible values: any non-negative integer

This parameter specifies the mmber of lines reserved for
the problem title (which is typed just after the semi-colon
which ends the specification of control parameters).

® MAXSTAR, CUTSTAR

Example: MAXSTAR = 150
CUTSTAR-= 50
Posaible values: MAXSTAR\ __ any positive integer smaller
CUTSTAR than NGE value (see next parameter)

These parameters are used to control the speed of the
program. Small values of these parameters (e.g., MAXSTAR = 5,
CUTSTAR = 3) will cause the program to run more quickly (but
may also cause the program %o generate less optimal formula(s)).

The work of these parameters can briefly be described as
follows: A star generation is a multi-step process which at
each step produces a set of complexes ('intermediate star').

If at any step an intermediate star contains more than MAXSTAR

complexes, then it is reduced to CUTSTAR complexes, selected as
+he 'best' according to the assumed optimality functional (see

PLIST and TLIST parameters).

*
Implemented presently only in version AQY described in P&PQIEO_



® NGE

Branple:

1
Possible values: &y positive integer (smaller than 2 5]

This parameter denotes the maximal number of complexes
which can be stored during & star generation. NGE defines*
the maximum size of & 1ist G each element of which consists
of 4 fields:

1. storing a complex {(which is a bit string of length d, )

'_|_‘.L

[ al=

i
5. storing a value (real number) of & criterion
under consideration for the complex

%, apnd L. pointer to the next and to the previous element
of the list.

e Mg
Example: ‘IIHHIEIEHII
Possible values: any positive integers
This parameter defines the length of a list reserved

for storing complexes L% ('quasi-extremals’ or 'best’
complexes) constituting the final formula(s).

® TQ3T

Example: { LQST = 'l'E_J

Possible values: '0'B, '1'B

Tf LGST = '1'B each complex 1% selected from a star
will be 'reduced' before it is put on the output llst.
The reduction means that the references (ranges) of
variables in each complex will be reduced as much as
possible, providing that

1. the complex will still cover the same number of
events in the original set F2

2., the reduced complex will have the same number of
1iterals (i.e., selectors in the corresponding
term is the formula).

-
See page 8 of the program listing in Appendix (separate report).



SAVE
Example: [;%ﬁVE = '0'B _j

Possible values: to1e; '1l'B

1f SAVE = '0'B, the output formula is not stored.
Tf SAVE = '1'B, then the formula is stored in the disc file
called 'COVER' (the disc file is specified by JCL cards
listed with example 1 at the end of this paper} -

Individual complexes are stored as bit strings
("binary-positional’ notation) in PL/1 list format (see Chapter 5),
similarly as they are stored during the program execution.

This way of storing facilitates the evaluation of the formuila.

QLaT

Example: L_BLQI = 'O'g_j

Possible values: '0'E, R B |

This parameter controls the printing of swmmary
information about star generation. If QLAT equals
'0'B, no information will be printed. If QLQT equals
'1'B, then the program will print out a summary about each
star, the quasi-extremal, and the mumber of new events covered
by it in a given FL.

IQTRACE

Example: LQTRACE = 'C'B

Fossible values: 'C'B, '1'B

This parameter controls whether detailed informaticon
about each quasi-extremal should be printed. If
LOQTRACE = '0'B, then no information is printed. If
LGTRACE = 'l'B, then in addition to the information
printed by QLQT, the actual cost of the quasi-extremal
and the array denoting the elements not covered by the
current and previous stars is printed.

STRACE

Example : STRACE = 'O'B I

Possible values: 'O'E, '1l'B

This parameter controls whether detailed information
about star generation should be printed. Ir STRACE = '0'B
then detailed information is not primted. TIf STRACE = ‘1*%
each step of star generation is printed. ’



e QsT
Example: QST = 'Ojﬁ__J

Possible values: '9'8, '1'B

This parameter controls whether a summary of ?he steps
in star generation should be printed. £ QST = '0'B, then
the summary is not printed. If Q8T = 1'B, then the summary
is printed.

1TI. GSeparation between control and data parameters:

semi-colon (;) after the last control parameter. If no
control parameters are specified (i.e-, their default wvalues are
accepted), the semi-colon still should be typed.

11T, Specification of the problem title:

Type the title of the program using as many lines as were
gpecified by TITLE control parameter. The title information will
be reproduced verbatim at the top of the output page.

Tv. Specification of data parameters

411 of the following data parameters are in PL/1 LIST
format; that is, a value must be present for each of these
parameters in the order specified. There are no default values
for these parameters.

® NSFEC TYPE TYPELIST({NSPEC)

Example: 2 '"FACTOR' 1 4

Possible values: NSPEC -- a positive integer = 64 (this
restriction can be easily removed)

TYPE -- 'FACTOR' or 'INTERVAL'
TYPELIST -- & list of NSPEC positive integers = eh.

These parameters specify the type of each variable which
is used in the event description. WNSFEC specifies the number
of wariables which will be of the type given by the parameter
TYPE. The parameter TYFE specifies the type of the variables
whose indices are specified by TYPELIST. (411 variables not
in TYPELIST are assumed to have the ‘opposite’ type.)

There should be WSPEC indices in TYPELIST. In the example
above, there are NSPEC = 2 variasbles which are given the type



10

'FACTOR' (i.e., x1 and x4). The rest are given the ‘'opposite’
type namely 'INTERVAL' (1.e., x2, %3, %5, ...). HNote that
varisble indices begin with 1.

The following are some guidelines for selecting the type
of each variable.

I7 a variable takes values which have natural linear
order (e.g., represent temperature, height, length, grey-
level of a picture element, etc.) then it is adviseble to
specify it as an intervel variable ('INTERVALS' type). If this
igs not the case (e.g., the wvariable represents a set of
independent objects, relations, properties, etc., i.e. is
measured on & nominal scale), then the variable should be
specified as a factor variable ('FACTORS' type).

It should be noted that interval variables are simpler
for evaluation than factor variables. Also, the synthesis
of optimal VIj formulas usually will teke considerably less
computational time and memory if wariables are specified as
interval rather than as faotor variables. On the other
hand, VI formulas with interval variables will usually have
considerably more terms and selectors than formulas with
factor varisbles (when no restrictions on the varisables are
assumed) . -

NV NLEV(NV)

Example: | b 5, 3, 2, U |

Possible values: NV -- any positive integer < gL (this
restriction can be easily removed!

WIEV -- a list of NV positive integers

Thess parameters specify the number of variables (NV)
and the mumber of levels NLEV(i) for each variable xi which
is used in the description of the input events. Since the
smallest variable value allowed is O, WIEV(4i) (the number
of levels for the itP! variable) should be one larger than
the largest possible value of the ith variable. In the
example above, there are 4 variables: variable x1 has 5
possible values (i.e., the domain of x1 consists of 0,1,2,3,

and 4); x2, x5, and xb have 3, 2 and 4 possible values, respectively.

NCL NE(NCL)

Example: | 3 5, 1, 2 |
Fossible values: MNCL -- any positive integer
NE -- a list of NCL positive integers




These parameters specify the number of event sets (NCL)
which are in the input stream and the number of events for
each set (NE). In the above example, there are 3 event sets,
the first has 5 events, the gecond has only 1 event, and the
third has 2 events.

OLIST (NCL)

sxemsie: [1 0 2]

pogsible values: SOme ordering of the integers 0,1; -+, NCL=1
(NCL as specified above)

This parameier specifies the way in which the input
event sets are assigned symbols Fl, i=0,1,...,NCL-1. The
consecutive events sets in the input stream are numbered
0,1,2,.i.,NCL-l. The first number in the OLIST tells {hich
event set in the input stream is assigned symbol FNCL-1, the
1th pumber tells which event set is assigned symbol FNCI-1.
In the example, the second (numbered as 1) event set is
assigned symbol F2, the first (numbered as 0) is assigned
symbol FY, and the third (numbered as 2) is assigned FO.

NCRIT CLIST TLIST

Example: 5 1,2 & 0,0 0.1

Possible values: NCRIT -- & positive integer between 1 and T

OLIST -- a list of NCRIT positive imtegers
between 1 and T

TLIST -- a list of NCRIT real values from the
interval [0,1]

These persmeters specify the optimality functional®s1?
which is to be used in finding the 'best' complex 19. NCRIT
is the number of cost criteria which are used. CLIST specifies
eriteria to be used by listing the criteria numbers in order of
criteria preference. The criteria pumbers are numbers assigned
to each eriterion as described below. TLIST specifies the
tolerance which is to be allowed for each respective cost criterion.

The cost functional is used to select the 'best’ complex
from & star (a set of complexes which are maximal under inclusion
and which cover the same event of FL but no events of F?). The
process proceeds as follows: each eriterion is selected in turn

beginning with CLIST(1). Using the selected criterion, a wvalue
is assigned to each complex.



in the star. The minimm (MINVAL) and the maximm (MAXVAL)
cost of each complex in the star is computed. Using the

associated tolerance limit TLIST(1), @ threshold UBGUND is
calculated. .

UBOUND = MINVAL + TLIET(-_U*{MM{VAL-MWAL)

All complexes whose cost is greater than UBOUND are eliminated
from further consideration. 1f this leaves only one complex,
the process terminates and this is the required 'best’ complex.
Otherwise, the next specified criterion is selected and the
process is repeated. If all specified eriteria have been used
and more than one complex remains, a complex with mindmum

cost with respect to the last criterion is gelected as the
"pest' complex (i.e., quasi-extremal).

The user specified criteria characterize the formula
which he wants to obtain. Since the program builds a formfa
from selected complexes, instead of ‘user criteria' (referring
to the whole formula) the program uses 'program eriteria'’ which
refer to the individual complexes.- These program criteria
are desigred to best approximate the original criteria .
(vhich refer to the whole formula). 'For example, if .- - -
the user specifies 'minimum pumber of terms' as a criterionm,
then this criterion is substituted in the program by the eriterion
‘maximim mumber of events which a given complex covers in the
remaining set of events to be covered'.

Below are described currently available user r:'::i.1:,151".1&'-“e

and corresponding to them program eriteria (in ps.rentheses'i:

Criterion
# Notation Description of Attributes (Criteria)
1 t =-- the number of terms in a formula
{Tl.:e negative of the mumber of events in the event set
which are cc_wered. by the given complex but not by any
of the previously determined complexes (stored in
;“E;ﬂ]t';h The negative is used to have the minimum wvalue
T e eriterion when the complex cove th
mmber of events.) . TR
2 § == the mumber of selectors in a formula
{The number of selectors in a complex.)
3 pra sum of the costs of the variables in a formula (z(v))

{The sum of the costs of the variables in a complex:

z' = L z(i)
iel
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z(i) -- cost of the variable xj which is gpecified
by the Z parameter (see Z parameter gpecification

below)

T -- set of indices of variables which appear in the

complex. )

The degree of generalization

{The degree of generalization of a complex:
c(E)

(T N7

¢(E) -- number of events in the given complex E

¢(E N F) -- number of events covered by the complex E
which are members of the event set which
is being covered.)

"Weight distribution’

(The negative of the sum of weights of events of the event
cet which are covered by this complex but not by any
previous complex. If this eriterion is selected,

weights W(K,J) are specified (see W parameter specifi-
cation below). If the complex is created to cover

event set K, then the cost is glven by

- v WK J
JeE

E -- set of events of the event set k which are
covered by this complex and not by any previous
complex. )

Total length of references

(The length of references in a complex. This is

the sum of the number of constants which appear in the
reference of each of the selectors of the complex

{in expanded form)

£ o2(xi)
iel
I -- as in 3 above
f(xi) -- number of constants in the reference of

the selector for the variable i)

The relative scope of references

(The relative scope of references in a complex. This
is the sum of the mean deviatioms for variables in
the complex. The mean deviation of a variable is the
average absolute difference between the reference
constants and the mean of these constants. That is,

cost = & (MD.)
. i
iel



1k

tavgi - 7]
MD. = L —,_:-T"
% reRy Ay
I -- get of indices of variables which appear in the

complex

avg; -- average value of the constants in the reference
for variable xi in the complex

Ry -- the set of constants r in the reference of the
vazriabls xy ik the complex
¢{Ry) -- the number of elements of R,
F
: 001 020 132
Example: 1453 113 20%2

Possible values: a set of nonnesative integers which properly
represent each event

F is a list of event setis 72 defining the gilven VL Ametinnd sl .
F must be completely specified (no default values)., If INFORM =
'YECTOR', then each event must be represented as a set of NV ( number
of variasbles) integers each of which specifies the respective
variable value for thet event. The value for variable xi must
be less than WIEV(i). TIf INFORM = "GAMMA', then the gemma
representetion for each event pust be given.

The example above could be the representation for © events
in "WECTCR' format with NV = A

The following parameters (Z or W) are specified
only if the cost ariterion 3 or 5 are specified,
respectively. They are specified in PL/I data format

and each specification is terminated with a semi-colom (;).

Z
Example: zZ{1) = 2 Z{&) = 1.2
Fossible values; any real numbers

This parameter is specified only if criterion 3 is
specified and specifies the cost of =ach wvariable (i.e.,
the cost of xI 1s specified by Z({I)). Any variables for
which no specification is giwven are assigned cost = 1.

Tn the example given, varisble xl has cost 2, variables xb
has cost 1.2, and the other variables have cost = 1.



* Y

]

Example:  W{(0,2) = 1.3 W(l,1) = 23

Possible walues: any real mambers

This parameter is specified only il criterion 5 is specified.
W(K,J) specifies the weight of J*h (7=1,2,3,...) event in the

EK+].}ST' (K=0,

1,...) event set in the 1list F. Any

event for which no value is given is assigned welzht = 1. Io

the example above, the second event of the first event gset is
assigned welght = 1.3, the first event of the second event sat

is given weight = 2.0, the rest of the events are given weight = 1.C.
(Note event set numbering pegins at €, event numbering withir each

eyent set beg

ins with 1.)

This concludes the parameters specification for one problem.

Several problems may he run together by specifying all of the parameters

for each problem in succession. No parameter values (except the default

control parameter valuss) are parried over from one problem to the nexs.

3, OUTPUT PARAMETERS

Some of the
the input parameters.
{the text enclosed in

the printout from the

® Tnused core

2
Example: ' AMOUNT OF UNUSED COFE = =k !

output parameters of the program are reflections of
The following parameters are gensrzted by the trogran
the dotted line is the actuzl information printed on

progream) :

This parameter specifies the arount of core memory
which was estimated but not used.

® COMPLEX:

=
E v !
xample L

COMPLEX: (x1=02) (x3=1) (9, 6,2, 12}J:

This parameter specifies the sctual complexes which
were synthesized. Complexes of one formula (or in the case
of 'VL' mode, complexes which have the same coefficient)
are grouped together under the heading identifying the event
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class which they cover. Together with each complex is
printed a list of L pumbers (COV, NEW, IND, TOT) .

whersa:

cov -- denotes the numter of events covered by the
complex in the given event set FL (i.e.,
event set associated with the current decisicn
class)

NEW -- is equal to £OV minus number of events in
7l povered by the previous commlexes on the
L - L] =
output list [ 'nev covered’ .

I -- 1is equal to COV minus mmber of events in
Fl covered by all the other complexes in the
cover (‘'indegendently coversd')

TOT -- is equal to the total number of events in Fi
which are covered by this complex and previous
complexes in the cover

® DELTA

Example: | DELTA for this set is C :

This perameter speciZies 2n estimate (upper bound) on
the distance (measured in number of complexes) of the formuia
produced from the minimal formula. In the above example,
since DELTA is O the set of complexes is minimal. Note that
if stars are trimmed (i.e., an intermediate star exceeds
MAYSTAR complexss) thenm ZIITA 1s mo lonzar a valid estimate.
IT complexes are a pezylt of trimmed ster, & mMESSAEE to this
effeet is printed.

& INTERMEDIATE STAR SIZE

I__—_—-'-'—__—'-—'--'—--—-'_-_-'H’
Largest intermediate star size is 56 |

x . ]
Example: ! Largest intermediate star BIZ€ 2 - _

Thig parameter 5D c:fies an estimate of the meximm
mumber of complexes whick are stored in the star 1ist. The

NGE parameter may be redizced to approximately MAXSTAR plus
thisg estimate if this prchlem is run again.

k. EXAMPIES OF PROGRAM INPUT AT OUTFUT

Two examples of the input and cutput formats for the program
AQVAL/1 (AQ7) are presented below. 1Ike rirst example is further illustrated
with GLD representations of the Zormulas produced by the program. Included

with each line of the input exarzles 1s & deseription which lists the names
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of the parameters which are specified on that line, a brief indication
of the significance of each parameter and the actual values which the
parameter AssSumes in the example.

The first few lines of each example of program input is the
JCL specification. These cards must be included before any parameter
specification o gain azcess to the progran and distribute the program
output properly. Preceding the JCL specification must be the ID cards
which contain the time and region estimates. The amount of these
rasources which the program reguires is a complex funetion of the
control parameters and the dimension and size of the event sets which
ave to be covered. Samples of various parsmeters and the emount of time and
region to suceessfully complete the execution of the program are given in
Figure 1. 1In general, for small problems, the region estimate must be
st least 116 k and the $ime estimate can be less ihan 3C seconds. For
very large problems, & region estimate of 180k and time of 6 minuftes
is probebly sufficient. Note that the region estimate mist appear on both
the ID card and the EX=C card of the JCL. additional blank lines may be
inserted for clarity in several points in the input. They must not appear,
however, between any JCL sards or between the semi-colomn which terminates
the control parameters and the title (unless the control parameter TITLE
has allowed for this).

The outvut of the program begins with the title which was
specified in the input. The values of all control parameters, the type
of each varisble and event set sizes are listed. Then, the amount of
core remaining iz given, which iz the amount of core which was estimated
but not used. Wext, the OLIST and optimization eriteria are listed

followed by the actual event sets which were. specified. The VL, formula(s}
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follow. Fach complex (or term) in the syrthesized formilal(s) is
printed along +he DELTA for this set of complexss. DELTA gives an
estimate (upper bound] of tne number of complexss by which this formula
exceeds the minimal formala. If the formulas are & result of trimmed

stars (the size of some intermediate star exceeded the MAXSTAR parameter),

¥

s messazs is printed dck shates that ths complexnez are & resvlt of
tripmed stars and thus the wvalue of DELTA is only an estimate (not an
upper bound) of the distance of the formula generated to the minimal
formula. The largest star size and the largest intermediate star size
are printed. The largest intermediate ster size plus the value of MAXSTAR
gives an estimate of the minimum size of the parameter NGE which was
actually necessary in the synthesis of this set of complexes. After the
entire set of formula(s) has been printed, a2 message indicating a normal
termination is given which indicates the successful completion of the
synthesis of formulas for this problem.

The first exsmple demonstrates the three modes of operation of
the program &5 specified by the parameter MOIZ. In addition to the input
stresm and the output generated, the formulas which were generated are
j1lustrated in Fig. 2, 3 and } by Gensralized Diagrams (GID). The second
example demonstirates the use of criteria 3 and 5, the specification of
the agscciated cost and weight parameters (Z and W), and the different

tolerance specifications for each criterion.

GLD Description for Ixample #1

The GLD is a graphical model of ths event space and the
complexes which cover the events in this space. Fach sguare on the GLD

represents one event in the event space; & cet of events enclosed in an
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area or set of areas can represent a complex. In this GLD, the
varisbles xl and x2 specify the row in which a particular event is ©o
be placed, the variables x5 and xL gpecify the column. An event set
iz 2 set of squares with the same number. If the event sets are to be
covered in VL mode, then the mumbers (i} in the squares correspond to

the =et F

and to the terms of tha DVL, formula with coefficient 1. If the
event sets are to be covered in IC or DC mode, then the numbers (1)
correspend to those events with a funetion value of 1 for the ith

function and a function value of O for the other functions. The events
which are given to the program are indicated in the diagrams by numbers

in the squares. The complexes of each type of cover (VL, IC,DC) which were
generated by the program are illustrated in the respective dlagrams

(Fig. 2, 3, %) by open or shaded areas together with thelr VIq
representaticn. Some observations about these three different covers
follow.

VI mode: The complex which covers the event set FE does not
cover events of any of the sets FiJ i=3%,2,1,0., The complex which covers the
event set FE, however, also covers Eome events of sets FL+ and F°. Since this
formula is evaluated by testing the complexes associszted with event sets
™ znd 7’ pefore the complex associated with the set FE, the events in
the original event seis are elassified correctly.

IC mode: Each complex does not cover any events from any event sets
other than the one which 1t was specified to cover. The complexes which
cover event sets F2 and B intersect with the complex which covers event
set FG in an unspecified area of the event space. I. 1s thus possible
that an event in this area could satisfy two different formulas. (Such

g situation could be interpreted as an uncertain classification.)
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IC mode: The complexes are similar %o those produced in IC

mode, However, they do not jntersect in any area of the space hence at

most one formula is satisfied by the set of complexes for any event in

the event space.
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5. PROGRAM IMPLEMENTATION

ek General remarks

The basic algorithm used in the program for the synthesis of
DrL, formilas is algorithm 49 described in papers> S 1o this
section, we will describe all the basic concepts, data structures and
the function of each orocedure ol the program. s jezcoription will be

gufficient for general understanding of the program.and also can serve as

s guide for the detailed study of the program implementation. The complete

1isting of the program 1s given in Appendix B of this paper.

5.2 Program representation of complexes and evenks

A1l events and complexes are represented in the program by

PL/1 bit strings. fach variable X in an event or complex is assigned
a different substring of this bit string. Each position of the substring
corresponds to a wvalue of this variable. Conseguently, the length of the
substring assigned to variable x; equals the number of values (NLEv(i))
in the domain of this variable and the length of the entire string is
the sum of the lengths of each substring, 1i.e.

WV

T NLEV(i)

i=1

(v -- number of variables)

The leftmost position of the substring corresponds to value O and the
rightmost to value di’ i.e., maximm value of the given varisble x;. If
in an event [(complex' a variable x4 has (is referred to)} value j, then
{j+l)th position of the substring is set to value 1. Remaining positions
are set to value O. For example, the event

e = (0, 3 2’ ll.j
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from event space E(3, L, 4, 5) (i.e., MIEV(1) = 3, NLEV(2) = b,

NIEV(3) = 4, NIEV(4) = 5) is represented as:

: 00 0010 O0COL'B
109 9001, 2019, £
%l x2 x5 xh

“learly, each subs4ring in 2 zuring representing an event
has exactly one bit set to 1, and each cubstring in a string representing
& non-empty complex has at least one bit set to 1. If in a complex &
given variable ig absent, then the substring corresponding to this wvariable

has all bits set to 1. For example, the complex

(x1=2) (x4=1,3)

is represented as:

0ol 1111 1111 01010'B
x1 x2 x5 xl

5.3 Internal structure for storing intermediste stars

4 star G(elE) of an event e against event set E is generated in
steps, each step corresponds to an event in Z (more precisely, each step
involves the multiplication of the current set of complexes, called an
‘intermediate star', by complexes resulting from the extension of e against
the consecutive event ey from E). Thus, an intermedizte star IG(E|E} iz a
zet of maximal complexes which cover e and do not cover some of the events
from E (rather than all events, as would be the case with Glelz)y.

An intermediate star is represented by a doubly linked list,
each element of which contains a pointer to the previous and to the

next element in the 1list. In addition to a forward pointer (FFTR] and



L1

a backward pointer (BPTR) each element of the list contains the Dbit

string represe

ntation of the complex (NUM), and a field (VAL) reserved

for the walue of any eriterion used to evsluate this complex during the

gelection of guasi-extremal {(i.e., selection of 'best complex').

The list can be acceszed by a pointer which points to the first

element of +he list {the head of the list) and a vpointer which points to

the last element of the list (the tail of the 1ist). 1In the process of

star generation three (doubly linked) lists are used:

1.

2411 3 lists are stored in an array structure G.

a list representing the 1ast intermediate star (with
head FGPTR and tail BGPTR),

a 1ist representing the intermediate star under
construction (with head and tail pointers NFGPTR
and NLGPTR),

a 1ist of free elements (with head and tall pointers
WEYTFG and LASTFG), reserved for additional complexes.

A graphical

representation of storing an intermediate star within the structure G

follows;
FGPTR BGPTIR
118 110
J, G(118) g(113) G(115) G(110) l
[ e 113 u8 |[1s 13 | 110 115 | ©
complex 1 complex 2 complex 3 complex 4
eriterion eriterion eriterion eriterion
value 1 value 2 value 3 value b4
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5.4 Structure of the program

The first set of PL/L statements (approximately 150 statements)
allocate the proper storage for all global variables. The input parameters
are read and their values echoed on the printout. The type of each variable
is recorded in a bitstring (TYPCOV) where '0'B in the ith position indicates that
variable ¥ 1s of type INTZRVAL, and 11* that i* is of type TATTOR. The
events are converted to bitstring representations as described above and
loaded into an array E so that each row of E corresponds to an event set,
and each column corresponds to an event in each set.

The next set of statements (approximately L0 statements) controls the
selection of event sets for covering. The selection of these sets depends on
the mode of operation of the program {specified by the parameter MODE) and
on the order in which the sets are to be covered (as specified by the
parameter oLIST). A row of the array T porresponding to the set of events
to be covered is selected and the array FDOWN is loaded with the set(s) of
events (and complexes, in the case of IC mode) against which the covers
sre to be generated. 1In addition, two bit arrays F1NOMg and FINOSTAR are
maintained. These arrays are in a one-to-one correspondence with the
events which are to be covered (the cﬁiumns in the selected row of E},

(the array F1HOME indicates elements which belong to the set E; and the
array F1NOSTAR ipdicates the elements which belong to the set Ep in the
algorithm A% presented in Figure 1 of papere]. A one {'1'B) in a position
of FLNOMY indicates that the correspﬁnding event of E belongs to El’

i.e., it has not yet been covered by any quasi-optimal complex (1%); =&
one ('1'38) in a position of FLNOSTAR indicates that the corresponding
event belongs to Ep, i.e., it has not yet been covered by any star (i.e.,

by any of the complexes of previously generated stars).
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Next in the program are +he loops controlling the selection
of the events to be covered according to the arrays FLNOMG and FLNOSTAR
(approximately 50 statements). In the first loop, an event which has
not been covered by any previous star (i.e., events of Ep) is selected
according to FINOSTAR. A star is generated for this event and the
'bast complex' {quasi-axiremzl -2 15 extracied by 2:clis %o +he procedures
STAR and BESTLG. The resulting quasi-extremals are stored in a list MJ.INT
along with a bit M3.TRIM which indicates whether this complex was & result
of a trimmed star or not. Once the set of events represented by FLNOSTAR
(i.e., events of E,) has been exhausted, the process is repeated with the
set represented by FLFOMQ (i.e., set Ej)}. The number of passes through
this second loop is calculated and stored in the parameter DELTA as an
estimate of the distance of this set of formulas from the optimal set (see
equation (12) in papergj. The resulting set of complexes is printed by
a call to the procedure TRCOVER. Next a new set of events to be covered
(row of E) is gelected and the array FDOWN is loaded with new sets of
events (and complexes in IC mode) against which & new cover is to be
generated. After all event sets which were tﬁ be cﬁvergd have been
covered and the complexes printed out, the next set of parameters are

read in. If no more parameters exist, the execution is stopped.

5.5 Basic procedures in the program

The remainder of the program consists of & set of procedures
each of which performs 2 specific task as is explained below:

STAR -- This is the procedure which computes a star
G(e|FDOWN) of an event e selected from the given
row of the array E (representing event set to be
covered) against the event set (and set of
complexes in the IC mode) represented by FDOWN.
The star is generated in steps, each step
corresponding to one element of FOOWH and producing
an intermediate star. 1In each step, first the procedure
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MIX is used which generates an 'elementary star’

G(e|L), where L is the selected element of FDOWN,

i.e., set of maximal complexes which cover € and do not
cover L. Now, the last intermediate star is multiplied
by the 'elementary star' G(e|L) and absorption rules

are used before yielding the new intermediate star.

The process ends when the last element of FDOWN has been
used. If any of the intermediate stars have more
elements than MAXSTAR, a procedure TRIMSTAR is called.

WI{ -- This procedure produces the star 37e|L} where L is an
element (event or complex) in FDOWN. The stars produced
by MLIX are reprasented by the arrays INTP and POEE. Each
complex of a star of apn event against another event or
complex involves only one variable (i.e., has only one
literal), therefore in this type of star, only the values
of one variable must be given in the representation of a
complex in the star. In the program, INTPii) is a
bitstring which represents the values of the variable
whose index is stored in F0sP(1) {only non-empty complexes
sre retained) and NUM indicates the pmumber of non-empty
complexes which were placed into the star. The format of
each of these complexes produced by MIX depends on the
type of the variable which generates the complex. The
procedure is as follows: the complement of the literal
of the event or complex of FDOWN against which a cover
ig being generated is computed. If this does not contain
the value which the variable assumes in the chosen event e
of E then the complex is thrown out (i.e., because it is
empty). If the type of this varisble is FACTOR, the
complemented literal is used as the literal of the complex
and loaded into the next place of INTP. Otherwise, the
interval of this complement which contains the value of the
corresponding literal of the chosen event e is placed into
INTP. In each case where there is a non-empty complex, the
index of the wvariable, which corresponds to the literal
in INTP, is placed into POSF.

TRIMSTAR -- This procedure is invoked by the procedure STAR when
the size of an intermediate star becomes greater than
MAXSTAR. It reduces the star to the CUTSTAR best complexes
according to eriteria 1 and 2 defined above under the
parameter CLIST. (These criteria measure the number of
events in the set to be covered (indicated by FLNOMGQ) and
number of literals in a complex, respectively] -

WIMLIT -- This procedure sounts the number of 1iterals in a given
complex.
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LCOVER -- This procedure counts the number of events covered
by a given complex and not covered by any previously chosen
complex (L) (i.e., the mumber of events indicated by
F1NOMQ which are covered by the complex) .

BESTIQ -- This procedure uses the criteria specified in the input
to select the 'best' complex (quasi-extremal %) from
the given star. The gselection process 1s described in
section 2 (parameter CLIST).

CRITVAL -- This is & funetion which returns the value of &
criterion applied to a given complex. The value which
iz returned by CRITVAL for each criterion is described in
section 2 (parameter CLIST).

RANGE -- is a procedure internal to CRITVAL used to determine the
pumber of values of a variable in the given complex. 0.0
is returned if the variable does not appear in the complex
(i.e., the variable accepis all possible values).

VARIANCE -- is a procedure internal to CRITVAL used to determine
the mean deviation (deseribed in criterion 7 in section 2
under the parameter CLIST)of the values of a varisble in
the given complex. 0.0 is returned if the varisble does
not appear in the complex.

PRTET&R -- prints out the elements of a star.
PRTOIG -- prints out trace jnformation on L4.

READVEC -- reads input events in vector format and converts them
to the internal bit gtring representation.

READGAM -- reads input events in gamma format (i.e., as event
nurbers) and converts them to internal bit string
representations.

CHECKE -- is an suxilliary procedure used by STAR in the process
of combining stars {application of absorption laws) .

CKBE -- is an auxilliary procedure used by STAR in the process
of combining stars.
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REMOVEGN(REMOVEG) -- is used to remove a complex from the
star during the generation and selection PrOCEsSses.

GETG -- obtains an element of G from the free 1list for use in &
star.

RETURNG -- returns & list of elements of G to the free list.

TINCELY -- is a furction shich determines if & given event in the
set to be covered is covered by & given complex.

PROOVER -- prints out a cover in a readsble format.

FRECOFE -- is used by the jnitialization procedure to determine
the amount of available core yemaining. Note that it 1s
dependent on the method of implementing pointer variables
and on the layout of 05/360 control blocks.

5.6 Remarks about other related prosrams

The program AQVAL/1 (AQ7) is currently the main and most
developed program related to the computer implementation of VL, . Other

programs which are currently svaileble include:

® OMITEUS -- A program which can:

A. Evaluate a given VIq formula {in which complexes
are represented as bit strings) for any given
event.

B. Quantize a given set of variables according to
a set of given thresholds.

C. Select from the original set of events, subsets
of events such that

(1) they can involve only certain variables
(out of all available varisbles)

(1i‘ they can constitute any contiguous subset
of the original set of events.

(11i) gather statistics of performance of VI
formulas used as classification rules™.

*
This last function is implemented in an extended form in the program
CONFUS (see next).



unicLass (aq8) --

AQVAL/1 (AQ9) ~--

CONEUS -—

HISTOGRAM n=

SIML o

b7

A special program developed for the synthesis
of VIp formulas from event sets which is able
to create exact or approximate {with a user
specified degree of approximation) covers of
a set of events against its complement .2l

A program which synthesizes gquasi-optimal IVLIq
formulas from non-optimal DVIL formulas. ©

A special program implementing varlous methods

of evaluation of families of DVly formulas and
printing a confusion matrix which relates

evaluated values to the correct known values

for the formulas (appl: for testing formilas used
as decision rules for pattern recognition problems) .

4 program which prints a graph which illustrates
the distribution of frequencies of individual
values of a variable in an event set. {appl:
determination of thresholds for quantization
units in designing learning and testing for
pattern recognition problems)

A program which detects symmetry in (incompletely
specified) VIy functioms.
(This program is still under development.)
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