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ABSTRACT

The contribution of this thesis is the develolment of a CAl) (computcr aided

design) tool for current mode multiple-valued logic (NIVL) CMOS circuits. It is

only the second known MVL CAD tool and the first CAD tool for NIVL CMOS.

The tool accepts a specification of the finction to be realized by the user.

produces a minimal or near-minimal realization (if such a realization is possible),

and produces a layout of a programmable logic array (PLA) integrated circuit that

realizes the given function. The layout is i., MAGIC format, suitable for submissiort

to a chip manufacturer. The CAD tool also allows the user to simulate the realized

fuiniction so that he,/she can verify correctness of design.

The CAD tool is designed also to be an analysis tool for heuristic niniuiizatio

algorithms. As part of this thesis, a random function generator and statistics galL-

ering package were developed. In the present tool, two heuristics are provided and

the user can choose one or both. In the latter case, the better realization is outpllm

to the user. The CAD tool is designed to be flexible, so that future improveenits

can be made in the heuristic algorithms, as well as the layout generator. Thus.

the tool can be used toaccomnmodatenew technologies, for example, a voltage miodc

CMOS PLA rather than the current mode CMOS currently implemented.
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I. INTRODUCTION

A computer-aided design (CAD) tool has been created at the Naval Postgrad-

uate School to design multiple-valued logic programmable logic arrays (M VL-I'LA).

The CAD tool accepts a function specification and produces a circuit layout. Small

MVL-PLA's can be designed by hand. However, for most practical applications,

hand design is too time consuming and prone to errors.

The CAD tool performs the following:

" Accepts an input function specification. specifically an algebraic expression.

* Minimizes the expression producing a realization that occupies the least

amount of space.

" Pro,!uces a layout which can be used to generate the MVL-PLA chip.

The CAD tool is designed toaccomniodatefuture improvements in:

" TIe minimization program and

* MVL-PLA layout.

It is expected that as knowledge is gained about these aspects of MVL-PLA

design, there will be new subroutines that will substitute for these parts of th tool.

The whole program has been written so that such changes can be easiiy made.

This CAD tool, which applies to current-mode CMOS technology, is only the

second known tool for multiple-valued logic circuit design. A CAD tool exists for

the design of multiple-valued CCD PLA design [Ref. 1].



A. BACKGROUND

The promise of current-mode CMOS circuits for compact realizations has gen-

erated much interest. Japanese researchers have developed a binary multiplier ill-

tegrated circuit using bi-directional current-mode multiple-valued CMOS [Ref. 21.

The circuit has speed almost equal to the fastest binary multiplier [Ref. 3] but

requires half the chip area and dissipates half the power. Researchers in Iolland,

France and the United States have also fabricated current mode multiple-valticd

CMOS circuits.

Since this technology is new, no design tool has been developed for it. l)esigil

tools are absolutely needed to produce practical circuits since modern VLSI circuits

are so complicated. It is the lack of such tools that has motivated the research

described in this thesis.
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II. PROGRAM DEVELOPMENT

The package developed in this thesis is a comprehensive program written iII

the "C" language to run on the VAX-11/785 computer at the Naval Postgraduate

School. As "C" is highly structured, the program is easy to maintain and easy to

develop into a large program package. Also, use of "C" assures coripatability with

presently available binary VLSI design tools such as the Berkeley CAD tools [Ref.

4].

A. APPROACH TO THE PROBLEM

A top-down programming technique was used. First, the tasks were defined

which the program needed to perform. Then, each task was developed through a

series of steps to identify very specific routines required to perform each task.

Ihe major tasks are as follows:

o Data Entry

9 Logic Minimization

o Logic Simu'l-,tion

• Layout Generation

1. Data Entry

- Allows the user to enter input expression from an input data file.

- Partitions input expression into identifiable parts, called tokens.

- Examines each token foi errors.

- Flags errors when they occur.

3



2. Logic Minimization

- Three minimization algorithms are used.

* Pomper and Armstrong [Ref. 5].

* Dueck and Miller (Ref. 6].

* Gold (Ref. 7].

- All of them are heuristic and based ovL the direct cover approach.

- Minimization produces a minimal or near minimal solution, thus reducing

the chip area needed.

This routine will be discussed in more detail in the following section.

3. Logic Simulation

- Verifies the minimal solution from the Logic Minimization routine by

applying test vectors given by the user to it.

4. Layout Generation

- Uses a minimal solution from the Logic Minimization routine to produce

a layout which will be used for MVL-PLA chips.

B. ORGANIZATION OF THE PROGRAM

The basic organization of the program is shown in Figure 2.1. The solid lines

show flow of control. The user supplies input expressions via the data entry routine.

These are applied to the logic minimization routine for obtaining the minimized

expression. The minimized expression is then passed to the logic simulation routine

for verification. Then it is used for layout generation for MVL-PLA chips.

4



A CAD 100L

Layout for
Input MVL-VhA

Expression Data Logic Logic Layout Chips

Entry ~ Il~a~m Sinula lion Generaltio

Figure 2.1: Program Organization

PLA design using this program resembles program development under an op-

erating system. An editor is used to develop the source file (input expression). This

is compiled by the data entry routine. If it is free of syntax errors, it is assemllblel

(minimized) and run (a layout is produced).
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III. PROGRAM DESCRIPTION

The CAD tool is best described by considering a specific example. The user

starts with a logic diagram (or Karnaugh map) of the input expression to be realizcd.

An example of the logic diagram is shown in Figure 3.1. It shows a 4-valued 2

variable expression. Without a CAD program, an inexperienced user might speild

half an hour to find a minimal solution of the expression. What is worse, when

the expression is coml)licated because of a large radix and/or a large number of

variables, it may be impossible not only to find the minimal solution, but also to

visualize it.

Since the CAD program is designed to find a minimal solution of the expres-

sion, the user is not required to minimize the expression. All the user has to do is

specify the expression correctly. Figure 3.2 shows one way the function of Figdr0H

3.1 can be expressed for the CAD tool. Ilere each circle represents a p)roduct terlum.

Equation 3.1 shows an algebraic equivalent of the function of Figure 3.2.

4 :2: (3.1)

+2 * Xl(1,2) * X2(0,0)

+3 * X1(3,3) • X2(1, 1)

+2 * X1(0,0) •X2(1,2)

+1 * X1(O,O), X2(2, 3)

+2 * X1(I, 1) * X2(1, 1)

+2 * XI(I, 1) * X2(2, 3)

6



+1 * X 1(1, 1) * X2(2,2)

+2 * X1(2,3) * X2(1, 1)

+1 * XI(2,2) * X2(1,2)

+1 * XI(3,3) * X2(2,2)

+3 * X1(2,2) * X2(3,3)

Equation 3.1 is represented according to the standard format of the expression

shown in Table 3.1. Any multiple-valued logic function f(X1,X2,X3,... Xn) can

be represented by the following format:

f = radix : number of variables (3.2)

+c, * Xl(al,bl) * X2(a2,b2) *... Xn(an,b,,)

+C2 * Xl(cl, dl) * X2(c2, d2) * * Xn(cn, dn)

+±c * Xl(fI,gl) * X2(f2,g2) *... * Xn(fn,gn)

where c, c2, .. and c, denote a logic value l)etween '1' and '(radix -1)', the symbol

'*' denotes the minimum operator, Xn(an, bn) denotes a literal function of the input

variable 'Xn' with lower bound 'aln' and upper bound 'bn'. Specifically, Xn(al, bnl)

is (radix -1) if an < Xn < bit, and 0 otherwise. The symbol '+' represents the

truncated arithmatic sum (truncated to (radix -1) if the actual sum exceeds (radix

- )).

According to Equation 3.1, the expression has radix 4 and 2 variables and a

li I of terms (11 terms in this expression). A term is composed of a, coefficient. and

a list of variables (2 variables for each term in this case). The expression shown in

Equation 3.1 is entered into the CAD system via the data file.

7



X 0 1 2 3

0 2 2 3

1 2 2 3 2

2 3 3 1 1

3 1 2 3

Figure 3.1: An Example of Logic Diagram for 4-Valued 2 Variable Ex-
pression
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X\2 0 123

0 (2 2 3

1 22 3 2

2 3 (3)1

3 1

Figure 3.2: An Example of Logic Diagram for An Input Expression Spec-
ified by the User
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Expression fladix * lumber of Variables : A Ust of lerirs

lem Coefficient * A List of Variables

Variable X ( Vatiable ID ) ( Lower Bound. Upper Bound)

TABLE 3.1: Standard Format of an Input Expression for a CAD Tool

A. DATA ENTRY

Figure 3.3 shows the flowchart of the Data Entry routine. The input expression

from the input data file is applied to this routine first. It examines all the expressions

in the data file. There is a special function, called the parser/scanner in this routine.

It partitions the expression into identifiable parts, called tokens. Then, it passes each

token to the next three consecutive error checking subroutines - the syntax error

checker, the grammar error checker, and the range error checker.

If an error is found, the corresponding error message is presented to the user

and the program execution stops. The user needs to go back to the input data

file and correct it. If all the expressions are correct, all are stored in the allocated

memory space. Figure 3.4 shows the data structure of the input expression. It is

developed to accommodate the input expression.

10
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Expression

radix

nvar

nterm

*term
1he number or terms

lerm

coer coef I coerr coerr coeWt

MbotnfdSI bou,,ds bou,,d 'Ibou,,d s bovd.]

Rourids

lower upper lower upper lower upper

1ho Woibor lower upper lower upper lower upper

Variables, ___

lower upr lower uprlower upper

Figure 3.4: Data Structure of the Input Expression
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According to the Figure 3.4, three data structures form a complete input

expression. They are the Expression, Term and Bounds data structures. The radix,

number of variables and number of terms in the input expression are saved in the

Expression structure.

The size of the array for tile term lists is determined by the number of terms of

the expression. Also, the size of the bounds array is equal to the number of variables

used in the expression. Therefore, all the components of the input expression are

saved into this data stru':ture.

Once this data structure for the input expression is formed, it will be used

throughout the CAD program.

B. LOGIC MINIMIZATION

The data structure of tile input expression is formed in the Data Entry routine.

This is then used by Logic Minimization routine to minimize the expression. Figure

3.5 shows the flowchart of the Logic Minimization routine.

First, a working copy (f) of the original input expression is made. If f is fully

covered (made up of only zeroes and don't care terms (rad:x)), the program stops.

The minimization process is accomplished. Otherwise, the program finds the most

isolated minterm first, then picks the best implicant (or product term) from among

the possible implicants which cover the chosen most isolated minterm.

The best implicant chosen is saved as a part of the minimal solution of the

input expression. Then it is taken out from the working copy (f). This process is

repeated until the resulting expression has no more minterms.

As mentioned earlier, three heuristic algorithms are used in this thesis. As

shown in Reference 7, neither that of the Dueck and Miller [Ref. 6] nor that of and

Pomper and Armstrong [Ref. 5] is consistently better than the other. That is, there

13



F<-- Diput

expression

fully covered? SToi

N

Find the most
Isolated term, I

Pick the I-best~best
Implicaiit coveriig If

Include I _best

Iii the solutin

Subtract I-best

from f

Figure 3.5: Flowchart of Logic Minimization Routie

14



are functions where the first does better than the second and vice versa. Thus, the

technique of Gold is introduced in Reference 7. This is simply the application of

both algorithms followed by a choice of the best realization. Since the CAD tool is

also used to analyze minimization algorithms, implementation of all heuristics is ai,

integral part ot the program. All of them work in an identical manner except in two

ways. One is the way a minterm is chosen, and the other is the way an implicant is

chosen.

* Pomper and Armstrong [Ref. 51

The minterm is chosen randomly. However, the implicant is chosen as the

one which drives the most minterms to zero when subtracted. If more than one

implicant is available, the largest, is chosen. If there are more than one largest, the

first generated is chosen.

e Dueck and Miller [Ref. 6)

In this algorithm, an isolation factor (IF) is calculated for each minterm with

the smallest value beginning with all 1 minterms, 2 minterms, etc. The minterrn

with the largest IF is chosen and if there are more than one, the first generated is

chosen. IF is calculated as the inverse of the clustering factor where the clustering

factor is as follows:

GE' = DEAD x (radix - 1) + EA, (3.3)

where DEA is the number of variables (directions) in which a minterm (a) can

be combined with a non-zero number of minterms (called direction of expandable

adjacency). EA is the number of adjacent minterms with which a minterm (a) can

be combined in an interval literal (called expandable adjacency). CF provides a

15



measure of the degree of which a specific minterm can combine with other rninternis

in the expression.

The minterm with the smallest CF is chosen as the most isolated minterru.

All implicants that cover this minterm are then generated. A measure called tile

relative break count (RBC) is calculated for each. This provides a measure of tile

degree to which the expression is simplified if the implicant under consideration is

chosen. The implicant with the smallest RBC is chosen as the best implicant. If

there are more than one best implicant, the first generated is chosen.

* Gold [Ref. 71

Gold is a heuristic in which the algorithms of Pomper arid Armstrong and

Dueck and Miller are applied, and the best realization (the one with the smallest

number of product terms) is chosen. It was inspired by the observation that these

algorithms display a diversity in realizations and one algorithm is not consistentl]

better than the others over all expressions. However, certain classes of expressions

do show that one algorithm does perform consistently better. With Cold, the corn-

bination of algorithms takes advantage of the best features of each.

Table 3.2 shows the comparison of three heuristic algorithms. W\"hen logic

minimization is accomplished, the minimal solution of the original input expression

is as shown in Figure 3.6 and Equation 3.4. Note that the number of product terms

in the input expression in Equation 3.1 was 11 (eleven). Now the minimal solution

(Equation 3.4) has 8 (eight) product terms in it. There is about 25% reduction in

the number of product terms.

16



X1X -I 2

0 2 2 3

1 2 2 2

23 3 0

3 1 23

Figure 3.6: The Minimal Solution of Input Expression from Logic Mini-
mization Routine
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Choice of Choice ofMinterm IlplicariL

i. Pomper arid riardom Drives Most

Armstrong Mlntomis to 0

2. Dueck and Largest IF Smallest fnBC
(isolation (relative break

Miller factor) counlt)

3. Gold Best of i arid 2

TABLE 3.2: Comparison of Minimization Algorithms

4 :2: (3.1)

+1 * XI(0,2)* X2(2,3)

+1 * X1(3,3) * X2(0,2)

+1 * X1(1, 1) * X2(3,3)

+1 * X1(2,3)* X2(1, 1)

+2 * X1(2,2) * X2(3,3)

+2 * X1(1,3) * X2(0,0)

+2. XI(O. 2)* X2(1, 1)

+2 * XI (0, 1) * X2(2, 2)

18



C. LOGIC SIMULATION

This routine is used to verify the nnimal solution from the logic miiizat ion

routine. The user can specify certain specific values or range of values for each

variable in the input expression (called test, vector). The logic simulation routinc

evaluates the minimized function value for each coordinate from the test vector.

The user can do the verification test by comparing the original expression with the

output of the Logic Simulation routine.

D. LAYOUT GENERATION

The output of the Logic Minimization routine is used to produce a layout file

(called a magic file) for NIVL-PLA chips. This routine is discussed in more detail

in Reference 8.

19



IV. CONCLUSION

This thesis presents a CAD tool for design of multiple-valued current-niode

programmable logic arrays. It was designed to be user friendly, requiring little

knowledge of programming techniques. Appendix A contains a user manual writ telj

for the first time user. In the interest of clarity, details of the program have be(l

omitted. However, for the interested user, the program has been extensively docu-

inented. This documentation and the program are contained in Appendix B. 'lhree

main conclusions have resulted from this work.

* Conclusion 1 - Dcsign/Analysis Tool

The CAD tool can be used for two purposes. One is as a design tool and

the other as an analysis tool. It is used for designing practical current-n1mode NIl

CNIOS circuits and also used for analyzing and comparing the different miniinizat ion

algorithms. In fact, it is designed to get the statistics for each minimization program,

which is very useful to obtain insight into logic minimization algorithms.

e Conclusion 2 - Further Improvement in C/AD

Further research and improvements are needed in two specific areas. h'lese

are 1) Logic Minimization and 2) Layout Generation. Still there are cases which

the heuristics give poorer realizations than supplied the user. Programs are desired

which can find the minimal solution closest to the optimal solution. In MlVL-ILA

layout, there is some waste of the chip area. The further optimized layout configul-

ration should be considered.

20



* Conclusion 3 - Execution Speed Iniprovenzent

The Profiler Utility shows how many times each routine is called and the

percentage of time spent in executing that routine. Below is an example output from

this routine. According to the profiler output shown in Table 4.1, there are several

subroutines which are called most frequently throughout the program execution such

as _eval, _vcopy , and -next-coord. Typical runs show these three routines as the

most time consuming. If those subroutines are carefully examined and improved,

the total execution time will be reduced significantly.

21



%time cunsecs #call ms/call name

92.0 141.83 863184 0.16 eval
1.3 143.79 863184 0.00 _vcopy
2.1 147.08 443878 0.01 next coord

0.0 147.13 6133 0.00 _next implicant
0.0 147.16 1789 0.01 _copyimplicant
0.0 147.17 391 0.03 _yylook
0.0 147.18 358 0.03 _yylex
0.0 147.18 358 0.00 next token
0.0 147.19 356 0.03 _strcat
0.0 147.20 244 0.04 _strcmp
0.0 147.20 244 0.00 match

0.0 147.20 170 0.00 strlen
0.0 147.20 164 0.00 filbuf
0.0 147.20 162 0.00 doscan
0.0 147.20 162 0.00 sscanf
0.0 147.20 158 0.00 malloc
0.0 147.20 140 0.00 -free
0.0 147.20 112 0.00 0lloc bound
0.0 147.20 96 0.00 -limit
0.0 147.20 80 0.00 _alloc term
0.0 147.20 80 0.00 _var Id
0.0 147.20 80 0.00 _varlist
0.0 147.20 80 0.00 _variable
0.0 147.20 77 0.00 realloc
0.0 147.20 38 0.00 _bcopy

0.0 147.20 32 0.00 _gen bounds
0.0 147.20 32 0.00 _initimplicant
0.0 147.20 32 0.00 _subtractimplicant
0.0 147.20 32 0.00 term

0.0 147.20 32 0.00 term list

TABLE 4.1: The Output of the Profiler
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APPENDIX A
Getting Started

A few examples are included in this appendix A in order to demonstrate
the use of this CAD tool,the appearance of a terminal session, and tile
capability of the utility functions.

1. DESIGN PROCEDURES

(a) LOGGING IN

- LOG IN ON A VAX TERMINAL.

- CHANGE TO SUBDIRECTORY 'mag' IN YOUR WORKING DIRECTORY.

% cd mag

(b) CREATING THE INPUT DATA FILE

- BY USING 'vi'EDITOR, MAKE AN INPUT DATA FILE.

I vi tt2.'mvl

(1) WHEN THE USER HAS A SINGLE INPUT EXPRSSION

4:2:
+2*Xl(I,3)*X2(l,3)
+I*Xl(1,3)*X2(1,3)
+2*Xl(I,2)*X2(O,2)
+I*XI(I,2)*X2(3,3)
+2*XI(O,2)*X2(0,2)

+2*Xl(3,3)*X2(2,3)
+3*Xl(O,2)*X2(0,O)
+I*XI(l,2)*X2(O,2)
+l*Xl(0,3)*X2(1,2)
+I*X](l,2)*X2(l,2)
+I*Xl(1,2)*X2(0,1);

tt2.mvl is the name of input data file. In this example there Is
only one expression. It is a 4-valued 2-variable expression with
11 terms in it. A I(semicolon) terminates the expression.)

(2) WHEN THE USER HAS MULTIPLE EXPRESSIONS,THE INPUT FILE MAY LOOK AS

FOLLOWS. THERE ARE THREE EXPRESSIONS AND ALL OF THEM ARE 4-VALUED

2-VARIABLE LOGIC EXPRESSIONS.

4:2!
+2*X](3,3)*X2(1,3)
+3*Xl(1,3)*X2(1,2)

+I*Xl(1,3)*X2(l,I)
+I*Xl(1,3)*X2(1,3)
+2*XI(I,2)*X2(0,2)1
4:2:
+I*Xl(I,2)*X2(3,3)
+2*X1(O,2)*X2(O,2)

+2*Xl(3,3)*X2(2,3); *
4:2:
+l*XI(1,2)*X2(1,2)
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+1*X1(1,2)*X2(0,J)
+2*Xl(O,O)*X2(I,l)
+3*Xl(O,l)*X2(1,3);
(input data file; tt3.mvl

(3) WHEN THE USER APPLIES TEST VECTORS TO EACH VARIABLE FOR VERIFICATION,

THE INPUT DATA FILE LOOKS AS FOLLOWS.

4:2:
+2*X(1,3)*X2(l,1)
+1*Xl(3,3)*X2(1,3)
+2*XI(1,2) X2(0,2)
41*XI(I,2)*X2(3,3)
+2'XI(0,2)*X2(0,2)
+2AX1(3,3)*X2(2,3)
+3*X (0,2)*X2(0,0)
+I*Xl(1,2)*X2(0,2)
+1*X1(0,3)*X2(1,2)
+I*XI(1,2)*X2(1,2)
+I*XI(1,2)*X2(0,1);

XI(0,3)X2(0,3);
(test vector for the it ut expression above. Be sure to put ' at the
end. No need to put '*4 between variables. In this case test vector
has the range 0 through 3 for both variables XI and X2. The user can
specify any arbitrary test vector to each variable, for instance,
XI(O,I)X2(2,2).)
( input data file; tt4.mvl

(4) WHEN THERE ARE DON'T,qARE TERMS IN THE EXPRESSION,USE '?'(QUESTION MARK)

FOR TIIE COEFFICIENT,AS THE FOLLOWING EXAMPLE.

4:2:
+2*X1 1,3)*X2(l,l)
+I*X] 1,3)*X2(1,3)
+2*Xl(1,2)*X2(0,2)
+?*XI (1,2)*X2(3,3)
+2*Xl (0,2)*X2(0,2)
+2*XI( 3,3)*X2(2,3)
+3Xl(0,2)*X2(0,0)
+1*Xl(1,2)*X2(0,2)
+1*X (0,3)*X2(1,2)
+-I Xl(1,2)*X2(1,2)
+l*XI(l,2)*X2(0,1);

Xi(0,3)X2(0,3);
input data file; tt5.mvl
Don't care term is 4th term from above with its coefficient '?')

(c) HOW TO PERFORM LOGIC MINIMIZATION AND SELECT OUTPUT OPTIONS TO GET TIlE

DESIRED RESULTS.

GETTING HELPsTIERE IS A HELP ROUTINE FOR THE USERS WHO ARE NOT FAMILIAR

WITH ALL OPTIONS AVAILABLE IN TIlS CAD.

TYPE THE FOLLOWING COMMAND FOR HELP

mvl--

24



(The following HELP messages appears on the screen ......

MVL V1.0 Copyright 1988 Naval Postgraduate School

usage: mvl (-eimrsvqDPGj 1-0.0] 1-oFile] (-xFile (file ...
-e - Print the original expression, as parsed
-i - Print each implicant found
-m - Print the Karnauth map of the original and each

successive expression
WARNING: impractical for nvar > 3

-v - Verify the minimal solution
-s - Print statistics on selected heuristics
-q - Quiet, don't print final results
-0.0 - Build source expressions for all solutions

whose ratio to the original number of terms
exceeds this number and output them to a file
(default is "x.mvl")

-D - Execute th- Dueck & Miller heuristic (default)
-P - Execute the Pomper & Armstrong heuristic
-G - Execute the Gold heuristic
-xFile - Output source expressions built using -0.0 to "File"

instead of "x.mvl"
-oFile - Ouput formatted solutions to "File"

(Notel In the above HELP messages "print" means "output to CRT".)

(EXAMPLE 1) USING POMPER AND ARMSTRONG ALGORITHM ON tt2.mvl, OUTPUT ORIGINAL

EXPRESSION AS PAR6ED AND FINAL RESULT.

(command line is as follows ......
ece:/work/mag
% mvl -Pe tt2.mvl

( the following appears on the screen ......

MVL Vl.0 Copyright 1988 Naval Postgraduate School

Expression:

radix: 4
nvars: 2
nterms: 11
coeff: 2

X1(1,3)
X2(1,1)

coeff: 1
X1(1,3)
X2(1,3)

coefft 2
X1(1,2)
X2(0,2)

coeff: 1
Xl(1,2)
X2(3,3)

coeff: 2
Xl(0,2)
X2(0,2)

coeffi 2
X1(3,3)
X2(2,3)
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coeff: J
Xl(0,2)
X2(0,0)

coeff: 1
XI(1,2)
X2(0, 2)

coeff: 1
Xl(0, 3)
X2( 1,2)

coeff: 1
Xl(1, 2)
X2(1,2)

coeff: 1
XI(1, 2)
X2(0, 1)

P&A! 3/U1 Implicants - 0.27
the last line showq that the POMPER AND ARM1STRONG heuristLc produced a
realization of 3 product terms starting with 11 product terms, for a
reduction of 27%)

(EXAMPLE 2) USING DUECK AND MILLER ALGORITHM ON tt2.mvl, OUTPUT

EACH IMPLICANT FOUND AND FINAL RESULT.

(command line is as follows
ece:/wcrk/mag
% mvl -Di tt2.mvl

the following appears on the screen .....

MVL Vl.0 Copyright 1988 Naval Postgraduate School

D&M HIM: 2*Xl( 1, l,*X2( 3, 3)
Imp: 2*XI( 1, 2)*X2( 3, 3)

D&M HIM: 3*Xl( 3, 3)*X2( 3, 3)
Imp: 3*XI( 3, 3)*X2( 1, 3)

D&M MIM: 3*X1( 2, 2)*X2( 0, 0)
Imp: 3*Xl( 0, 2)*X2( 0, 2)

D&M: 3/11 implicants - 0.27

(EXAMPLE 3) USING GOLD ALGORITHM, OUTPUT THE KARNAUGH MAP OF THE ORIGINAL AND

EACH SUCCESSIVE EXPRESSION AND FINAL RESULT.

(command line is as follows ...)
ece:/work/mag
% mvl -Gm tt2.mvl

the following appears on the screen ......

MVL V1.0 Copyright 1988 Naval Postgraduate School

Orig map (D&M)s
3. 3. 3. 0
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3. 3. 3. 3.
3. 3. 3. 3.
0 2 2 3.

3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
o 0 0 3.

3. 3. 3. 0
3. 3. 3. 4.
3. 3. 3. 4.
0 0 0 4.

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 0 0 4.

Orig map (P&A)t
3. 3. 3. 0
3. 3. 3. 3.
3. 3." 3. 3.
0 2 2 3.

4. 4. 4. 0
4. 4. 4. 3.
4. 4. 4. 3.
0 2 2 3.

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 2 2 4.

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 0 0 4.

Gold(---): 3/11 implicants - 0.27

(Note, .(dot) after a number denotes a highest logic value or don't
care generated in the course of a minimization. Don't cares in the
original function have no dot.)

(EXAMPLE 4) USING POMPER AND ARMSTRONG ON tt2.mvl, OUTPUT THE ORIGINAL

EXPRESSION AND K-MAP OF THE ORIGINAL EXPERSSION AND EACH

SUCCESSIVE EXPRESSION WITH FINAL RESULT.

commnad line is as follows ......
ece/work/mag
I mvl -Pei tt2.mvl

the following appears on the screen .....

MVL V1.0 Copyright 1988 Naval Postgraduate School

27



Expression:

radix: 4
nvars! 2
nterins: 11
coeff: 2
Xl(1,3)
X2(1,1)

coeff: 1
Xi(1,3)
X2(1,3)

coeff: 2
X1(1,2)
X2(0,2)

coeff: 1
X1(1,2)
X2(3,3)

coeff: 2
X(0,2)
X2(O,2)

coeff: 2
Xl(3,3)
X2(2,3)

coeff: 3
XI(0,2)
X2(0,0)

coeff: 1
XL(1,2)
X2(0,2)

coeff: 1
X1(0,3)
X2(1,2)

coeff: 1
Xl(1,2)
X2(1,2)

coeff: 1
X1(1,2)
X2(0,1)

P&A HIM: 3*XI( 1, 1)*X2( 0, 0)
Imp: 3*X1( 0, 2)*X2( 0, 2)

P&A MIM: 3*X1( 3, 3)*X2( 3, 3)
Imp: 3*X1( 3, 3)*X2( 1, 3)

P&A MIM: 2*Xl( 1, 1)*X2( 3, 3)
Imp: 2*X1( 1, 2)*X2( 0, 3)

P&A: 3/11 implicants - 0.27

(EXAMPLE 5) USING DUECK AND MILLER O4 tt2.mvl, OUTPUT TIHE ORIGINAL

EXPRESSION AND K-MAP WITH FINAL RESULT.

(commani line is as follows ......
ece:/work/mag
% mvl -Dem tt2.mvl

(the following appears on the, screen .......

MVL VI.0 Copyright 1988 Naval Postgraduate School
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Expression:

radix: 4
nvars: 2
nterms: 11
coeff: 2

XL(1,3)
X2(1,1)

coeff: 1
X1(],3)
X2(1,3)

coeff: 2
Xl(1,2)
X2(0,2)

coeff: 1
X1(1,2)
X2(3,3)

coeff: 2
XI(0,2)
X2(o,2)

coeff: 2
XI(3,3)
X2(2,3)

coeff: 3
X1(o,2)
X2(o,o)

coeff: 1
Xl(1,2)
X2(0,2)

coeff: 1
X1(0,3)
X2(1,2)

coeff: I
Xl(l,2)
X2(1,2)

coeff: 1
XI(1,2)
X2(0,1)

Orig map (D&M):
3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
0 2 2 3.

3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
0 0 0 3.

3. 3. 3. 0
3. 3. 3. 4.
3. 3. 3. 4.
0 0 0 4.

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 0 0 4.

D&M, 3/11 implicants - 0.27
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(EXAMPLE 6) USING GOLD AUGORITII ON tt2.mvl, OUTPUT THE ORITGINAL EXtFiiSFIOt1,
K-MAP AND EACH IMPLICANT FOUND WITH FINAL RESULT.

command line is as follows ...... )
ece:/work/mag
% mvl -Geim tt2.mvl

The following appears on the screen .......

MVL V1.0 Copyright 1988 Naval Postgraduate School

Expression:

radix- 4
nvarst 2
nterms: 11
coeff: 2

Xl(1,3)
X2(l,1)

coeff: 1
Xl(1,3).
X2(1,3)

coeff: 2
Xl(1,2)
X2(0,2)

coeff: 1
Xl(1,2)
X2(3,3)

coeff: 2
X1(0,2)
X2(0,2)

coeff: 2
XI(3,3)
X2(2,3)

coeff: 3
X1(0,2)
X2(0,0)

coeff: 1
XI(1,2)
X2(0,2)

coeff: 1
Xl(0,3)
X2(1,2)

coeff: 1
Xl(1,2)
X2(1,2)

coeff: 1
XI(1,2)
X2(0,1)

Orig map (D&M),
3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
0 2 2 3.

D&M MIM: 2*X1( 1, l)*X2( 3, 3)
Imp: 2*Xl( 1, 2)*X2( 3, 3)

3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
o 0 o 3.
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D&M M IM: 3*X1( 3, 3),X2( 3, 3)
Imip- 3*x1( 3, 3)*x2( 1, 3)

3. 3. 3. o
-3. 3. 3. 4.

3. 3. 3. 4.
0 0 0 4.

D&M MIM: 3*X1( 2, 2)*X2( 0, 0)
Imp: 3*X1( 0, 2)*X2( 0, 2)

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 0 0 4.

Expression:

radix- 4
flvars., 2
fltermst 11
coeff: 2

X1(1, 3)
X2(1,1)

coeff! 1
Xl (I, 3)
X2(1,3)

coeff: 2
XL(1,2)
X2(0, 2)

coeff: 1
X1(1,2)
X2(3,3)

coeff: 2
Xl(0, 2)
X2(0, 2)

* coeff: 2
X1(3,3)
X2(2,3)

coeff: 3
X1(0, 2)
X2(0,0)

coeff: I
Xl(1,2)
X2(0,2)

coeff: 1
Xl(0, 3)
X2(1, 2)

coeff: 1
XI(l,2)
X2( 1,2)

coeff: 1
X1(1, 2)
X2(0, 1)

Orig map (P&A):
3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
0 2 2 3.

P&A MIII: 3*Xl( 1, 1)*X2( 01, 0)
Imp- 3*X1( 0, 2)*X2( 0, 2)
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4. 4. 4. 0
4. 4. 4. 3.
4. 4. 4. 3.
0 2 2 3.

P&A MIM: 3*Xl( 3, 3)*X2( 3, 3)
Imp: 3*Xl( 3, 3)*X2( 1, 3)

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 2 2 4.

P&A MIMi 2*Xl( 1, 1)*712( 3, 3)

Imp: 2*X1( 1, 2)*X2( 0, 3)

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 0 0 4.

Gold(---): 3/11 implicants - 0.27
(Note, Go]d(---) means that bolh P&A and D&M have the same result and
the resulting expression of D&M is chosen on ties.)

(EXAMPLE 7) USING GOLD ON tt2.mvl, OUTPUT STATISTICS ON SELECTED ALGORITHM

WITH FINAL RESULT:

(command line is as follows .......
ece:/work/mag
% mvl -Gs tt2.mvl

(The following appears on the screen ......

MVL VI.0 Copyright 1988 Naval Postgraduate School

Gold(---): 3/11 implicants - 0.27

Statistics for D&M:

Num Num Num Avg Hum
Radix Var Expr Terms Term/FVpr

4 2 1 11 11.00

Eval Comp Pick Comp Gen Next Vald
Expr CF MIM RBC Bounds Impl Inwl

Tot- 1254 173 4 23 3 27 24
Avg/Expr: 1254.00 173.00 4.00 23.00 3.00 27.00 24.00
Avg/Term: 114.00 15.73 0.36 2.09 0.27 2.45 2.18

Statistics for P&A:

Num Num Num Avg Num
Radix Var Expr Terms Term/Expr

4 2 1 11 11.00

Eval Pick Gen Next Valid
Expr MIM Bounds Impi Impl

Tot- 534 4 3 30 27
Avg/Expr: 534.00 4.00 3.00 30.00 27.00
Avg/Term: 48.55 0.36 0.27 2.73 2.45
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(EXAMPLE 8) USING GOLD ON tt4.mvl, VERIFY THE MINIMAL SOLUTION BY TEST

VECTORS SPECIFIED IN TIHE INPUT FILE.

(comnand line is as follows ......
ece:/work/mag
% mvl -Gv tt4.mvl

the following appears on the screen ......

MVL Vl.0 Copyright 1988 Naval Postgraduate School

Gold(---)t 3/11 implicants - 0.27

Verification:

Xl(0,3)
X2(0,3)

(0,0) - 3
(1,0) - 3
(2,0) = 3
(3,0) - 0
(0,1) - 3
(1,1) - 3
(2,1) - 3
(3,1) - 3
(0,2) - 3
(1,2) - 3
(2,2) - 3
(3,2) - 3
(0,3) - 0
(1,3) - 2
(2,3) - 2
(3,3) - 3

(EXAMPLE 9) USING GOLD ON tt5.mv,OUTPUT THE ORIGINAL EXPRESSION,IMPLICAtII

FOUND, K-MAP, STATISTICS ON TIE SELECTED ALGORITIHI,AND VERIFI-

CATION OF FINAL RESULT.

INPUT EXPERSSION HAS A DON'T CARE TERM IN IT.

(command line is as follows ......

ece:/work/mag
% mvl -Geimsv tt5.mvl

(The following appears on the screen ......

MVL Vl.0 Copyright 1988 Naval Postgraduate School

Expression:

radix: 4
nvars: 2
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nterms: 11
coeff: 2
X1(1,3)
X2(1,1)

coeff: 1
X1(1, 3)
X2(1, 3)

coeff: 2
X1(1,2)
X2(o, 2)

coeff: 4
X1(1,2)
X2(3,3)

coeff: 2
Xl(0, 2)
X2(0, 2)

coeff: 2
X1(3,3)
X2(2,3)

coeff: 3
X1(0,2)
X2(o,o)

coeff: 1
Xl(1,2)
X2(0, 2)

coeff: 1
Xl(0,3)
X2(1,2)

coeff: 1
XI(1,2)
X2(1, 2)

coeff: 1
X1(1,2)
X2(0,1)

Orig map (D&M):
3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
0 4 4 3.

D&M MIM: 3'X1( 3, 3)*X2( 1, 1)
Imp: 3*Xl( 0, 3)*X2( 1, 2)

3. 3. 3. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 4 4 3.

D&M HIM: 3*Xl( 3, 3)*X2( 3, 3)
Imp: 3*X1( 3, 3)*X2( 3, 3)

3. 3. 3. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 4 4 4.

D&M MIM: 3*Xl( 2, 2)*X2( 0, 0)
Imp: 3*XI( 0, 2)*X2( 0, 0)

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 4 4 4.

34



Expression:

radix- 4
nvars: 2
nterms: 11
coeff: 2

X1(1,3)
X2(1.J )

coeff: 1
XI(1,3)
X2(1,3)

coef f 2
X1(1,2)
X2(0, 2)

coeff: 4
XI(1 .2)
X2(3,3)

coeff: 2
X1(O, 2)
X2(0, 2)

coeff: 2
X1C 3, 3)
X2t2,3)

coeff: 3
XI(O, 2)
X2(0 0)

coeff: 1
X1(1,2)
X2(0, 2)

coeff: 1
X1(O,3)
X2(1,2)

coeff: I
X1(1,2)
X2(1,2)

coeff: 1
XL(1,2)
X2(0,1)

orig map (P&A):
3. 3. 3. 0
3. 3. 3. 3.
3. 3. 3. 3.
0 4 4 3

P&A HIM: 3*X1( 2, 2)*X2( 1, 1)
Impi 3*X1( 0, 2)*X2c 0, 2)

4. 4. 4. 0
4. 4. 4. 3.
4. 4. 4. 3.
0 4 4 3.

P&A MIM: 3*XI( 3, 3)*X2( 2, 2)
Impt 3*Xl( 1, 3)*X2( 1, 3)

4. 4. 4. 0
4. 4. 4. 4.
4. 4. 4. 4.
0 4 4 4.

Gold(P&A)i 3/11 implicants 0,27

Verification: .

XL(0,3)
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X2(0,3)

(0,0) - 3
(1,0) - 3
(2,0) - 3
(3,0) - 0
(0,1) - 3
(1,1) - 3
(2,1) - 3
(3,1) - 3
(0,2) - 3
(1,2) - 3
(2,2) - 3
(3,2) - 3
(0,3) - 0
(1,3) - 3
(2,3) - 3
(3,3) - 3

Statistics for D&M:

Num Num Hum Avg Num
Radix Var Expr Terms Term/Expr

4 2 1 11 11.00

Eval Comp Pick Comp Gen Next Valid
Expr CF MIM RBC Bounds Impl In'pl

Tot: 1334 169 4 31 3 36 33
Avg/Expr: 1334.00 169.00 4.00 31.00 3.00 36.00 33.00
Avg/Term: 121.27 15.36 0.36 2.82 0.27 3.27 3.00

Statistics for P&A:

Num Hum Num Avg Num
Radix Var Expr Terms Term/Expr

4 2 1 11 11.00

Eval Pick Gen Next Valid
Expr HIM Bounds Impi Impl

Tot: 811 3 2 54 52
Avg/Expr! 811.00 3.00 2.00 54.00 52.00
Avg/Term: 73.73 0.27 0.18 4.91 4.73

(EXAMPLE 10) USING GOLD ON tt2.mvl, IF USER DOESN'T NEED FINAL RESULT

SPECIFY -q FLAG.

(command line is as follows .......
ece:/work/mag
I mvl -Gq tt2.mvl

the following appears on the screen ......

MVL V1.0 Copyright 1988 Naval Postgraduate School

(d) HOW TO GENERATE LAYOUT FILE IN MAGIC FORMAT.
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SPECIFY INPUT , OUTPUT FILE AND TIE SELECTED MINIMIZATION ALGORITHIM.

THE FINAL RESULT WILL BE STORED IN THE OUTPUT FILE WITH FOMATTED

SOLUTION.

(command line is as follows. input file: tt2.mvl, outfile: tt2.out
and output file should have -o flag.)
ece:/work/mag

% mvl -G tt2.mvl -ott2.out

The formatted final solution will be saved in an output file which
will be used for layout generation. If the minimization result Is
worse than the original expression, the original expression will be
output for producing the layout.)

the following appears on the screen ......
MVL VI.0 Copyright 1988 Naval Postgraduate School

Gold(---)1 3/11 implicants - 0.27

(The formatted output is as follows.)

I of input I of output
coeff
lower upper
lower upper

99 (sentinel)

/* I of input - I of varialles
# of output - I of expressions */

(an example of the formatted output)

21
2
12
33
3
33
13
3
02
02
99

The following command initiates the layout generation
by using output file ,called tt2.out

ece:/work/mag
I mvpla tt2.out

(The following appears on the screen .....

Input i tt2.out
Output file i tt2.otht.mag
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Check:
2 inputs I outputs function

fO - 2x0(l,2)xl(3,3)
+ 3x0(3,3)xl(l,3)
+ 3x0(0,2)xl(0,2)

Now, generating CMOS-MV-PLA layout in magic format ......

fO - 2x0(l,2)xl(3,3)
+ 3x0(3,3)xl(l,3)
+ 3x0(O,2)xl(0,2)

Output to tt2.out.mag...

Done !

************* EXIT **********

Once layout file with the Magic format is created,
the user needs to invoke the Magic graphic package.)
command line is as follows .....

ece:/work/mag
% Magic tt2.out

(The following appears on the screen .....
8 ,

Magic - Version 4.10 - Last updated 12/6/85 at 18:33:06

Using technology "scmos".

tt2.out: 500 rects

(After the whole layout is displayed on the CRT, the user can create a file
for use in generating a hard copy of the layout and exit by typing the
the following command to create the .cif file for plotting.)

:cif write tt2.out
).quit

(The following command line allows the user to have a hard copy of layout.)
ece:/work/mag
% Cifplot -r tt2.out.cif
(11 20267

ece:/work/mag
% Window: -10950 12600 -2100 51000
Scale: 1 micron is 0.0198588 inches (504x)
The plot will be 0.39 feet

[]] Done cifplot -I -P /tools/berk86/lib/patterns -r tt2.out.

(the following is an example of a hard copy of MVL-PLA layout.)
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TIIS COMPLETES TIHE DESIGN PROCEDURE FOR THIS CAD TOOL.

2.ANALYSIS PROCEDURES

THERE IS A RANDOM EXPRESSION GENERATOR IN THIS CAD. THE USER CAN GENERATE

A SET OF RANDOM EXPRESSIONS OF A SPECIFIC CLASS AND ANALYZE THE DIFFERENT

MINIMIZATION PROGRAMS.
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(A) 1OW TO GENERATE RANDOM EXPRESSIONS

(EXAMPLE 1) THERE IS HELP MANUAL FOR USERS WHICH CAN BE OBTAINED AS FOLLOWS.

ece!/work/mag
% mvltest --

(The following HELP messages appears on the screen .....

MVLTEST V1.0 Copyright 1988 Naval Postgraduate School

usage: mvltest (-sN -rN -iN -tN -oNj
-I CjcX L it LatiGuin seed 14 Imes (default - 0)
-rN - Set radix to N (default : 4)
-iN - Set number of inputs to N (default - 2)
-tN - Set number of terms to N (default - 1)
-ON - Set number of output to N (dufault - 1)

(EXAMPLE 2) THE FOLLOWING COMMAND INITIATES A RANDOM FUNCTION GENERATOR

TO CREATE A SET OF RANDOM EXPRESSIONS. IT CYCLES THE RANDOM SEED 50

TIMES AND GENERATE 20 EXPRESSIONS OF 4-VALUED 2-VARIABLE LOGIC EXP

RESSION. ALL OF THEM ARE STORED IN tt6.mvl AND HAVE 10 PRODUCT TERMS.

THE NUMBER OF OUTPUTS IS THE NUMBER OF FUNCTIONS IN THE SAMPLE SET.

(command line is as follows.-...)
ece:/work/mag
% mvltest -s50 -r4 -12 -tl0 -o20 > tt6.mvl

(The following is a set of random expressions generated by
the previcus command.)

4-2:
+2*X](l,3)*X2(3,3)

+1*Xl(0,0)*X2(l,2)
+l*Xl(0,3)*X2(l,2)
+l*XI(l,2)*X2(O,2)+I*XI(1,2)*X2(0,1,)
+2*Xl(0,0)*X2(l,l)
43*X](0,1)*X2(1,3)
+2*X](3,3)*X2(0,1)
+3*Xl(0,3)*X2(l,l)
+2*Xl(0,3)*X2(0,0);

412:
4l*XI(0,3)*X2(0,3)
+2*Xl(1,1)*X2(0,3)
41*X1(3,2)*X2(O,I)
+l*XI(1,1)*X2(O,2)
+3*XI(O,O)*X2(2,2)

+I*XJ(3,3)*X2(0,3)
+2*Xl(I,2)*X2(1,1)
2*XI(1,1)*X2(2,2)
3*XI(3,3)*X2(0,3)

+I*Xl(1,1)*X2(1,1)1
4:2:

+2*XI(1,2)*X2(0,1)
+3*XI(l,2)*X2(0,3)
+3*Xl(2,3)*X2(0,1)
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+2*X1(0,1)*X2(2, 3)
+2*XI(I,3)*X2(2, 2)
+1*X1(0,2) *X2(3,3)
+3* 1, 1) *X2( 0 ,1)

+2*XL(0,0) X2(0, 3)
+3*X1(3,3)*X2(0,2);

4:2:
+XI12) *X2( 3, 3)

+2*XI (1,2,*x2(2,3,
+1*X1( 0, 1)*X2( 1,2)
+1*X1( 1.3) *X2( 3, 3)
+3*Xl( 0, 3) *x2(1,1)
+1*X1( 3,3) *X2( 2, 3)
+3*XI(3, 3) *X2( 1,2)

+*I1, 2)*X2(3, 3)
4-1*X1(0, )*X2(3,3)
+3*XI(0,1)*X2(1,3,i

412-

+3 *l( 2, 2) *X2(3,3)
+1*X1(0,1) *X2(1,3)
+3*Xl(1, 3) *X2( 2, 3)
4-2*X1( 1, 1) X2( 0,2)
+3*Xl(0,2) *X2(2,3)
+1*XI (2,2)*X2(1,1)
+1 *X1(2, 2)*X2(1,2)
+1*Xl( 2, 2)*X2(2, 2)
+3*XL(0,1)*X2(1,2);

4:2:
+3*X1( 1,2) *X2(1, 2)
+3*X1(2,3)*X2(1,1)
+1*X1(2, 2)*X2(0,0)
+3*X1( 1, 2)*X2(l, 1)
+1*XI(3, 3)*X2(1, 2)
+3*X] (1,3)*x2(0,0)
42*Xl(0, 2)*X2(1,2)
+1*X] (0,1)*X2(1,3)
+1*X1(0,1) *X2(0,0)
+3*X1(3,3)*X2(0,o, ;

42+3*X1(0,3) *X2(1,3)
+3*X1(1,1)*X2(1, 3)

+2*XI (0,3) *X2(0,2)
+3*xj (2,3)*X2(0,1)
+2*Xl( 0,1) *X2(3, 3)
+3*X1(0, 2)*X2(3, 3)

+3*X1(1,1)*X2(l, 1)
+2*XI (0,1) *X2( 1,1)
+3*X1(2,2)*X2(0,3);

4:2:
+3*X1(1, 2)*X2(1,2)
+1*X1(0,3)*X2(2, 3)
+2*X1 (3,3) *X2(2,3)
+3'X1(0,3) *X2(1, 1)
42*X1(2, 3)*X2(2, 3)
+2*X1(0,0) *X2(0,0)
+3*XI(0,0) *X2(l,1)
+3*x1 (0, 1)*X2(1, 2)
+3 'XI( 2, 3)*X2(0, 0)
+3*Xl( 2,3) *X?(0, 1)

4.-2:
+3*X1(2,3)*X2(O,3)
+3*XL(0, 2) *X2(0, 2)
+3*X1(1, 2) *X2(2,2)
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+1*X](0, 0) 'X2( 2, 3)
+1*XI( 0, 3)*X2( 2, 2)
42*XJ (1,3)*X2(0,0)
+2*Xl(1, 1)*X2(1,3,
+1*X1 (0,2)*X2(0, 1)
+3*Xlc0,1p'X2(3, 3)

4:2:
+3*XI (2,2) &X2(0, 1)
+1*XI (0,2) *X2( 2,2)
+43*x3 (0,3)*X2(2, 3)
+2*Xl(0,1,*X2(1,3)
+2*X1(0,0) *x2(1,2)
+1*XM(3,3)*X2(0, 3)
+2*X1(1, 3) *X2(2,3)
+1*X1 (0, 3)*X2(0,0,
+2*X1(3, 3) *X2(1, 3)
-3 *X1( 0, 0)*X2( 1, 1)

4:-2:
+1*X] (0,3) *X2( 2,2)
+3*Xl(1,3)*X2(0, 3)

4-]*X1, 1)*X2( 0,1)
+1*XI(1,3) *X2(1, 1)
41*X1( 3, 3)*X2( 2,3)
+3*Xl( 2,3)*X2( 2, 3)
+2*x1(0, 1)*X2(l,l)
+1*XI( 1,3) *X2(), 2)
+1*X1( 0, 0) *x2(3, 3)

4:2:-
+1*Xj (0,1)*X2(2,3)
4+2*X1(1,3)*X2(C,2)
+3*XI(1,3)*X2(2,3,
4] *Xl(1,3)*X2(2,3)
4-1*X](0,2) *X2(0, 1)
*3*Xl(0, 1) *X2(0, 0)
4-2*XIc2, 2)*X2(1,3)
+3*X1(2,2, *X2(0, 3)

4:2:
41*Xl( 0, 3)*X2( 3,3)
4+2*xl(0, 3) *X2(2, 2)
4+1*X1(0,3)*X2(0, 3)
4-1*Xl(0, 1) *X2(0, 2)
4-1*X1(2, 3) *X2(0,3)
+3*Xl(1, 3)AX2(0, 2)
+2*Xl(0, 1) *X2(0, 2)
+1*X1( 2,2) *X2(3, 3)
+1'XI (1,1) *X2(0, 3)
+3*Xl(1, 2) *X2( 2,2) ;

+2*Xl(0,0) *X2(0,0,

43*X(2,3*X2(0,3)

2*XI(3,3)*X2(1, 2)
+3*XJ( 0, 0)*X2( 2, 2)
+2*xl( 0, 1,*X2( 0, 2)
+2 X1( 2, 3)*X2( 1, 3)
+2*X1(1,1)*X2(1, 2)
+2*X1(O,1)AX2(3,3)i

4:2:
+2*XJ(1,3,*X2(l,1, .

+2*X1(0, 2) 'X2(0,3)
+1*Xl(0,3)*X2(3,3)
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+2*X1(0,3)*X2(0,0)
43 *XJ (0, 2)-X2( 0, 3)
+1*XI3(1,3) 'X2(l 1)
+1*X1( 0, 0)*X2( 1, 3)
+3-X1(2,2)*X2(0,0)
+3'X ( 2, 3) *X2(1, 2)
+2*XI(0,3) AX2(0,2);

4:2:
+2*Xl( 2, 3)*X2( 2, 2)
4+2*X1( 1,2) *X2(1, 1)
43*X1(1,3PIX2(1,2)
42*X1 (3,3) *X2( 1,1)
+1'X1( 1, 1)*X2( 3, 3)

43*X1( 2, 3)'X2( 1,3)
41 *X](3,3) *X2(2,2)
+1*XI (1, 2) *X2(l1,3)
+2*X1( 2,2) *X2( 2,3);

4:2:
+3*XI( 1,2)'X2( 0, 0)
4+3*Xl(0,1)*X2(3,3)
+3*X1( 2, 3)'X2( 2,2)
+2*XI(3,3)&X2(3,3)
4f1*Xi(0,0)*X2(1,3)
4-1*XI( 1, 1) X2( 2,2)
+1*X] (0,3)*X2(1,3)
+3*Xl(0, 1) 'X2(1, 1)
+3*X1(0,3) *X2(1, 2)
+2*X( 3, 3) *X2( 2, 2)

4: 2
43 "Xl0, 3)*X2( 0, 0)

+3*XI (0,1) *X2(2 2)
4-1*X1( 2,2) *X2( 3,1)
+2*X1(3,3)*X2(l, 1)
+3*XI (0,3)*X2(1,2)
+1*Xl(l ,],)*X2(2,3)
+3*Xl(1, 1) *X2(0, 2)
+3*Xl(1,3)*X2(0,3)
+1*XI(3,3)*X2(2,3);

4:2:
+3*X1(0,3) AX2(0,0)
41*X1(1, 3)*X2( 0, 2)
4-3*Xl( 2,3) *X2(0, 1)

+1*X1( 0, 2) X2(0, 0)

+2*Xl (3,3)*X2(3,3)
+2*XI (0,3)*X2(3,3)
+3*Xi.(1, 3)*X2(l, 1)
+2*XI(0,2)*X2(0,3)1

4:2:
+3 *XI(2, 2)*X2( 1, 3)
+1*XI( 2, 3) X2(2, 2)
+1*XI (0,0)*X2(1, 2)
+2*Xl(0, 1) *X2(0,3)
+3*X1(0,3) *X2(0,0)
4-2*Xl( 1,1) *X2( 1,2)
+3*X1(0,3)*X2(0,2)
+3*XI(2,3) *X2(0,O)
41*X1( 0, 2) X2(0, 2)
+2*X1(1,3)*X2(0,3);

(data file; tt6.mvl)
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(EXAHPLE 3) THE FOLLOWING COMMiAND LINE APPLIES Gold ON tt6.mvl. THE

STATISTICS AND THE FINAL RESULTS ARE FOLLOWED.

ece:/woik/mag
% mvl -Gs tt6.mvl

MVL Vl.0 Copyright 1988 Naval Postgraduate School

Gold(P&A), 6/10 implicants - 0.60

Gold(---): 6/10 implicants - 0.60

Gold(---)? 3/10 implicants - 0.30

Gold(---)t 5/10 implicants - 0.50

Gold(---)t 4/10 implicants - 0.40

Gold(D&M): 4/10 implicants - 0.40

Gold(---)1 3/10 implicants - 0.30

Gold(---)1 4/10 implicants - 0.40

Gold(---): 1/10 implicants - 0.10

Gold(---)t 7/10 implicants - 0.70

Gold( -- ): 3/10 implicants - 0.30

Gold(P&A)i 6/10 implic nts - 0.60

Gold(---): 3/10 implicants - 0.30

Gold( -- ): 5/10 implicants - 0.50

Gold(---), 3/10 implicants - 0.30

Gold(---)% 4/10 implicants - 0.40

Gold(D&M): 4/10 implicants - 0.40

Gold(---)1 2/10 implicants - 0.20

Gold(---)- 5/10 implicants - 0.50

Gold(---)? 3/10 implicants - 0.30

Statistics for D&M:

Num Num Num Avg Nuim
Radix Var Expr Terms Term/Expr

4 2 20 200 10.00

Eval Comp Pick Comp Gen Next Valid
Expr CF MIM RBC Bounds ImpI Impi

Tot- 31979 3012 101 943 81 904 970
Avg/Expr: 1598.95 150.60 5.05 47.15 4.05 45.20 48.50
Avg/Term: 159.89 15.06 0.51 4.71 0.40 4.52 4.85

Statistics for P&A,
.5

Num Num Num Avg Num
Radix Var Expr Terms Term/Expr
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4 2 20 200 10.00

Eval Pick Gen Next Valid
Expr MI M Bot'rnds ImIpi Impl

Tot! 16638 101 81 1032 1033
Avg/Expr: 831.90 5 05 4.05 51.60 51.65
Avg/Term: 83.19 0.51 0.40 5.16 5.17

(EXAMPLE 4) HERE GENERATE ANOTHER SET OF RANDOM EXPRESSIONS,10 EXPRESSIONS

OF 4-VALUED 3-VARIABLE LOGIC EXPRESSION AND SAVE THEM IN THE DATA FILE

tt7.mvl,

(cotmnand line is as follows ......
ece!/work/mag
% mvitest -r4 -13 -t5 -o10 ) tt7.mvl

(EXAMPLE 5) APPLY Gold ON tt7.mvl, GET THE FINAL RESULTS AND STATISTICS.

(commmand line is as follows .....
ece: /work/mag
% mvl -sG tt7.mvl

(the following appears on the screen .......

MVL V1.0 Copyright 1988 Naval Postgraduate School

Gold(---): 4/7 Implicants - 0.57

Gold(D&M): 6/7 implicants - 0.86

Gold(---): 7/7 implicants - 1.00

Gold(P&A): 8/7 implicants - 1.14

Gold(D&M): 7/7 implicants - 1.00

Gold(D&M): 5/7 implicants - 0.71

Gold(D&M): 6/7 implicants - 0.86

Gold(D&M): 7/7 implicants - 1.00

Gold(---): 7/7 implicants - 1.00

Gold()--- 7/7 implicants - 1.00

Statistics for D&Mt

Hum Num Num Avg Nam
Radix Var Expr Terms Term/Expr

4 3 10 70 7.00

Eval Comp Pick Comp Gen Next Val.1d
Expr CF MIM PVC Bounds lmpl Impl

Tot- 54192 252- 74 1126 64 922 1257
Avg/Expr: 5419.20 252.50 7.40 112.60 6.40 92.20 125.70
Avg/Term! 774.17 36.07 1.06 16.09 0.91 13.17 17.96
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Statistics for P&A:

Num Num Num Avg Numn
Radix Var Expr Teims Term. Expr

4 3 10 70 7.00

Eval Pick Gen Next Valid
Expr HIM Bounds Impi Imp.

Tot- 25434 79 69 1269 1333
Avg/Expr: 2543.40 7.90 6.90 126.90 133.30
Avg/Term: 363.34 1.13 0.99 18.13 19.04

(EXAMPLE 6) OUTPUT SOURCE EXPRESSIONS FOR ALL SOLUTIONS WHOSE RATIO TO T1lE

ORIGINAL NUMBER OF TERMS EXCEEDS 1.00. ALL WILL BE STORED IN tt7.out

WHICH HAS -x FLAG ON IT.

(command line is as follows ......
ece:/work/mag

% mvl -1.0 -xtt7.out -Gs tt7.mvl

(the following appears on the screen ......

MVL Vl.0 Copyright 1988 Naval Postgraduate School

Gold(---): 4/7 implicants - 0.57

Gold(D&M): 6/7 implicants - 0.86

Gold(---): 7/7 implicants - 1.00

Gold(P&A): 8/7 implicants - 1.14

Gold(D&M): 7/7 implicants - 1.00

Gold(D&M): 5/7 implicants - 0.71

Gold(D&M): 6/7 implicants - 0.86

Gold(D&M): 7/7 implicants - 1.00

Gold(---): 7/7 Impllcants - 1.00

Gold(---)1 7/7 implicants - 1.00

Statistics for D&M:

Num Num Num Avg Num
Radix Var Expr Terms Term/Expr

4 3 10 70 7.00

Eval Comp Pick Comp Gen Next Valid
Fxpr CF MIM PBC Bounds Irnpl ImpI

Tot- 54192 2525 74 1126 64 922 1257

Avg/Expr: 5419.20 252.50 7.40 112.60 6.40 92.20 125.70
Avg/Term: 774.17 36.07 1.06 16.09 0.91 13.17 17.96

Statistics for P&A:

Num Num Num Avg Num
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Radix Var Expr Terms Term/Expr
4 3 10 70 7.00

Eval Pic~k Gen Next Valid
Expr HIM Bounds Impi Imp!

Tot-: 25434 79 69 1269 1333
Avg/Expr: 2543.40 7.90 6.90 126.90 133.30
Avg/Term: 363.34 1.13 0.99 18.13 19.04

(EXAJMPLE 7) THE FOLLOWING SHOWS ALL THE EXPRESSIONS WHICH EXCEEDS THlE

SPECIFIED RATIO IN THE PREVIOUS COMMAND LINE.

IP&A:6/7
4:3:
42*x(1,2)*x2(1,2)*x3(0,l)

41*xl (0,0) *x2(1,3)*x3(1,1)

+3*xl(1,3)*x2(1,3)*x3(0,3)
4+1*xl(1, 1) *x2( 0,-) *x3(0, 0)
41*xI(0,3)*x2(0,3)*x3(0,2)
+41*xl(1,1)*x2(0,3)*x3(0,1);

ID&M! 8/7
4:3:-
+1*xl(1, 1)*x2( 0, 1)*x3(2, 3)

+2*xl(1,3)*x2(2,2)*x3(0,3)
.f3*x1(0,2)*x2(0,1)*x3 (1.1)
4+2*xI(0, 2)*x2(0,0)*x3 (0, )
43*xl(3,3)*x2(0,2)*x3(0,1)
4-3*xl(3,3) *x2( 1,1) *x3( 2, 2)
+2*xI(2,3)*x2(1,1)*x3(1,3);

# P&A: 8/7
4:3:
+2*xl(0,3)*x2(0,3)*x3(l,l)

4+1*x(3,3)*x2(2,3)*x3(1,3)
4-3*xl(1, 2) *x2(0, 1) *x3( 2, 2)
+3*xl(1,1)*x2(3,3)*x3(2,2)
+3*xl( 2,2) *x2(3, 3) *x3(0, 3)
+2*xl( 0, 1)*x2( 1,3) *x3(1, 1);

I P&A: 8/7
4:3:

+3*xl(0,2)*x2(3,3)*x3(3,3)
+1*xl(1,1)*x2(0,3)*x3(0,3)

+1*xl( 0, 1) x2(1,1) *x3(3, 3)
+2*xlCO,1)*x2(2,3)*x3(1,1)
+2*xl(0, 1) *x2(0, 1) *x3 (0,0)
+3*xl(2,3)*x2(1,3)*x3(0,2);

(data filel tt:7.out)
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APPENDIX B

Program Listing

TIHE FOLLOWING ARE TIHE MODULES USED FOR THE MVL-CAD. THE ENTIRE PROGRAM

IS ABOUT 4,000 LINES LONG.

HERE IS A BRIEF OVERVIEW OF WHAT IS INCLUDED.

(1) VERSION BANNER, HELP DISPLAY AND GLOBAL DATA STRUCTURES FOR MVL-CAD.

(2) main.c

THIS MODULE 1) PROCESSES COMMAND LINE ARGUMENTS 2) OPENS FILES AND

3) CONTROLS THE PARSING, LOGIC MINIMIZATION AND OUTPUT FUNCTIONS.

ALSO, IT INCLUDES Gold(, W1(IC1 IMPLEMENTS THE GOLD HEURISTIC

WHICH CHOOSES BETWEEN POMPER-ARMSTRONG AND DUECK-MILLER,PREFERRING

DUECK-MILLER ON TIES.)

(3) defs.c

THIS MODULE INCLUDES ALL GLOBAL VARIABLE DEFINITIONS.

(4) parse.l

TIIIS MODULE IS A LEX SPECIFICATION FILE FOR THE INPUT SCANNER/PARSER

FOR THE MVL-CAD. IT SPECIFIES TIlE GRAMMAR OF EXPRESSIONS INPUT BY TilE

USER. ALSO, IT INCLUDES verify(, WHICH ALLOWS THE USER TO DETERMINE

TIlE FUNCTION VALUE STORED.

(5) dm.c

THIS MODULE IMPLEMENTS THE DUECK-MILLER HEURISTIC FOR MINIMIZING AN

EXPRESSION.

THE FOLLOWING SUBROUTINS ARE INCLUDED IN THIS MODULE.

a) Dueck Miller()

- performs the Dueck and Miller heuristic on the input expression

and returns the number of implicants used to cover it.

b) _cf(E,X)

- computes the clustering factors at X, where X is a vector of
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coordinates of a non-zero minterm which has the smallest value.

- returns the clustering factor, an integer.

c) *mim(E)

- finds the most isolated minterm determined by the minterm with

smallest CF and returns a vector of integers representing the

coordinate of it or NULL if no more minterms

- the function value at that location is also returned as the last

integer in the vector.

d) valid implicant(I)

- checks implicant validity and returns 1 if the proposed impli-

cant is valid, else returns 0.(An implicant is valid if it is

indeed an implicant of the function.)

e) compute rbc(I)

- accepts implicant I and calculates the relative break count of it.

f) *pick implicant("

- finds the most isolated minterm according to the smallest CF.

- generates all implicants that covers this minterm.

- computes the rbc for each and chooses the implicant with the

smallest rbc (best implicant).

- returns the best implicant.

(6) pa.c

THIS MODULE IMPLEMENTS THE POMPER-ARMSTRONG HEURISTIC FOR MINIMIZING

AN EXPRESSION.

THE FOLLOWING SUBROUTINES ARE INCLUDED IN THIS MODULE.

a) PomperArmstrong()

- performs the Pomper-Armstrong heuristic on the input expression

and returns the number of implicants used to cover it.

b) *mim(E)

- finds the most isolated minterm in the input expression based

on the random weight generated by random number generator.

- returns a vector of integers representing the coordinates of

the most isolated minterm or NULL if no more minterms.
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- the value of the function corresponding to the most isolated

minterm is also returned as the last integer in the vector.

c) random()

- returns a random number using a linear congruential method.

d) valid implicant(I)

- checks implicant validity and if valid, returns 1 and the num_

zeroed, the number of minterms driven to zero by this implicant

when subtracted, else returns 0.

e) *pick-implicant(X)

- finds the most isolated minterm randomly and then produces all

implicants that cover this minterm.

- computes numcovered, the number of minterms covered by this

implicant.

- picks the beqt implicant which drives the maximum number of

minterms to zero. If there are more than one such Implicant

the largest implicant is chosen.

- returns the best implicant.

(7) common.c

THIS MODULE INCLUDES HEURISTIC SUPPORT FUNCTIONS COMMON TO DUECK-MILLER

AND POMPER-ARMSTRONG.

THE FOLLOWING SUBROUTINES ARE INCLUDED IN THIS MODULE.

a) *_eval(E,X)

- evaluates the expression at (xl,x2,x3 ..... ,xn)

b) *next-coord(T)

- computes the next possible coordinate for term.

- returns an integer vector(X) containing the coordinates.

c) *gen-bounds(X)

- generates the permissible bounds around location X in the work-

ing expression for use in picking the next implicant that covers

X.

- returns a bounds array.

d) *nextimplicant(B)
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- chooses X as the first implicant.

- On each call, returns the next implicant with a bound array(B)

from *genbounds() that specifies the implicant.

e) subtract implicant(I)

- adds the best implicant(I) to the working expression as a neg-

ative term (negated coefficient).

- Also adds the best implicant to the final expression.

(8) alloc.c

THIS MODULE INCLUDES ALL MEMORY ALLOCATION FUNCTIONS., SUCH AS alloc_

term(), alloc-boundo,and dealloco,etc. IT IS USED TO ALLOCATE SPACE

FOR A TERM ARRAY, BOUND ENTRIES AND DEALLOCATE OR DUPULICATE THE EXP-

RESSION.

(9) mvltest.c

THIS MODULE IS A TEST SOURCE FILE GENERATOR. IT GENERATES ANY TYPE OF

MVL EXPRESSIONS ACCORDING TO THE SPECIFICATION GIVEN BY THE USER.

(10) Makefile

THIS MODULE KEEPS TRACK OF WHICH SOURCE FILES ARE DEPENDENT ON OTHERS

AND PROVIDES FOR AN EFFICIENT RECOMPILATION OF A PROGRAM.
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/0 mvl

- A multi-valued logic expression compller/analyzer/optimizer

I,cLO John H. Yurchak
LT Hoon Seop Lee
Dr. Jon T. Butler

Copyright 1988 U.S. Naval Postgraduate School, Monterey, California
All rights reserved

finclude "defs.h-

finclude <ctype.h>

/* Version banner and help display '/

static char
*version - "\nt4VL V1.0 copyright 1988 Naval Postgraduate School\n\n",
*usage - "usage: mvl I-eimrsvqDPG) 1-0.0) |-ofilej 1-xilej Ifile ...}\n",

*helpil - I

-e - Print the original expression, as parsed",
-i - Print each Implicant found",
-m - Print the Karnnugh map of the original and each",

- successive expression",
lWiING: Imprectical for nvar > 3",

-v - Verify the minimal solution",
-s - Print statistics on selected heuristics",
-q - Quiet, don't print final results",
-r - Permit negative coefficients in terms",
-0.0 - Build source expressions for all aolutions",

whose ratio to the original number of terms",
exceeds this number and output them to a file",
Idefault Is \"x.mvl\"j",

-D - Execute the Dueck a Miller heuristic (default)",
-P - Execute the Fomper A Armstrong heuristic",
-G - Execute the Gold heuristic",
-xrile - Output source expressions built using -0.0 to \"rile\"",

Instead of \"x.mvl\"",
-orile - Ouput formatted solutions to \"File\"",

NULL
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/* Global data structures ---------------------------

/* Logic expressions:

E-orig
- holds the original input expression as parsed

ff work
- a copy a ZEorig
- implicants are subtracted from this expression as terms

during the coures of optimization

E finai(J
- the result expression (starts out empty)
- each term Is one implicant found during optimization
-each heuristic has its own E-final (for comparison)

Expression
E orig - 0,O,O,HTILL j
E work - O,O,0,NULL I
E-finall2l -I

0,O0,O0,tNULL J
0 ,0,O,NIILL

I;I

itit HEIJR, /* Current heuristic
" 119R indexes into E finallf
"depending upon the currently
"active heuristic

*t FINAL, /* index of the selected final
expression

e'ore. 4
on[MAX RUF+11, /4 Parser working bufferwo/

If name IMhX_!'AiH +I I, /4 Input file name A/

xfn -me(MAXPATs41) - "x.mvl\O", /4 Expression output file name
*tmp name -7"mvIXXXXXX",
of_ nameIMAX_PATH-lJ; /4 output file name (for result)

rt token_type h /o Scanner token code /

int completed; / lasq!
* 1 if a complete sentence has been

* recognized, 0 otherwise

imp-buf eof_context: / Saved context for lex end of file

/x user options

nt r flag - 0,
e flag - 0,
i-flag - 0,
M flag - 0,
9 flag - 0,
v flag - 0,
D flag - 1,
P flag - 0,
Giflag -0,

qflag -0:

int nvUr, /4 Number of variables In the current expression
radix, /4 Radix of the current expression

3/



int tot expr - 0, /* Total number of expressions optimized */
tot-terms - 0; /* Total number of terms in all input expressions

4VL stats
*STAT, /* rointer to the current statistics record */

DM stat, /* Stats record for the D&M heuristic */
PA-stat; /6 Stats record for the PGA heuristic I/

float To-ratio - 0.0;

FTLE *xfilt-:

/*

- yywrsp() is called by lex on EOF.
- Thus, we execute a non-local qoto back to the setjmp call which
saved the context, at vhich point we open the next input file.
Notice that yywrap l never actually returns.

*/

yywrap()

longjmp(eofcontext,lj;
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main(argc, argv)

char *argv(J;

:function:

- Process command line arguments
- Open files
- Control the parsing, optimization and output functions

--------- ---------------------------------------------------------- -*

register ap;

char *p;

fprintf(stderr,"%s",version);

/* Do the options */

for (ap-l; ap < argc; ap++)

p - argvlapl;

if f*p4+ - ,-,) I
/* loop through an option string A/

while (*p I
switch (*p++) I
case D':

D_flag++;
break;

case 'P'!
P flagf4;

if (D flag--l)
D flag--;

break;
case 'G'!

G_flag4-;
D-flag+4;

F flag++;

break;

case 'v':

v flag++;
break;

case 'X':
if (*p)

strcpy(xfname,p?;

/* terminate the while loop '/*p -'\ ;

else I
fprintf(stderr,"mvl! filename expected after -x\n"),
fprintf(stderr,"e",usage);

exit(1);

break;
case 1o1!

if (*p) I
strcpy (ofname, p)1
/* terminate the while loop '/
*p -

else I
fprintf(stderr,"mvl! filename expected after -o\n");
fprintf(stderr,"Is",usagel;
exit(t);

break;
case 'q':

q_flag++;

break;
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case I a'
s_flag++;
break;

case I r' ,
r_flag++;
break;

case ' m ',
m_flag++;
break;

case I e' :
e_flag++;
break;

case ' :
i _flag++;
break;

case I .:
cage 0'
case ' 1
case '2':
case '3':
case '4':
case '5':
case '6':
case '7':
case '8'
case '9':

p--;
sscanf (p,"%f",&FO ratio);Or - 0 \0' ;
break;

case '-'
fprintf (stderr, "%s", usage);

for (ap-O; helpap); ap++)
fprintf stderr,"%s\n",helplap]);

exit 40)"
default:

fprintf(stderr,"mvl: unknown switch -%c\n",p[-l|)*
fprintf (stderr,"%s",usage) ;
exit (1)

/* Erase the old expression file ;if there is one) */
unlink(xf name);

/4 If the user specified an output file ...
if (ofname[O;) I

/I erase the existing output file and open the new one (append) 0/

unlinklof name);
mktemp (tmp_name)
if ((yyout-fopen(tmpname,"a")) -- HULL) 4

fprintf(stderr,"mvl: can't open temp file - %s\n",tmp_name);
exit 41);

/* Init the scanner '1
tokentype - TOKEOL;

/* For each input file 4/

for (ap-1; ap < argc; ap4+) I
p - argvlap);
/* skip the option arguments 4/

if (p - '-'I
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continuo;

strcpy(if namep);

if ((yyin-fopen(if_name,"r")) -- NULL) I
fprintf(stderr,"mvl! can't open %s\n",if_name),
exit ();

In~t stats (&Mti stat);
init stats(&PA_stat);

/* Set the EOF context */
if (setjmp(eofcontext) -- 0) 1

/* While still expressions to parse in this file ...

while (expr(I > 0) 1

nvar - orig.nvar;
radix - Eorig.radix;
totterms 4- Eorig.ntetm;
tot expr++;

if (D flag) I /* do the Dueck & Miller i/

DueckMillero:

FINAL - DM;

if (Pflag) I /* do the Pomper & Armstrong A/
FomperArmstrong(;
if ((D flag)

FINAL - PA;

if (G flao) I /* do the Gold (which chooses between above) */
Gold()
if (ofname(01) /* output the final expression i/

output_expr(HEUR);
FINAL - HEUR;

else |

if (ofnamelOl)
if (D_flag) /* output the final expression A/

output_expr(D_H);
else if (P_ flag)

outputexpr(P_A);
I

I
verify();

deallocexpr(&E_orig);
I

I
else if (1completed)

syntax_error(ERRUNEXPEOF);

/* Print the statistics */

if Is-flag) I
if (0_flag)

print 1DHstats(;
if (P_flag)

print PA stats(};
I
fclose (yyin);

I
if (ofname(Ol) I

/* Build the output file for the layout generator by appending
" the list of final expressions In the temporary file to
A a header consisting of radix, inputs and outputs.

A Final format is!

At
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* radix inputs(nvar) outputs(tot~expr)
* c-oeff
* lower upper
* lower upper

* 99 (sentinel)

* coeff
* lower upper
* lower upper

* 99 (sentinel)

* etc

/* Close the temporary file, reopen for reading and open

Sthe final output.

fclose (yyouk1
if ((yyin - fopen(tn'p_name, "r")) -- NUL.L)

fprintf(stderr,"mvl: can't open temp file - %9\n",tmp-nne),
exit (I)

if ( (yyout - fctpen (of_nane, "w")) M- ULM
fprintf(stderr,"mvl: can't open output file - Vs\n",of name):
exit (1)

/* Build and output the header ~
sprintflexpiession,"%d Id %d\n",radix,nvar,totexprl;
fputs (expression, yyout);

/* Append the temp file, then delete it ~
while (fgets(expression,MAXBUF,yyin) I- NULL)

fputs (expression, yyout);
fclose (yyout?:
fclose (yyin);
unlink (tmpnane);
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Gold 0

- lnpleon the Gold h-uristic (which chooses between F& mnd DW1,

preferring D&H on ties).
:globals:

E_ finsil
FEorig

:called_by:
mTain o

char AP;

If (E final[ M)?4.nterm < Z_ finaliFAj.nterm)
HiUtR - , H ;

else if tEfinal jDM).nteri > E_ finsllF_AJ.ntern) I
H!PUI - F A;
p -PA"

else

p ----

printf(" God% % 4d/%-4d irnplicants - 42%\n,
p, F_final(ll1tPj nterm, F orig.nterm,
(float) E-finsitHiEUR] .nterml (float)E orig.ntern)I



print mna1,

function:
- Print the Karnaugh map of E_work in its present state

:globals:
F.-work

:calloed_by:
DueckMiller(o
Pon'per_Armstrong(o

:calls:

-eval (1

register i,;
int X(MAXVAR+1J:
mnt *V:

for (1-0; i < nvar; i++) Xjij - 0;
for (i-0, i < nvar;)I

v - .eval(rrwork,X);#

x(iJ ++;
for (;i < nvar;)I

if (Xffl >- radix)
X(11 - 0;
if (i < 2)

14f;
X(iJ+;

else

break,
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pr Int impli cent (a, X, 1)
char * "
Ant *X;
Term *1;
/ * --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

function:
- Print the Most Isolated Minterm X and the implicant selected
to cover It I.

:called by?
DueckMiller(o
Pomper Armstrongo(

register I;

printf(" *s Mitt: %2d",s,X~nvsrj);
for (i-0O; I < nvar; 14+)

printf(" Imp: %2d",X->coeff);
for (1-0O, 1 < nv~r; 144)

priritf (*Xtd (%2d, %2d) ",i4l, I->B~iJ lower, I->8(iJ .upper);

print terms (t)
Expression *E;

function:
- Print the expression pointer to by E

:called_by?
DueckMiller()
Pomper Armstrong (

------------------------------------------------------------- -

Ant i,j;

printf("\nExpression:\n\n");
printf(" radix: %2d\n",E->rnid1x),
printff" flyers: *2d\n",E->nvar);,
printf(" nterms: %2d\n",E:->nterm);
for (i-0, 1 < E->nterm; 14+) (

printf(" coeff: %d\n",E->T(iJ.coeff),
for (J-0; j < E->nv$%r: J+4)

J4l,E->T~iJ.BljJ.lower,E->T[iJ.l.upper);
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outputexpr(heur)
Int heur;

:function:
- Append the final expression to the temporary file.
- heur indexes into Efinal.
- If the final expression is not at least as good as the original
input expression, output the original.
- Output format as follows:

coeff

lower upper
lower upper

99 (sentinel)
:globals:

yyout
stdout
E_orlg
E final

:called_by:
main (

---------- -------------------------------------------------------- -*

register i,J;
Expression *E;

if (yyout I- stdout) I
if (Eorig.nterm < EfinallheurJ.nterm)

E - &E_orig;

else
E - SE finallheur];

for (1-0; 1 < r->nterm; i++ )
fprintffyyout,"%d\n",E->Ttij.coeff)-

for (J-0; j < E->nvar: J44)
fprintf(yyout, "%d %d\n",

E->TjiI.BtjJ.lower,
E->Tfij.B(jj.upper);

fprintf(yyout,"99\n");
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rInt aource(E,9,n)
Expression *E;
char *q.,

function:
- Print the ew- ts!, ;oint.<: t- t,, 1. #- 1,b- file xf name in
the form recognizeable by the parser.

globals:
xf-name

:called by:
DueckMiiler()
Pomper_,Armstrongo)

----------- ------------------------------------------------------ 1

realster i, j:
FILE *f.

if ((f - fopenlif_nan'e,"s")) -- HUJLL) I
fprintf(stderr,"mvl: can't open %s9\n",xf-name),
return;

fprintf(f,"%d:%d:",E->radix,E->nvar);
for (i-0, i. < E->nterm; i++)I

fprintf(f,"\n +%d",E->TjiI.coeff);
for (J-O; j < E->nvper: J++)

fprintf (f, *xId %d, %d) ",

fclose (f);
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mnit _ tAts (S)
MVL stats *5;

function:tob
-Initialize statistics structure pointertobS

:called by:
main (

tot expr -0;

tot_ terms -0;

S->cAlls eval - 0;
S->calls cf -0;

S->callm -mim -0;
S->calls-gen bounds - 0;
S->calls_pi.ckimplIcant - 0;
S->calls-next implicant - 0;
S->calls_valid implicant -0;

S->calls compute rbc - 0;

print PA stats()

function!
- Print the stats on the P&A heuristic

!globals:
tot terms
tot expr
radix
nvs r
PA stat

:called -by:
main (

--------------------------------------------------------------- -/

printf ("Statistics for PSA:\n\n");

printf(" 11 m Pum Num Avg Num\n");
printf("padix Var Expr Terms Term/Expr\n");
printf("%4d %4d 16d %6d %8.2f\n\n",

rsdlix,nvar,tot-expr,tot_terms, (floatltot_terms! (float)tot_expr),
printf(" Eval rPick Gen NIext Valid\n");
printf(" Expr MI?4 Bound& Impi Impl\n"l;

PA stat.calls evsl,FA stat.calls mim,
rA stat.calls -gen bounds,PA-stat.calis_next_implicant,
PAsetat.calls -valid implicant);

printf("Avg/Expr: %11.2f %8.2f t9.2f %8.2f %8.2f\n",
(float)PA -stat.calls -eval/(float)tot_expr,
(flost)PA - tat.calls -mim/(float)tot _expr,
(floatIPA -stat.calls-gen_bound-,/(float)tot -e.-pr,
(float)PA-stat.calls_nextt implicant/(float)tot_expr,
(floatlPA -stat.calls valid implicant/(float)tot _expr);

printt("Avg/Term: 111.2i %8.21 %8.2f 18.2f %8.2f\n\n.,
(float)PA -stat.calls -eval/ifloat)tot _terms,
(float)PA-stat.callseisim/(float)tot-terms,
(float)FA stat.calls gen bounds! (float) tot terms,
(float)PA qst.callq_next implicant/(float~tot _ terms,
(float)PA-stat.calaevalid implicant/(float)tot-terms);
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printW_ -stats(I

: function:
- Print the stats on the O&M heuristic

* globals:
tot terms
tot expr
radix
flvar
OH-st at

* called by:
main (

printf("Statlstica for D&H:\n\n"J;

printf(" Hum N um Hum Avg Num\n");

rrintf("Radix Var Erpr Terms Term/Expr\n");
printf("%4d 14d 16d %6d %8.2f\n\n",

radix,nvar,totexpr,tot _ terms, (float)tot terms/(float)tot_-xpr);
printfj" Eval Comp Pick Comp G-n Next ldn
print! C" Expr Ht IM PBC Sounds Impi Im p1 n
printf("Tot, %Illd %Rld %8ld %Old %Sld %Sld %Old\n",

OII stat.calls eval,OM_Stat.calla-cf,DM-Stat.calls-mi,
DM stat.calle compute rbc,
DM ~stat.calls gen boundsq,OH_ stat.calla_next_implicant,
OH stat.calls valid Irlicant):

printf("Avcr/Expr: %11.3f 18.2f %8.2f %9t.2f %8.2f %8.2f %8.2f\n",
(float)DIIstat.calls -eval/(flostltot _expr,
(float)I t1tat.calls -cf/Cfloat)tot-e?!pr
(floatjftl stat.cals mim/(floatltotexpr,
(floatjotlf-stat.calls compute_rbc/(float)tot -exprp
(float)DI4stat.calls_gen_bounds/(float~totexpr,
(float)DMi stat.calls_next _implicant/(float~tot _expr,
(float)flt-1_tat.calls valid lmpiicant/(float)tot axpr);

printf("Ava/Term! %11.2f %8.2f %8.2f %F.2f %8.2f %8.2f %8.2f\n\n",
(float)VII stat.calls evai/ (floatltot terms,
(float)DIt!_stat.calls cf/(float) tot _terms,
(floatItI atat.cails-mim/(float)tot terms,
(floatjMI -stat.calls_compute_rbc/(float)tot terms,
(flont)DOt1_stat.cella_gen_boutnds/(flont~tot terms,
( f Io at )D t -stat.calls qne-xt impllcant./(flost~tot _ terms,
(float)OH -stat.calls_valid_implicant/(floatltot-termsj;

fatal (al
char s9;

fprintf (stderr, "%s\n", a):
exit (1)
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/* defs.h

- External definitions for mvl

*/

*inclde <stdio.h>
linclude <setjmp.h>

#define MAX_BUF 4096
#define MAXPATH 64
tdefine MAX VAR 32
#define MAX-INT 32765

#define YES 1
#define NO 0

#define EVAL 0

#define HLV I

#define v M 0
Idefine P-A 1

/* parser definitions and data structures ---------------------------------- */

Idefine TOK EOF 0
#define TOK--11MBER 2
#define TOg VAR 3
#define TOK COLON 4
#define TUKSTAR 5
#define TOK LPAREN 6
Idefine TOK CO tA 7
#define TOK PARE 8
#define TOK SIGNED 9
Idefine TOK DONTCARE 10
#define TOK SEMI 11
#define TOK PLUS 12
#define TOK MINUS 13

define TOKEOL 14

#define TOKSYNERR -1

#define ERR PAOIX RNG -2
Idefine EPRNVAR_PNG -3
fdefine ERRCOETF_RUtG -4
#define ERRVARINDEX R'G -5
#define ERR DUP VAR -6
#define ERRLOWER _tG -7
Idefine ERR UPPER _NG -8
Idefine EPR UPPER LOWER -9
#define ERR_UNEXPEOF -10

extern char expression(MAXBUF+l];
extern int token-type;

extern FILE *yyin,*yyout;

/* MVL definitions and data structures '/

typedef struct expr -struct Expression;
typedef struct term struct Term;
typedef struct bound struct Bound;
typedef struct termstruct Implicant;

struct expr_struct
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int radix,
lva r,

nternm;
Term *1';

etruct term struct
int coeff;
Bound AB:

struct bound-struct
int lower,

upper;

extern Expression
tcrig,
r work,
E-finalI2J:

extern int IIEUR,FINAL;

extern int
nvart
radix,

Termi *alloc termo,
Bound *alloc-boundo;

extern char
if name(MAX_PAT11+11,
xf namej1lAX_PAT1t41j,
of-name(MAXPArH+lJr

extern r-flag,
eflag,
i-flag,
x-f lag,
mE lag,
G tie g,
v-flag,
qflag;

extern FILE *xfile:
extern int completed;

extern
tnt tot_expr,

tot-terms;

struct nivl state

oncalls_eval,

callscE,
callsa mini,
calls-gen_boundm,
calls_next_implicant,
calls_pick_implIcant,
calls_valid_impltcant,
calls compute_rbc;

typedef struct mvl-sate IMstats:

extern HVL-stats
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6STAT,
D" -stat,

G-stat;

extern float TO-ratio;

Int 'rimo:
int *next coordo;
Bound *gen -bounds();
Term *next implicant (;
Term 'pick implicant (I
Int 'eval(),*_eval();
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/* parse.1

- lx speciflcntion file for the input scanner/parser for the WvL

parser/compiler

expression grammar:

expr
radix ":' num var ':' termlist

term-list :-
term ';'
term '4' term_list

term !-
coeff '" var liat

vartlist :-
variable
variable '*' var list

variable !-
vatid '1' limit '," limit )'

verivication test grammar:

verifS.-t~c! o

variable '"

I variable verification

constraints:

radix >- 2

num var >- I

1 <- coeff <- radix (radix -- don't cAre)
0 <- limit <- radix-i and lower_limit <- upper_limit
"xl* <- varid <- "x(num_var)"

data structures

expression

radix

nvar
I nterm I
I term ' !

- An expression structure contains the radix of the logic

70



expression, the number of variables, the number of variables
and a pointer to an array of terms

term

| coeff 1
bounds '1

- A term structure contains a coefficient and a rcinter to a
list of bounds (length equal to the number of variables
allowed in the expression)

bounds

lower 11 tipper
lower It upper

- A bourds list Is an array of pairs (lower and upper bounds)
which may range over the radix of the expression, one pair
for each possible variable in the term

A,

#include "defs.h"

"I^\nl*\n I'I

j\t I* !

10-91+ I
strcat(expregsion,yytext);
return(TOK_NUMBER);

(+-110-91+ !

strcat(expression,yytext);

return(TOKSIGNED):

strcat(expression,yytext):
return(TOK_DONTCARE);

IXX) 11-91 10-9]*
strcat(expression, yytext)!
return(TOKVAR);

strcat(erpression,yytext);
return(TOKCOLON),

strcat(expression,yytext);
return(TOK_STAR);
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strcat(eY~preselon,yytext);,
return (TOKLFAREN);

strtepre9:qion,yytext);
return(TOKFLUSh:

strcat (expression,yytext);
return (TORMINUS);

strecat (expresslon, yytext);
returnqTOKCOMM):

stret(expresslon,yytext);
return (TOKRFAPNI);

return (NO);

streat(expregsion,yytext);
return (TOKSEMI):

I\t\f\n\rlI
expression(O) - \;

/* parser NT functions for expressions *

expr (

int rad,nvar;

mnit _erpro;
expressionlOj - \,
if ffyytext(O] 11 match(",*"))

next tokeno:
completed - 0:
if (token -type - TOKCor)

return (0)

If (Iradix -Val())I
syntax-error(TOKSY11ERR);
return (NO):

sscanf (yytext, "%d", &rad),
if (rad < 2)

syntax .rror (EPRRADIXRI4G):
return (NO);

Eorig.radix - rad;

next tokenf):
If (tzatch(".II I
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syntax error (TOK_SYtIERR);
return (NO);

next token));
if (mum varo) I

s-yntax error (TOKSYNCRR);
return (MO);

sscanf (yytext,"%d"&nvar),
if (nvar < 1)1

syntax_error (ERRNVARP14G);
return (HO);

E_orig.nvar - nvar;

next tokeno,;
if (!match(":"))I

9yntsx_errr(TOKSYNZRR);
return (NO),

next token));

if ((term list()
syntax_erro-(TOKSYNERR);
ret urn (NO);

If Imtch(";"))
syntax vrror(TOK SYNERR),
ret urn (11O)*

completed - 1;
return (YES);

radixVel()

If (token_type -- TOKNUHSER)
return (YES);

return (HO);

num var()

if (toke~n_type -- T0KNIURSER)
retttrn (YES);

return (NO);

term list (

register i;
if qItermO))

return (10),
If (match("+") I matchil-"j)

next _token);
while (termliieto):

else
" hile (term_ list I);

for (i-C; I< E_orig.nvar; 144)
if (E orig.T)E orlg.ntorm-11.8)i).lower--1

E-orig.T(E orig.nterm-l).B(iI.lower-0
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return(YES);

termOC

Int coeff;OKZU1R (oetye- OlV)
if ((token _tp Ofh1~)I tkntype -- TaRSGE)

35canf (yytex.t, '%d", £coeff),
if (lrflag)(

if ((coeff < 1) 11 (coeff >- E _orlg.radix)?

syntax_error (9RPR_COEY _PU;G);
return (NO);

else if (token_type -- TOK DONTCARE)

coeff - E_orig.radix;

else I
retu3rn (NO0)

f _r1g.ntermf
4 ;

Eorig.T - alloc_term(E_orig.T,coeff,! _orlg.nterm);

next tokenUj;
if (!mtch(""))

syntsy _error (TORSYNERP);

return (NO);

next -tokeno;
if o1ver list0)

return (NO)
return(YES);

ver list iJ

if (1verfnblej))
retujrn 1110)

next tokeno;
if (rmth(""))

next -token();
while (var list ()

return (TS);

variable (

Ant vsrindex~lowertupper;
if (!var _ido)

reiturn (MO)
sgcnf fryytext 1)3, "%d", &v~rindlex)

if ((verindex < 11 11 (varindex > Eorig.nv~r1) I

syntsx error (rRP_VARINDEX_PUNG);
return (NO),

varindex--:

If ( r.T(1,criq. nt-rm- . Sivarindex. lower 1- -1)
syntax_ rror IEPP_OUr VASt);

return (1O):

n. 7t te ' p M
if (Ie'eth1**)) I
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evyntlx_ error (TOK_SYJERtR:
ret urn (NO),

next tokeni);
i f limit ())I

syntax_error(TOKSYNERR);
return (NO);

sscanf (yytext,"%d", glower),
if ((ower < 0) 11 (lower > E~orig.radix-1) I

syn-taxerror (ERIRLOWERRLNG):
return (t0)!

next- token(I;

if (?Imntch(","))
syntsx_error(TOKSY?1ERR):
return (NO):

next to)k.no;
if (Ilimito)

syntax error(TOtKSYHERR);
return (NO);

99canf (yytext, %d', &uprer);
if ((tipper < 0) 11 (upper > r_orig.radix-lI)

syntax_error )ERR UrFR PRNG);
return (NO);

if (upper < lower)I
syntax error(ERlUFIPERLOWER),
return (NO);

next token));
If (!match(")"))

syntax -error(TOK SYt4ERR);
return (NO);

Eorlg.TIEorig.nterm-I.B(varinlex).lower -lower;
EOrig.T(E_orlg.nterm-l).Blvarindexl.upper - upper:
return (YES);

var id()

if (token -type -- TOI\_VAR)
return (YE,^)

return (No);

limit (

If (tok-n_type -- TOK_tIUHBER)
return (YES)

return (NO),

/* verification NY functions *

verify ()

register 4:
Pnund FIHAXVAR+11;
Term T;
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Ant first,fitst_time -1;

int *value, AX;

for (;
if (mstch(";*"))

next tokeno;
T.B - 0:

for ('=O; I < ovar; 1+4)

B1il.lower - -1;1

if (Iver _variable(B))
ro-. urn;

completed - 0:
w~hile (ver variable(B));
if (!match(";"))

syfitax-error(TO( SVlERR);
completed - 1;
If (Iv flag)

continue;

first - 1:
if (first: time)

printf ("Verification:\! n)
first-time - 0;

for li-D;,! < nvmr; 144)

print! ("\n- 1-
while ((X - next-coord(&r,first)J I- HULL)

first - 0;
value - _eval (&EfinalIFIHNAL)eX),
print! (" ("),

for (1-0: 1 < nvar: A4
print! ("%d", Xj1);
if (1+1 < nvar) print! I",");

print! im) m %3d\n",valveEVALj);

print! ("n");

ver variable (B)

Bound *B;

Ant varindex,lower,upper;
If (!var_ ido)

return (W7,')
sscanf (gyyl ext (1) , "%d", gvpkrilrex)
if ((varinden < 1) 11 (varind'.x > nvary)

syntax_error (EPRR_VARIINDEX_PNGI;

return (2O);

varindex--:
if to(varindexj.lower 1- -1)

9yntax_error(ERR_DUP VAR);
return (NO);

next token(I;
if (lmatch(*j")) I

syntax error (TOE SYNZRRI:

return (NO),

next tokeno;
if (1limit ill I

9yntax_error(TOK_SYNERR):
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return (NO):

sscnf (yytext, "%d", &Iower);
if (flo..er < 0) 11 (lower > radix-i))I

syntax_error(ZRRLOwER ,RkG);
return (NO);

next token();
if ( imatch (", " )) (

syntax error (TOI(_SXIIERR);
return (NO);

next tokenfl;
if iTifImtoI~

syntax error (TOKSYNZRR);
return (NO);

sqcanf (yytext, "#d", Cupper);
if ((upper < 0) 11 (upper > radix-i))

syntax error (ERP. UFPEPRRG):
return (1O);

if (upper < lower)
syntax_error (ElRuRUFERLOWER,);
return (NO);

next tokenfl;
if (nImatch(")")) I

syntax error (TOK SYNERR);
return (NO);

B(varindexj .lower - lower;

0lvarindext.upper - upper;
next tokenf);

return(YES);

/* scanner utility functions----------------------------------------------------4

syntax-error (code)

static char *errors()

/TOKSYNCRR 4/"syntax error",

/* CPR RADIX RuG /"radix out of range (>- 21",
/* ERRNVAR RNG 4/ "I of vat -ut. of roqnge (>- 1)",

/CPER cofr RNG 4/"coeff out of range (1 <- coeff <- rAdIx-1)",

CP ER VARINEEX_-RNG 4/"var Index out of range (1 to * of var)",
/4 ERR DUP VAR 4/"duplicate variable id",

/I EPRLO)WERRtM~~ "lower bound out of range (0 to rdxI"
/k CRR tiPER PNG 4/"upper botind out of range (0 to radix-I)",

I. ERR UPrERLOWIER 4/"upper bound meust be >- lower bound",
/ERRUNEXFEOF 4/"unexpected end of file",

HULL

cod'. - abs (code);
printf ("Ss~nts\n", errors (code), expression):

next token()



token type - yyltxo;
if ltoken type -- TOIK SYREPTP)

syntax-error (TOKBXNELR);

r, urn(token-typt);

niatch (s)
char *S:

if (Istrcmp(s,yytext))
return (YES);

else
re turn (HO);
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din. c

-This module implements the Dueck a Hiller heuristic for minimizing
an expression.

finciude "defs.h"

VueckMillerq)

function:
- rerform the Dueck & Miller heuristic on the input expression

!alIgo r I tfu:
Start with a working copy Pwotk of the original function E_orig;
Initialize a final function r final;
While (there are still minterms to pick) I

Pick a ininterm X from 2:_work;
Pick the best Implicant I for X;
Subtract I from Ework:
Add I to E-final;

:globals!
E_orig
e flag
vs flag
qflag
9_flag
70 ratio

:Uide-effects:
STAT

9_work
9 finallj

:called by?
maino(

calls:
dealioc-expr()
dipexrr 1)
print_termel)
print -map ()
mim(J
pick-implicAnt I
nubtractimplicant 1)
print_aource(I

----------- ------------------------------------------------------ I

Int num .--1 - 0;
int OX;
Term *I;
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float ratio;

if CE_ flnal(DNJ.? I- NUL~L)
de alloc-expr(&Efinal(DNJ);

STh'T - !M stat;

11CUR - v 0,
dupenpr (&r_wok, &Eor19);
E finaltHEtJRI-nterm - 0;

Z finalIUlI.radix - E orig.radix;

E final[IIPEUPJ-nvar - t orig.nvar;

E-final(HEUR).T - NULt,;

if (e flag)

print _terms (&E orig),

if (m flag) I
printft" Orig map (D&N) 1\n"),
print map C)

for 00)
if ((X - rnim(&E-work)) -- NULL)

break:
-pick implicant CX),

nt~mImpl+47
s"ubtract implicaritjlI)
If fi-flag)

printimplicant C"D&M",X, I);

if Cm flag)
print msp ()

ratio - (lfloat)numitrpl/Cfloat)E_orig.nterm);
Jf (tro ratio 1- 0.0)1

if (ratio > To-ratio)
print_source (ef-orig, "D&M",num-impl),

If (Eq flag 99 JO flag) I

printf(" DSM: %4d/a-4d Implicants - 4.2f%%\n\n",

nwnt_impi, E ~onig .nterm, ratio);

dealloc-exprleE-work);
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static Int cffE,x)
Expression *E;
int x;
/ * --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

function:
- Determine the clustering factor for (xt,xZ,x3,x4 ...
- Builds a vector of coordinates for _ofO(
- Local to dm.c

:calls:
cfO(

returns:
- An integer clustering factor

------------ ----------------------------------------------------- ,

mnt *X(.

X -(nt *) &x;
return(_cf(E.XI))

static mnt _AfftX)
Expression *E;
mnt *X;
/*---------------------------------------------------------------------------

function:
- Compute the clustering factor at X, where X is a vector of
coordinates.
- Local to dm.c

:globals!
radix
nvar

:side-effects:
STAT

:called-by:
mim()

calls:
evel (I

vcopy 0I
returns:

- An integer clustering factor
------------- ---------------------------------------------------- -A

mnt nterm - F->nterm;
register iJ,k;
Int valueI2J.

expanded,
vail 121
va12 121;

int cf - 0,

des - 0,
ea - 0;

STAT->csallz cfVI;
vcopyfvalue, _eval(ErX)):
If 1(value(PFVAL1 < 1)11I (value(EVALJ >- radix))

return IMAX_ ItIT) ;

/ft for each variable (directionl ... k

for (1-0; 1 < nvar; 1+

expanded - 0;
/* If nct on a left hand edge, move left *
if (X(iJ) I

X(i1--;
Vcopy (val, _eval (EX))'



if (vallrVAL) >- valueIEVALI) I

expanded++;

eal++;

X(iJ++;

]* if we didn't start on a right hand edge, move right */
if (X~i] < (radix-l)) I

xji¢+4:

vcopy(val2, eval(9,X);
if (va12jZVALJ >- value[EVALJ) I

expanded++;
ea++;

xlii--;

if (expanded)
dea+;

/* compute the clustering factor */

cf - (dea * (radix-I,% + ea:
return(cf);
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static int *mim(E)
Expression *E;

:function:
- rind the Most Isclated Hinterm in the expression pointed to
by E, and return its coordinates as a vector.
- Local to dm.c

:globals:
nvar

:side effects:
STAT

:called by:
DueckMillero(

:calls:
next coord()
_eval( (
voopy ( ;

cfO}
:returns:

- A vector of integers representing the coordinate of the most
isolated minterm, or NULL if no more minterms.
- The value at that location is also returned as the last integer
in the vector.

*/

int cur val - E->radix,

cur_CF - MAXINT,
cf,
value[21,
term;

Int *X,*next coordfl,I:

static int savecoord(lAXVAR+l);

STAT->calls mlm+4;
for (term-0; term < E->nterm; term++4)

i - 1;
while ((X-next coord(&(r->Tjtermj),i)) I- NULL) I

vcopy value, eval(toX))

if (value|EVAL) > 0) 1
if (value[fVAL) < cur val)

cur val - valuelEVALI;

for (i-0; i < E-Tnvar; i+-) savecoordlil - X(i);
cur_CF -- Cf(E,X|;

else if (valuelEVAL) curval)
cf - cf(,X);
if (c < curCF) I

cur Cr - cf;
for (i-0; i < E->nvar; 14x) savecoordli) - xlii;

i-0;

if |curCF -- MAXINT)
return(NULL);

save_coord(E->nvar) - curval;
return(savecoord);
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static int valid-irlicent (I)
Term *1:

function:
- Decide upon the validity of implicant I
- Local to dxn.c

giobals:
E-work
E-orig

:side-effects:
STAT

:calied_by:
lpick_irnplicant()

calla.
next _cocr-1(
eval ()
-;Copy()

returns:
1 If a valid implicant
0 if not

----------- ------------------------------------------------------. -

Int *X:
Int mnit -1;

Int value - ->coeff;
int VoI21,Vw1;

STAT->cis -valid -Implicant44;
while ((X -next coord(X,init)) I- NULL)

Init -0;

vco~py(Vw, _evallgEwork,X)):
vcoPy (Vo, eVal (&F orig, X));
If 1((VwjEVAt) < value) && 1VwjHLVJ) && (vojEVA'-] < (radix-')))

return (0)

return(1);
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static int compute rbc(I)
Term 41;

function:fo
- Compute the RSC for te given implicant
- Local to dm.c

:9lobas:
radix
nvar

:aide effects:
STAT

:called by:
pick implicantoC

calls:~
nert cocird()
eval (I

vcopy (3
returns:

- an integer RSC

Int *X;
int I value -I->coeffj

register I;
mnt value(2),

neighbor-valuel2l,
good,
bad,
rbc -0,

Init -1:

STAT->callscompiutLrbc++;
P~ for each coordinate In the implicent ...
while ((X -next_coord(,init)) I- HULL)

init -0;

vcopy(vslue, _eval(&P:_work,X));
if (value(EVALJ - radix)

continue;
/* for each direction ...
for (i.-0; i < nvar; 1+4-)

good - 0;
bad - 0:
if (value(VALJ -- I-value)

good - 1;

/4 if there Is a left neighbor, examine it 4

If i(XIII 1- 0) &a (X(iJ -- 1->S~ij.lower,)
X(11--;
vcopy(neighbor_value, _eval(&E_workX));
XjiJ ++;
if (neighbor_value[VALI 1- 0)1

if (neighbor value[VAL) -- (valueEVAL) - value))
good - 1;

if (neighbor value(VAL1 - value (EVALI)
bad -1

/* if there is a right neighbor, examine It '
if I(X~iJ I- (radix-i)) 69 (X[ij -- 1->Btil~upper))I

X (ii +4;
vcopy(neighbor value, _eval(fiZ_work,X));

if Ineighbor value[EVAL) !- 07
If (neighbor vslue(VAL) - ivalue(VALJ - I -value))
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good -1;

if (neighbor valueIEVALJ - value[EVALI(
bad - 1;

/* update the rbc *

xbc -(rbc - good) + bad;

return (rbc);
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static Term *pick_implicant (X)
int *X;

.function-
- rick the best implicant for minterm X

:globals:
radix

:side effects:
STAT

:called_by:
DueckMiller(o

:calls:
mnit_implicant()
gen boundso(
next implicanto(

-eval (J
Vcopy (I
compue_rbc()
copy irnplicant (
valli_imnplicantl

:returns:
- A pointer to a term representing the best irnpiicant.

------- *------ ----------------------------------------- ---------- -*

int cur-rbc - MAX XflT,
rbc - 0;

Impl icant. 1;
static Bound I _ bouidiMALXVAR+lJ:
static Term I-best;-
Bound B;
Int V(2j:*

STAT->colla_pick_implicant+4;
I -best.H - I bound;
mnit_ implicant (X);
8- gen_bounds(X);

while ((r - next_1n'plicant(P)) I- NULL)
vcopy(V,_eval(&r_orig,XLI;
if (V(E;VALJ -- (radix-ill

for (I->coeff - Xjnvarj; 7->coeff < radix; (I->coeff(.I+-f
if (validimplicant(Il(

rbc - compute rhcll):
If (rbc < cur rbc)(

cur rbc - rbc;
copy implicant (&I-best, I);

else
1->coeff -X(nvar);

If (val'din'piicant(J))
rbc - compute_rbc(I);
if (rhc -C cur rbc)

cur rbc - rbc;
covyImplicant (LI-best, II;

return(&I-beat):

87



/* pa.c

- This module implements the Fomper-Armstrong heuristic for minimizing

an expression.

#include Idefs.h"

Pomper_Armstrong )

:function:

- Perform the Pomper S Armstrong heuristic on the input expression

:globals:

to ratio

E_orig

e flag

m_flag

q_flag

i _flg
Gflag

:side effects:

STAT
IIEUR

E work

E finallf
:calledby.,

:calls:

deslloc_ xpr()

dupexpr(

print termsjl

print map ()
MIM()
pickimplicantqp
subtract implicant )

printsourcel)
,/

Int numimpl - 0;

int OX;

Term *I;

float ratio:

if fE_ final[P _I.T I- HUtLL)

deslloc_expr(&E_fInsl(P_AJ|

STAT - IPk stat;

HEUR - P A;

dup expr &E wok,&E_orig);
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Z _ finalIIETIR.radix - E_orig.radix;

E -flnal[1HEUIJ.nvar - E_ozrig.nvar;
ZEfinaltHEURJ.T - HULL:

if fe flag)
print _terns(&Z:_orig):

if (in flag) I
priltf(" Orig map jP&A) :\n");
print-inap():

for (;
if ((X - inim(SE-work)) -- HULL)

break,
I - pick iinplicant (x);

nim_linpi++;

subtract_leuplicant (I);
If (1 flag)

print_itoplicant ("P&A",X, I);
if (m flag)

print-nuapo;

ratio -((floatlnumimupl/(float)9_orIg.ntern):

If (FO ratio I- 0.0)
if (ratio > r0_ratio)

print_source(C.E-oig,"PA",nuu_impi):

if ()q -flag S& IG_ flslg)
printf(* FSA: %4d/1-4d iniplicants - 4.2flW\n\n",

nun _lmpi, E orig. nterm, ratio):

dealloc-expr(&E-wo-rk):
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static Int *mim(E)

Expression *E;

:function:
- Return a vector corresponding to the coordinates of the current

tost Isolated Minterm

:globalqs

radix

nvar

:side effects:
tSTAT

:called by:

romper Armstrongf)

:calls:

next coord(U
eval l

vcopy (1

random (
:returns:

- A vector of integers representing the current Most Isolated
Minterm, or NULL if no more minterms.
- The last integer in the vector is the value of the function at
that coordinate.

Int weight - MA_INT;
nt tmp;

nt *X,i,*nextcoordO;
Int first;
static int save_coord(MAXVARd11 - { -1 1;
int value(21;
int term;

STAT->calls mim++;
for (term - 0; term < E->nterm; term++) I

first - 1;
while ((X-next coord (9-'Tjtermn4,fir3t)) I- NULL) I

vcopy(value, evsl (, X)),
if (fvalue!EVALJ > 0) &$ (valuetEVALJ I- radix)) I

tmp - random();

if (tmp < weight)

for (i-0; i < nvar; i++)
savecoordlif - Xi);

save coordinvarl - valuelEVALi;
weight - tmp;

I

first - 0;
I

if (weight I- MAXINT)

return(save coord);

return(HULL);

90



static int randomi)
/ * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

:function:
- Return a number between 0 and 32766 using a linear congruential
method

:called by:
mim()

-------------- ------------------------------------------------- -

static long a-100001;

a - (a*125) % 2796203;
return((int) (((float)a/2796203)*32767));
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static int valid implicant (I)
Term *1:

1*- - - - - - - -- - - - - - - - -- - - - - - - - - -- - - - - - - - - - -
function,

- Vecide upon the validity of iniplicant, I
:globals:

radix
!side-effects:

STAT
:called by?

pick imlplicant 0
:callIs:

next coordo

-evae!()
vcopy (P

:returns:
num zeroed If valid
o if not

Int *X;
int mui - 1;
int num reroed - 0;
mnt value - 1->coeff;
int. Vo(21,Vw(2J:

STAT->calls -valid - mrpltcant4+;
while ((X -next-coord(I,init)) I- NULL)

init.- 0;
vcopy(Vw,_eval(&Eu orkX));
vcopy (Vo, eval (&Pr_orig, X)),
if jj(Vwt!EJALj < value) 99 IVw[1ILVJ) 99 (Vo(EVAL) < (radix-I)II

return (0)
if (VwIEVALJ <- value)

numf_zeroed++;

return (nuts-zeroed);
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static Term *pick-implicant(X)
Iot *X;

function!
-Pick the best implicant for minternm X

:globals:
flyer
radix

:side-effects:
STAT

called by-
PomperArmstrongoC

:calls:
mnit impiicant()
gen bounds C)
next_ itplicanti)
eval C)

,;Copy ()
copy implicanto(

returns:
- A pointer to a Term representing the best liplicent.

-------------- ------------------------------------------------- -*

int cur num zeroed--1
cur nurn covered--1

lot note covered,
noTe-zeroed;

Implicant *I;
static Bound I bound(MAXVAR+11;
static Term T-best;
Bound *a;
int V(21;
register 1;

STAT->cails_pick irplicant++;
1-best.B - 1-bound;
init implicant CX);
P - gen bounds()
w.hile (11 - next implicant (S)) I- NULL) I

vcopy(V,_evaiC&1 _orig,X));
if (VIEVALI -- (radix-i))I

for CI->coeff - X~nvar): I->coeff < radix; CI->coeff)+-)
if (note- zeroed -valid-implicant (l))

owe covered -1;

for (i-0; I < nvar; i+4)
nor o--vered *- CI->B1iJ.upper 1 ->Bjil.lower + )

If ((note zeroed > cur note- zeroed) II
(note- zeroed -- cur_note_zeroed) &
(nute-covered -cur-nute covered)

cur-nuet zeroed -note zeroed;

cur-nute-covered -u noecovered;
copy_implicantC&I_bestE,I);

ele
7->coeff -X~nvarI;

if (nite -zeroed -valid_implicant (I)) I
num-covered -1;

for (i-0; 1 < over; 14-4)
note covered *- CI->BiI.upper - 1->BliJ.iower +1);

if (Coum -zeroed > cur_note zeroed) Itr
(note-zeroed - curiowit-zeroed) &&
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(nuns covered - cur_num-covered)

cur nmrimzeroed -num z eroed;
cur-nunl covered -num -covered;
copy iniplicant (SI-best, I);

return(SX-best);
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/4 coiiunon.c

- Heuristic support functions comnon to D&t4 and F&A.

*/

linclude "defs.h"

int *eval(gx)
rxpression 'E:

lit x:

functinn:
- EvaJuate the expression at (xl,x2,x3,x4,x5 .... xn)
- Builds a vector of coordinates for _eval(l

:calls:
eval()

2 ret-Irns 2

- A vector containing the integer result 0 <- eval() <- rdilx
and a flag get if the value reached the highest logic value

nt OX;

X - (int *) r-t:

return(_eval(E,X I;

Int * eval(E,X)
rxpresaion OE;
Int *X;
/&----------------------------------------------------------------------------

:function!
- Evaluate the expression at X, where X is a vector of coordinates

:globals

radix
:side effects:

SAT

:called by:

mimt) - pa.c
valid itpllcant(O - ps.c
pIck implicsntj} - pa.c

MIm() - dm.c
valid implicant() - dm.c
pick implicenti) - dm.c

cf()
compute_rbcl1

eval (I
gen bounds(I

print__map (1
:returns:
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- A vector with the value -f the expression at the sreclfi1

coordinate as its first element, and a flag set if this value

has attained the highest logic value (11LV)
II

int nterm - E->nterm;

register i,j,k;
int out of bounds;
static int V121;
register rml - radix-1:

STAT->calls eval++;
VI!VAL - 0;
VjHLVJ 0;
/* for each term ...
for (1-0; 1 < nterm; 14+) 1

/* for each variable ...

for (J-O,out of bounds-0; j < nvar, J++)

if (
qXJJJ < E->T(lJ.B(jj.lower) It
(XJ]j > E->T[iJ.S[Jj.upper)

out of bounds - 1;
break;I

I
if (out of bounds)

continue;

/* if this is a don't care, return the radix */
if (E->Tlil.coeff - radix) I

VIEVAL) - radix;

return(V);

VIEVALJ 4- E->T(il.coeff:
if (VIEVALj >- rml) I

/* set a flag which means Z_orig was saturated at this X */

V(HLV] - 1:
I
if (ViEVALJ > rml) I

VIEVAL) - rml;
I
else if (V(HLV) 9& (VIEVALI <- 0)) 1

V[EVAL! - radix;
return(V)

I

return(V);
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int *next _coord(T,first)
Term *T;
Int first;
/ * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

function:
- Compute the next posible coordinate for term *T
- If first -- 1, initialize the coord vector

:called-by:
riim() - pa.c
valid implicantf) - pa.c
mim(I - dm.c
valid implicant() - dm.c
compute rbc(1

returns:
- An integer vector containing the coordinates.

--------------- ----------------------------------------------- 4 -

s tatic int coord(l4AXVAR+lJ;
static i;

/* if the first time through, load the vector
if (first) (

for (1-0; i < nvar; 144)
coordlij - T->B~i).lower;

else

coord J +4;
for 00 1

if (coord(l] > T-.>Sjij.upper)
coo.rdlij - T-)BliI.lower;

if (i >- nvar)
return (NULL),

coordfiJ++;

else I
break;

return (coord);
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Sound *gen bounds (X)
int *X:
/ * --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

: function-
- Generate the pe.rmissible bounds around location X in the
working expression

.globa is:
radix
nvar
Ework
E orig

:side effects;
SfAT

.called_by:
pick imirlicant(I - pa.c
pick irrpliianto( - dnm.c

: calls:
eval ()

;Copy ()
: returns!

- A bounds array

9tatic Bound S(tIAXVAR+lJ:
int nterm - F- work.nterm;
registe I,J,k:
Int vsalne,VwI2j,VoI2J;
int. XpIHAXVAR+lI:

value - Xlnvar);

STAT->calls gen boundst4;
/I for each variable (direction? ...
for j1-0: I < nvar; i++ ) (

f* dup the coordinate */
for tj-O; j < nvar; j+41 Xp~jJ XUj);
8jiI.lower - X111;
/* while not on a left hand edge, miove left
while (Xp(ij > 0) 1

Xp~ij--;
vcopy (Vw, -eval (SE-work, XpI);

vcopy ('o, _eval (&r orig, Xp))
/* If can't expnd to left ...
if (1((value > VwIFVA,Jl 99 (VojZVAL) < (radix-i))))

B~il.lower - X~)

else
break:
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/* dup the coordinate *
for (j-Q: j < nvar; J++) Xp(jJ - Xlii;
0(lupper - Xji];

* P while not on a right hand edge, move right *
while (Xp~iJ < (radix-l))

Xp (ij ++;
ecopy(Vw, _ eval(&E:_work,Xp));
veopy(Vo, _eval(&E-orig,xpfl;
/* if can't expand to right..
if ([ ((value > Vw(EVALI) && (Vo[EVAL] < (radix-i))))

B~i).upper -Xpli);

elsae
break;'

return (B);
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/I Working structures for picking the next limplicant within bounds "'

static Bound IBIHAXVAR+lI: /4 Current bounds I/

static Term I; /* Implicant */

static int

I _var,

I_first,

I val;

int X-orig|MAXVAR+l; /* Where we start */

init_implicant (X)

Int AX;

/.---------------------------------------------------------------------------
:function:

- Initialize the static term structure above from which successive

implicants will be returned

- X is the starting minterm
:side effects:

- The structures above

:called by:

pick Implicant() - ps.c
pick_Implicantl) - dm.c

--------------- ---------------------------------------------- -

int nterm - E work.nterm;

register i;

/* Initialize the implicant /
I.S - 18;

I.coeff - Xinvar):
for (i-0; I < nvar; 144) I

I.B(iJ.lower - Xji|;

I var - 0;

I first - 1,

t val - X~nvmr|:

for (i-0; i < nvar; i44) X_orig(iJ - Xtij;

Term *nextImplicant(8|

Bound *B;
/*- -------------------------------------------------------------------------

.function:
- On each call, return the next Implicant within bounds B

:side effects:

STAT
:called by:

pickImplicant() - pn.c
pick implicant(o - dm.c

:returns:

- An implicant as a term structure

--------------- ---------------------------------------------- -

Int nterm - 9 work.nterm;
int Xp(MAX_VAi lj:

STAT->calis nextimplicant++;

if (I _irstT I

I first - 0:
return(91);

while (I var < nvar)
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/* expand left *

z.r:x.varj.iower--

/* if we can't go further left, thon . . .

if (1.31!_varj.lower < 01! varJ.lower) I

/move back and oo right */
1.B11_vmrj.lower - X -origi!_varn:
1.Sj1_varJ.upper++:

/* If we can't go further right, then . ..
if (1.B11_varJ.upper > B(1_varl.upper)

/* reset and go to the next higher dimension 0/

I.P[(Ivarj.upper - origi!_varl;

continua;

Ivar - 0;

return (SI)

return (NULL);
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int copy-imicant(dest,arc)
Term *dest,lsrc;

-- - - - - - - - - - - -- - - - - - - - - - - - -- - - - - - - - - - - -
function:

- Copy the implicant. pointed to by arc to dest.
:called by:

pick -impiicantf) - pa.c
pick implicantAo - dm.c

- - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

register i:

dest->coeff - arc->coeff;
for (i-0; i < flyer; i++)

dest->SfJlower -src->SjUJ.lower;

dest->BtiI.upper -arc->B(iJ.upper;

subtract_ implicant (II
Term AI;
/ L--------------- -----------------------------------------

function!
- Add implicant I to the working expression as a negative term
(negated coefficient)
- Add implicant I to tthe final expression

:globasa:
HEUR
nva r

:aide effects:
E work
E-final jJ

----------------- ------------------------------------------ -*

register i,term;

term - E work.nterm;
E work.nterm+4;
E work.T - alloc_term(P _-work.T,-(I->coeffI,Ework.nterm);
for (i-0; I < nvar; 144)1

E work.T~termj.B11J.iower - I->S(1J.lower;
E-work.T(terml.BhiJ.upper - 1->Blil.upper;

term - EfinalllERUP.ntere:
E_ final fIzUIRJ .nteri44;
E_finalIHMtlRj.T - alloc term(E final~llKURJ.T,I->coeff,E-finalIIE1PI.nterm);
for (L-0; I < nvar; i44.) I

r finaIIHIEUPI.TltermI.8I1I.lower - '>j)owr
E-final(HEURI.TttermJ.BliJ.upper - 1->flhiI.upper;

/* vcopylj

-copies the value vector from a to d

vopy Id, a)

int *d,6a:

d(QI 9101:
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#include "defs.h"

/* memory allocation functons -n-

Torm *Allocterm(p, coeffn)

Term -r;

int coeffn;
/4

:function:

- Allocate srace for a term array, Initializing the last element
- If p Is tIULL, allocate new space

- If p is not, realloc
:returns!

- A pointer to the Term

char *malloc *,realloc()I

Bound lalloc boundq}:

if (p -- NULL) I
if ((p-ITetm *}mrlloc(sizeof(Term)'n)) -- HULL)

fatal("alloc term()! out of memory\n");

p->coeff - cooff;

p->B - ailocboundl);

else |

if ((p-MT-m *?realloc(p, slzeof(Term)'n)) -- HULL)
fatal("alloc Term() out of memory\n"):

pln-li.coeff - coeff:
pln-lI.B - alloc_bound();

return(p):

Bound Oelloc bound()

2functlon!
- Allocate space for !! orig.nvsr bounds entries and initialize
each bound to -lE orig.redix-l.
- If p iAs NULL, allocate new space

:globals:
rorig

:returns!
- A pointer to the Bound array

----------------------------------------------------------------------------------------------- /

Bound Op;
char *mallocq):
register il
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if ((r-(Bound * iloc(~.izeof(n3ound)A(P~orfg.nvarpl( - NULL?
fatalialloc-bounidok out of nmemory\n"(;

for (1-0; 1 < E orig.nvar; i+)
pfilllower -; -1;
pli).ut'per -Eorig.radix-1;

return (p);
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init_exp)

:function:
- Initialite Ework, E orlg and E_final

:side effects:

E work
E_orig
E final

E work.T - ?TULL;
E_orig.T - NULL;
E_orig.nvar - 0;
Eorig.nterm - 0;
Vorfg.radIx - o;

Z_fInsl(0J.T - NULL:
E final[l.T - NULL;I

demlloc expr e)

Expression *e;

!function:
- Deallocate the expression pointed to by e

-------------- ------------------------------------------------- -*

Term *P;
register I;

if Ie->T I- NULL) [
for Ip - e->Ti-0; i < e->nterm; i++)

if (piJ.9 I- TULL)
free(p~iJ.B);

free p);

1
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dupexpr(E dest,E -sc)

Expression OEdest,*E_src;

:function:
- Duplicate the expression pointed to by E ere by allocating

and copying into the expression pointed to by Edest.

:calls:

allocbound()

Tern AT;

Bound *aB;
register IJ;

char *malloc();

E dest->radix - E src->radix;
E dest->nvar - E src->nvar;

E-dest->nterm - _src->ntezm;

(f ((T-(Term *)malloc(szeof(Term)( ,_dest->nterrn))) tULL)
fatall"dup-expr(l: out of memory\n");

for (i-0; I < Esrc->nterm 1+4) )
TJIJ.coeff - E_src->Tfij.coeff;

T1i.9 - alloc bound(o:

for (J-,; j < Esrc->nvar; J4+) I

TIJI.B|JJ.lower - E_src->TjIJ.BJJ).lower;

T~iJ.Blhj.upper - Esrc->Tji|.B(jj.upper:

E dest->T -T;
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/* mvltest.c

- A test source file generator
*/

include <stdio.h>

ct~t r

*version - "\n11VLTKST V1.0 Copyright 1988 tiavnl Postgraduate School\n\n",
*usage - "usage: mvltest [-aN -rN -iN -tH -oHJ\n",
*helpil -

-off - Cycle the random seed H times (default - 01",
-01l - Set radix to 1 (d#.fault - 41%

S -114 - Set number of Inputs to 1 (default - 2)",
-tH - Set number of terms to N (default - 1).,

C -oN - Set number of output to H (default - W,

NULL

main (argc, argv)
char *Srgv(j;

int nterms -;
int reps - 1,

radix - 4,
nvar - 2,
6oeff - 1;

Int seed - 0;

int 1, Jk,
Int 6b,*gt_bound(0;
float random():
char 0 r,
register apt

for (op-1; ap < argc; ap 4}
p " argvlapJ;
if (Opt+ - '-') I

while (*p) I
switch (4p44)
case 'r'.:

sscanf (p, "%d", &radlx:
*p - \0 ;
break;

case '1'.:
sscanf(p,"%d",&nvarj t
Ap - #
break;

case It,!
acanf (p, "%d", 6nterms j;
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break;
case 1 01

sscnf p, "%d", &reps),
*p- r\0,;

break;
case as'

sscanf (p, "%d", £aeed);

break;
case 1-1

fprintf (stderr, "%s19, version, usage);
for (ap-0; helptap); sp

4
+1

fprintf (stderr, %a\n", heiplap);
exit (0)

default:
fprintf(aqtderr,"mvltest: unknown awiteb %c\n",pI-1);

fprintf (stderr, "%9",usage),
exit (l)

for I1-0; I < seed, i++) randomO;
for (I - : < reps; i++)I

printf ('%d:%d:-",radix, nvar):
for (J-0; j < nternms; J+4)

for (k-1: k <- fler: k++)
b - get bounflradix),
printf("*Xtd(%d,%d)",k,b(OJ,b(l):

printfl";\n);

Int 'get bound (xadix)

static Int b[31;
float randomo;

for (;,) I
biOl - (int)(randomoflffloatlradix)-0.001));
bill - (intl (random()'((float)(radix)-0.00l)I:
if (bjl <- bill)

break;

return (b);

float randomo(

static long a-100001;

a - la*125) 1 2196203;
return ((float) a/27962031;
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IMakefile for invi

OS-nialn.o dm.o pa.o cotmon.0 parse.o aIloo.0

all: mnvi Mvltest

Cc $(CiFLAGS) $(OBJSJ -o mvl -11

mvltest: tTvte~t.o

ed $(CFLAGS) mvitest.o -v mviteat

n'eln.0- fnmin~c

pr.o!.. parse.c
dm-0: dnm.c

pa.0! pa.c
cfloflo.o: cofmmon.c

parse.c! psr~e.j
lex parse.1
M8V -f lex.yy.c parse.c

mvts*: vts~
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