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Abstract. In this paper a gate-level evolvable hardware technique for
designing multi ple-valued (MV) combinational circuitsis propased for
the first time. In comparison with the decomposition techniques used
for synthesis of combinational circuits previousy employed, this new
approach is easily adapted for the different types of MV gates
asciated with operations corresponding to dfferent algebra types
and can include other more amplex logicd expressons (e.g. single-
control MV multiplexer cdled T-gate). The technique is based on
evolving the functionality and connedivity of a redanguar array of
logic cdls. The experimental results siow how the success of genetic
algorithm depends on the number of columns, the number of rows in
circuit structure and levels-badk parameter (the number of columns to
the left of current cdl to which cdl input may be mnneded). We show
that the doice of the set of MV gates used radicdly affeds the
chances of succesful evolution (in terms of number of 100%
functional solutions found).

1 Introduction

Evolvable Hardware extends the concepts of Genetic Algorithms to the evolution of
eledronic drcuits. A central ideaof thisis that ead possble dedronic drcuit can be
represented as a chromosome in an evolutionary processin which the standard genetic
operations over the drcuits, such as initializaion, recombination, elitism, seledion are
caried out. The evolving circuits may be evaluated using software simulation models
[4, 7, 8,12], or in some cases implemented diredly in hardware [2, 11]. A number of
investigations have been carried out for synthesis of binary logic drcuits[4, 7].

Multiple-Vaued (MV) Logic refers to the adoption of logic systems having more
than two levels [3, 9]. It is generaly felt that MV logic dlows circuits to have
increased functionality with a reduction in wiring density.

In this paper we present a method for the synthesis of combinational MV circuits.
This approad is an extension of evolvable hardware method for binary logic drcuits
proposed in [1, 10]. The first attempts to evolve MV arithmeticd combinational



circuits have been discused in [5, 6] and here we present more detailed results and
further discusgon about the most suitable parameters used in this approach. We
examine the most effedive geometry which allows the evolution of 100% functional
circuits for a 3-valued one bit adder with carry logic function. We present the results of
a number of experiments which show that the number of rows which all ows most fully
functional solutions depends on the number of outputs in logic function, and that the
optima number of columns depends grongly on the levels-badk parameter. The levels-
badk parameter defines the number of columns to the left of current cdl to which cell
input may be mnneded. An analysis of different sets of MV gates sows that thereisa
particularly effedive set of MV gates which allows us to evolve threetimes as many
100% functional solutions as any other set. A notable feaure of this paper is that it
shows how the chosen geometry of circuit design hes a strong influence on the GA
performance

2 The Evolvable Hardware Method for Combinational MV Circuits

The method proposed here is based on evolving combinational MV networks
employing a redanguar array of the logic cdls. The logic cdls in this array are
uncommitted and can be removed from the network if they prove to be redundant. Let
X={Xq, X, ..., %} @nd Y={yy, ¥, ... ¥ beinput and output variables of implemented r-
valued function respedively. The number of variables in X is denoted by n and the
number of functionsin Y is defined by m. The inputs that are made available ae logic

constants “0”, “1”, ...,“r-1", where r is the radix, al primary inputs Xy, X, ..., X, and
the unary operators ading on the primary inputs, for instance, complement of all
primary inputs ~ X;, X, ..., X, To illustrate this let us consider a 3-input 3-output 3-

valued logic function which will be implemented on a 4 x 4 array of 3-valued logic
cdls with two inputs and one output (Figure 1). Input encoding is caried out as
follows. The number of logic constants encoded as 0, 1, 2 respedively is 3. The set of
primary inputs X={xi, X,, X3} are labeled with 3, 4 and 5 aitput numbers respedively.
Theinverted inputs™ x;, X,, X3 arelabeled as 6, 7 and 8 correspondingly.

Each cdl in the aray is labeled with an output number. The first cdl having an
output islabeled (2n + r). These ae numbered connedion paints, which are important
for the network representation of the cdromosome (discused below). Each cdl is
described by (k+1) integers, where k is the number of inputsin the logic MV cdl. The
first k numbers describe the cdl inputs and the final integer defines the functional type
of the cdl. If this final integer is pasitive then the cdl is assumed to be aMUX gate,
otherwise it refers to one of the gate types listed in Table 1. The gate types listed in
Table 1 have the foll owing definitions (for an r valued 2-input function). Note that the
over-bar in al the expresdons in Table 1 refers to the cmplement (or inversion)
operator defined below:

MAX(X; , Xp) is the maximum of inputs x; and X, and in the binary case becomes
identicd to the inclusive-OR operation. MIN(X; , X,) is the minimum of inputs x; and X,
and in the binary case beames identicd to the AND operation. TSUM(X; , Xp) iS
referred to as the truncated sum operator and is defined as MIN(X;+x, , r-1), this again
reduces to the inclusive-OR operation for the binary case. The truncaed product
operator TPRODUCT(X; , Xo) is defined as MAX(Xy+ Xo-(r-1) , 0), which in the binary



case beaomes the AND operation. MODSUM(X; , %) and MODPRODUCT(x; , %) are
defined as (X;+x,) and X, in modulo r arithmetic. The former becoming the
exclusive-OR operation in the binary case, while the latter reduces to the AND
function. Finaly the complement of ar-valued symbd x, indicated with an over-bar is
defined as (r-1) —x and represents the NOR operation in binary logic.

The user can choose any subset of this list of gates and later we examine the
relative performances of various aub-sets. Note that the list of MV gates presented in
Table 1isjust asmall subset of posgble gates propaosed in the literature [5, 6].

In the discusson which foll ows we will use the following terminology. Asciated
with ead redanguar array of logic cdls are three geometricd constants: the number
of rows, Niows, the number of columns, Negums, @nd the nnedivity of the drcuit
which we refer to asthe levels-badk parameter, I.

The levels-badk parameter | for a cél j (j =1, ..., Nrows) incolumni (i = 1, ..., Negiurms)
defines how many columns of cdls to the left of column i can have their outputs
conneded to the inputs of the cdl, this also appliesto the final circuit outputs, and if (i-
[) <=1, then any of the primary inputs can be mnneded to the cdl in question. Also
the primary outputs can be mnneded to the cdl outputs acwrding to the levels-badck
parameter. For example if the levels-badk parameter is 2 for the drcuit geometry
shown in Figure 1, then the céls numbered from 17 to 21 can be aditionally defined
as outputs of this circuit.

A chromosome defines the
connedions in the network
between the MV logic cdls. In
a dreuit of 2-input, 3-valued

Table 1. Cdl gate functionaity acwrding to negative
gene value in chromosome

Gene Gate function : i
value logic gates eadh @ate is
represented by triple of integer
; MAX(Xo) =X numbers <c'c’c>> which define
i MAX(Xy, X;) = %, 0%, the cnnedivity between gates

-3 TSUM (Xq, Xo)=X1[1X, and the type of the examined

-4 - gate.

TSU %) =X, O X . ) .
3 MOx. ;) — The i-th cdl is represented in
- TPRODUCT (X1, Xo)=X10%, the drcuit by the integers
6| TPRODUCT(X,,%,) =X, O X, c=<¢'c%c®>. Gene ¢ defines

7 MIN (X, %)=%[ % tEe ty;;le of rI\I/IVel?ayte. If g3<0,
-8 - then the I-th cdl Is two-input
MIN (x4, X, ) Xl_D X2 one-output logic gate, €else
-9 MODSUM (x1, Xo) =X+ X when 620 the i-th cdl a 3-1

-10 MODSUM(X,, X,) = X; +X, MUX gate with single cntrol
-11 | MODPRODUCT (Xy, Xo) = X, input ¢ . In the cae of two-
.12 MODPRODUCT x. x.) = x. [X input one-output logic gate, the
3 ,T( 1 %) = % B, genes ¢ and ¢? represent the
- X first and second input of logic

gate respedively. If ¢*, ¢ < (2n+r), then the inputs of the i-th gate ae @nneded to
the primary inputs of circuit, otherwise these inputs are linked to the outputs of the ¢,
th and ¢;*th gates respedively. The gene ¢;°<0 defines the type of logic gates which are
coded acarding to Table 1. For example the cdls numbered 13and 20shown in Fig



1 ae 2-input 3-vaued gatess The cdl 13 describes  function
f,, = MODPRODUCT(2,x,) becaise gene c¢;5'=2 defines logicd constant, c,7=3

corresponds to the primary variable x; and the gene c;3°=-12 describes
MODPRODUCT gate with inverted output. The cdl 20 describes logic function

f,, = TPRODUCT(x,, f,,), where function f,3 denotes behavior of cdl 13. The gene

C0'=8 determines the inverted variable ~"x;. The gene c,’=13 shows the mnnedion
between 13 and 20cdls and is considered as soond variable of TPRODUCT function.
The third gene c,5°=-5 encodes TPRODUCT type for the cél 20. So, the output of céll

20 can be described as f,, = TPRODUCT(x,,MODPRODUCT(2, x,)). In the cae of

MUX gate the gene ¢;* describes the first input of MUX gate, the next inputs of MUX
gate ae mnneded to the céls numbered (¢'+1), (¢'+2), ..., (¢'+r-1). Note that the
gene ¢? is not used in this case. For example the cdl 12 shown in Fig 1is T-gate
(MUX gate) with control input 3 (c15°=3=x,) and with inputs 4, 5 and 6 respedively
(the first input is c121:4:x2), the second input is 5=xz and the third input is 6= x;. Note
that the gene c,,°=7 is not used. The last genes of chromosome describe the m outputs
of implemented function and define the outputs of cdl, which should be considered as
circuit outputs. For instance the output of cdl 20 defines the logic function y;

described by the expresson: y, = f,, = TPRODUCT(x,, MODPRODUCT(2, X,)) .
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Fig 1.A 4 x4 geometry of uncommitted MV logic cdlswith netlist numbering



The fitness function is defined as the percentage of the @rred output digits for
every input combination of the implemented MV functions. The uniform crosover and
mutation operators are built in the traditional way for integer representation
chromosome. The number of genes mutated in current population is defined by the
mutation rate. The crosover rate shows how many chromosomes breed in current
population. Elitism is used to promote the best chromosome obtained from one
population to the next. The seledion operation used is a variation on standard
tournament seledion (of size two) in which the winner of the tournament (the
chromosome with the greaer fithesg between two chromosomes chosen at random is
acceted with certain probability (otherwise the loser of the tournament is chosen).
This probability is cdled the tournament discriminator. If this probability is st to
unity, then the tournament becomes the standard tournament sized two seledion
medchanisms. If this probability is less than urity, then the seledion presaure on the
population is reduced. Note that often the chromosome ontains cdls that are not
adualy conneded to any of the outputs. The process of removing these redundant
cdls is caried out for chromosomes with 100% functiondlity after the GA has
compl eted.

3 Relationship Between the Levels-back Parameter, Circuit
Geometry and GA Performance

The experiments in this paper were

Table 2. Initi - i
able 2. Initial data amed a corredly evolving the

Population size 30 functionality of a one-digit 3-valued
Crossover rate 100 adder with output cary. This is a
Mutation rate 15 circuit with 2 inputs and 2 autputs
Number of generations 200 and requiring 9 input and output
Number of GA runs 100 conditions for full spedfication (see
PLA file processng Add32pla Appendix 1.). The main purpose of
Radix of logic 3 these experiments was to investigate
Tournament Discriminator 70 how the levels-badk parameter and

circut  geometry affed  the
performance of the GA. We investigate how the percentage of the 100% functionality
circuit evolved by the GA and mean fitness values depend on the levels-back
parameter and the number of rows and columns. In this series of experiments the
functional basis contains all the MV gates own in Table 1. The functiond basis is
the set of MV operators used to synthesize the drcuit. The logicd constants as well as
the primary and inverted input variables can only be mnneded in acordance with the
levels-badk parameter. This prevents cdls becming wires in the drcuit. For example
cdl MAX with one of the input O passs the signal of another input to next cdl without
change. The GA parameters used here ae showninTable 1.
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Fig. 2. Dependencethe mean fitnesson the number of columns for the diff erent number of rows

Figures 2 and 3(a) show that the GA performance is not influenced strongy by the
number of rows. However it is clea that the number of columns in the dosen
geometry has asignificant effed.

We can seethat the number of rows used in the geometry has sme dfed since
with 1=1 the number of rows must be & least aslarge a the number of outputs.
Asxciated with every logic function having a minimum number of logic cdls is a
minimum depth (number of columns) which we denote, d. If the number of columnsis
lessthan d then clealy we canot evolve 100% solutions.
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Fig. 3. Dependence of percentage 100% cases and the mean fitnesson the number of rows for
the diff erent number of columns

Examining Figure 4 (a)-(d) (note that the graphs have been plotted as continuous
functions for ease of viewing) we see that as | increases the minimum geometry at
which we can obtain 100% solutions has to increase. This is understandable since the
probability that we would conned the inputs to the first column of cdls and the
outputs to the last column of cdls deaeases quickly. Thus the lowest cut-off point for
circuit geometry (which indicaes the minimum number of columns at which the 1006
functionality circuit are not evolved) must increase. The marked cut-off of the highest
point, b, appeasto indicate that only circuits within a cetain sizerange ae likely to be



evolved so that when the geometry becomes too large (in terms of columns) it becomes
no longer possble to conned up even the largest circuit.

There ae cetainly anumber of interesting feaures of these graphs (i.e. the marked
modality) and it looks as if there ae spedes of circuits ead with a charaderistic size
which beame more or lesslikely to be evolved as the number of columns of cdls and
the levels-badk parameter are dtered.
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Fig. 4. Dependence percentage 100% cases on the number of columns for the different
number of rows (levels-hadk =2, 3,4and 5

The dependence of the mean fitnesswith the number of columns is $own in Figure 5
for levels-badk parameters equal to 2 and 3 respedively. Points &' and &' show the
minimum fitness at which 100% functionality for the one-digit 3-valued adder with
cary can be atieved. At these points the number of columns in the drcuit geometry



are 8 and 9 respedively. It is clea that if the mean fithessis lessthan 60% then the
probability of obtaining a drcuit with 100% functionality drops to zero. If the mean
fitnessis 85% or more for the optimal number of columns (points b’ and b'") circuits
with 100% functionality can be evolved with the highest probability.

Levels' back parameter is 2 Levels' back parameter is 3

Mean fitness
88388

Percentage 100%
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cases
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Fig. 5. Dependenceof the mean fitnessand the percentage of 100% cases on the number of
columns.

MIN-MAX-MODSUM-TSUM-
TPRODUCT-MODPRODUCT-

COMPLEMENT
—#—MAX-TSUM-TPRODUCT-MIN-

MODSUM-MODPRODUCT

MAX-MIN-COMPLEMENT

MIN-MODSUM-COMPLEMENT

/_MIN_MODSUM—TSUM—
COMPLEMENT

Percentage 100% cases
N
o
L

# columns

Fig.6. Dependencethe GA performanceonthe set of MV gates



4. Influenceof the MV gate set on the GA performance

In this sdion we will discuss how GA performance depends on the set of MV gates
chosen for circuit design.

Figure 6 shows how GA performance depends on the set of MV gates which are

used in the drcuit design. It was found that of the gate sets used the best set was MIN-
MODSUM-COMPLEMENT. This basis is gartlingy better than some of the other
bases. This =t allows a five fold improvement in the GA performance in comparison
with the MIN- MAX- TSUM- TPRODUCT- MODSUM- MODPRODUCT- COMPLEMENT
set and a ten fold improvement over the MIN-MAX-TSUM-TPRODUCT-MODSUM-
MODPRODUCT set. Note that the dtempts to evolve drcuits using only MIN-
MODSUM-TSUM gates or MAX-MIN-COMPLEMENT gates didn’'t give aty 100%
circuits. These experiments were caried out using the same initial parameters as before
but with a fixed number of generations equal to 50Q For ead MV basis the GA runs
100 times. The verticd axis of Fig.6 shows the percentage of MV logic drcuits
evolved with 100% functionality in 100runs of the GA.
It is interesting to note that we expeded to receve the highest percentage of 100%
functionality for the cae when we use all well-known MV gates becaise it gives a
bigger choice of any MV gate for evolved circuit than any particular functionally
complete basis with has a much more restricted number of MV gates. However
experimental results dow that the crred choice of MV logic gate set allows us
significantly increase the GA performance without changing any of the GA parameters.
This indicaes the importance of choosing the achitecure on which to conduct the
evolutionary process and indeed, such a choice has a much more significant impad on
the successof the evolution than fine tuning the GA parameters.

5 AN EVOLVED ONE-DIGIT 3-VALUED ADDER WITH OUTPUT CARRY
CIRCUIT

The aithmetic MV circuits g/nthesized using the proposed method have an unwsual
structure. It is for this reason that the obtained results are very interesting and alow us
to consider arithmetic MV circuits from a new viewpoint.

Now we present some of the aithmetica circuits that we have so far been able to
evolve using the éove method. This circuit implements the 3-valued one-digit adder
with output carry.

MIN-NOR TSUM-NOR “1" MIN
%t .y MAX _ o Carry
” } MAX-NOR X, — D—»
2 Carry X_ —_
2
X1 MODSUM
MODSUM X2
@ (b)

Fig. 7. Evolved solution for the one-digit 3-valued adder with ouput cary using (8) MIN-
MAX-MODSUM (b) TSUM-MIN-MODSUM gates (note small circles represent inversion)



Using only MIN-MAX-MODSUM allowed the drcuit shown in Figure 7(a) to be
evolved (with a 3 column , 2 row geometry). The sum component in this design is
implemented in the optimum way as it uses only one MODSUM gate. The analyticd
description of MV logic gates is given in Table 1. This circuit can be described
analyticdly asfollows:

ysum = Xl + X2

ycarry = ((Xl DXZ) Dl) D(Xl + XZ)

When a set of basic gates had been changed to (with the 2x2 geometry) TSUM,
MAX, MIN and MODSUM the design shown in Figure 7 (b) was evolved. The sum
component in this circuit is the familiar sum-digit 3-valued circuit of conventional

adders. Note that the sum and cary components in this design are implemented
separately and can be expressed as foll ows:

ysum = Xl + XZ

Yeary = % 1 %, UL

When the geometry was constrained to 2x2 and the set of basis gates chosen
contained only MODSUM, TSUM and MAX gates with dired and inverted inputs and
outputs the optimum designs $rown in Figure 8 was obtained. This was a gratifying
result to obtain as it is clea that these designs are an optimum solution. These drcuits

were previously unkrnown. The analyticd representation of these designs are shown in
Fig. 8 also.

STIM T -
MODSUM sum 2 ﬂ—r{
X1 —_ S
% :(D Dﬁafy 2 MAX-NOR
% X aum
X TSUM-NOR %
X2
MAX MODSUM
ysum:X1+X2 ysum=X]_+X2
Veary = 0%+ %) 0 (% 0%,) YVeary = (% 0%,) 01
N (b)

Fig. 8. Evolved ogimum solution for the one-digit 3-valued full adder using MODSUM,
TSUM and MAX

Evolving the one-digit 3-valued adder was easier to do with a larger geometry but
resulted in alessefficient circuit. For instance, the drcuits siown in Figure 7 have dso
been obtained with much larger geometries (3x4, 4x3, 4x4, 5x5, 4x6, 4x8, 4x10).
Choosing too small a geometry ran the risk that no 100% solutions could be found
because it was physicdly impassble to build the required functionality with few gates.



While using too large ageometry simply gave the GA too many possbiliti es to work
with and it strugded to find the fully functional solutions.

6 SUMM ARY

In this paper it has been shown that by evolving a linea chromosome of cdl
functionalities and connedivities based on a redanguar array of logic cdls it is
possble to evolve baoth traditional and novel designs for arithmeticd MV circuits. The
method uses a genetic dgorithm to evolve both a netlist structure and functionality for
MV logic cdls. The fitnessfunction tests the functionality of the drcuit. This approach
for the first time dlows us to synthesize @mbinational MV circuits in different
functionally complete basis or a mbination of these. The method all ows the synthesis
of very novel circuit structures, which have never been seen before. We have evolved
the 3-valued 2-digit adder with carry as an example. The results of some of the
experiments $owed that it is posdble to improve the GA performance onsiderably by
choosing carefully the number of columns of cdls used and the levels-badk parameter,
but that the number of rowsin the geometry was lessimportant.

There ae ill many avenues for further work. Other ways of representing
redanguar arrays of logic cdls may be devised and also, the relationship between cell
connedivity and the evolvability of designs has dill to be explored, this would involve
examining a suitable concept of cdl-neighborhood It is a fedure of the airrent
technique that one has to spedfy the functionality of the target circuit using a complete
truth table, however this is impradicd for circuits with large numbers of inputs.
Further investigations are under way to seeif these findings are caried over to other
MV benchmarks.
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APPENDIX 1.

Truth tablefor 3-valued 2-input adder with output carry (Add32.pla)
X1 X2 carry sum
0 0 0 0
0 1 0 1
0 2 0 2
1 0 0 1
1 1 0 2
1 2 1 0
2 0 0 2
2 1 1 0
2 2 1 1




