M ULTIPLE - VALUED COMBINATIONAL CIRCUIT S SYNTHESISED USING EVOLVABLE HARDWARE

APPROACH

T. K

ALGANOVA 1 , J. F. M

ILLER 1 , N. L

IPNITSKAY A 2

1 Dept . of Computer Studies , Napier University, 219 Colinton Road, Edinburgh, EH14 1DJ, UK

( t.kalganova, j.miller)@dcs.napier.ac.uk

2 Belarussian State Universityof In formatics and Radioelectronics, P. Brovky6, 220600, Minsk, Belarus

A BSTRACT In this paper a gate-level evolvable hardware technique for designing multiple-valued (MV) circuits, which is easilyadapted for the different types o f MV gates associated with operations corresponding to different algebra types and can include other more complex logical expressions (e.g. T-gate ) is proposed. The technique is based on evolving the functionalityand connectivityof a rectangular arrayof logic cells. The evolved 3-valued 1- digit adder with carrycircuit is examined as an example.

The issue of choosing the optimal set of MV gates used to evolve circuit is also discussed.

K EY WORDS : MV, evolvable hardware, logic design, combinational MV circuits

1. I

NTRODUCTION

Evolvable Hardware extends the concepts of

Genetic Algorithms to the evolutio n of electronic circuits. A central idea of this is that each possible electronic circuit can be represented as a chro moso me in an evolutionary process in which the standard genetic operations over the circuits are carried out. T he evolving circuits may be evaluated using soft ware simulation models [ 7 , 9 , 5 ] and others have evolved circuits entirelyin hard ware [ 2 , 8 ].

T his paper presents a method for the synthesis of combinatio nal MV circuits. T his approach is an extension o f evolvable hard ware method for binar y logic circuits proposed in [ 1 , 7 ]. T he first attempts to evolve MV arithmetical co mbinatio nal circuits had been discussed in [ 4 ]. T his paper presents more detailed results and further discussion about circuit structures of MV circuits evolved b ythe proposed method. In an experimental investigatio n vario us sets of MV gates for circuit evolution (100% functio nality) it is sho wn that o ne particular set is at least in three times more effective then any other. A number of evolved circuit designs for an one-digit 3 - valued adder with carr yare given. T hese designs are evolved using functio nally complete bases as well as the other sets of MV gates. T his paper sho ws ho wit is possible to co mbine the different functionally complete groups of M V gates in circuit design.

2. T

HE EVOLVABLE HARDWARE METHOD

T he function representation of basic b uilding blocks is summarized in Figure 1 , where NOR operator is a complement of logic level x . In this paper we have restricted all logic gates to 2 inputs although in general they can have more than two inputs. I mplementation of these gates can be found in

[ 3 ]. We also use the 3-valued T -gate as one o f the basic co mponent for the design.

T he method proposed here is based on evolving combinatio nal MV networ ks emp lo ying a rectangular arrayof the logic cells. T he logic cells in this array are unco mmitted and can be removed fro m the

network if they prove to be redundant. T he inputs that are made available are logic constants 0, 1 ,�, r -1, all primar y inputs x

1

, x

2

, �, x n

and the unar yoperators acting on the primar y inp uts, for instance, co mplement of all primar y inputs ‘ x

1

, ‘ x

2

, �, ‘ x n

.

y y y

y = x 1

L x 2 = x 1

× x 2

MIN gate

2 1

x x y Ù =

MIN-NOR gate

y = x 1 V x 2

MAX gate

2 1

x x y Ú =

MAX-NOR gate

y y = x 1

Å x 2

TSUM gate

y

2 1

x x y Å =

TSUM-NOR gate y y = x 1

+ x 2

MODSUM gate

y

2 1

x x y + =

MODSUM-NOR gate

y

c

MUX gate y

TPRODUCT gate

2 1

x x y Ä =

y

TPRODUCT-NOR gate

2 1

x x y Ä =

y

x y = ‘ x

NOR gate

y=x i+1

, if c=i x

1 x

2

x

1 x

2

x

1 x

2 x

1 x

2

x

1 x

2 x

3

x

1 x

2

x

1 x

2

x

1 x

2

x

1 x

2

x

1 x

2

x

1 x

2

F i g u r e 1 . Symbols and analytic representation of two - input MV gates

T a b l e 1 . Cell gate functionalityaccording to negative gene value in chro moso me

Gene Gate function

-1 M AX ( x

1

, x

2

) = x

1

V x

2

;

- 2 ) , (

2 1

x x MAX =

2 1

x x Ú ;

- 3 TSUM ( x

1

, x

2

) = MIN(x

1

+x

2

, r-1) ;

- 4 ) , (

2 1

x x TSUM =

2 1

x x Å ;

- 5 T PRODUCT ( x

1

, x

2

) = MAX(x

1

+x

2

-(r-1 ), 0) ;

- 6

) , (

2 1

x x TPRODUCT =

2 1

x x Ä ;

- 7 M IN ( x

1

, x

2

) = x

1

L x

2

;

- 8 ) , (

2 1

x x MIN =

2 1

x x Ù ;

- 9 M ODSUM ( x

1

, x

2

) = x

1

+ x

2

(mod r) ;

- 10

) , (

2 1

x x MODSUM =

2 1

x x + ;

- 11

M ODPRODUCT ( x

1

, x

2

) = x

1

× x

2

(mod r) ;

- 12

) , (

2 1

x x MODPRODUCT = 2 1

x x ×

;

- 13 x

Each cell in the arrayhas a specific integer number, which is used in the network representatio n b y chro moso me. T his cell is described by( n +1) integer numbers, where n is the number of inp uts in the M V cell. T he first n numbers describe the cell inputs and the last number defines the functio nal type of the cell.

If this final integer is positive then the cell is assumed to be a T -gate, other wise it refers to one of the gate types listed in T able 1 . T he user can choose any subset o f this list of gates. For example, we can design co mbinational circuits using MV gates such as

MIN, MAX, T SUM, MODSUM, co mplement of logic level x . In this case the encoded cell gate list will be given b ythe follo wing:

A chromosome defines the connectio ns in the network between the MV cells. Let us consider a network with two -input three-valued logic gates, or, alternativelya T -gate. A chromoso me describes MV gates and m outputs of imp lemented function. Each

MV gate is represented bytriple of integer numbers

< c 1 c 2 c 3 > which defines the connectivitybetween gates and the functio nal type of the gate. Note that often the chro mo so me contains cells that are not actually connected to anyof the outp uts. T he process of removing these redundant cells is carried out for chro moso mes with 100% functio nality after the GA has co mpleted.

3.P ERFORMANCE OF GA DEPENDING ON THE SET OF

M V

GATES

Experimental runs o f Genetic algorithmwere carried out with the follo wing parameter s: mutation rate is 0.15, breeding rate is 1.00, tournament discriminator is 70%, population contains 15 chro moso mes. Figure 2 sho ws ho w GA per for mance depends on the set o f MV gates. It was fo und that of the gate sets used the best set was

M IN-MODSUM-

COMPLEMENT . T his basis is startlingly better than so me of the other bases. T his set allo ws a five fold improvement in the GA performance in co mparison with the

M IN-M AX-TSUM-TPRODUCT-MODSUM-

MODPRODUCT-COMPLEMENT set and a ten fold improvement o ver the

M IN-MAX-TSUM-TPRODUCT-

MODSUM-MODPRODUCT set. Note that the attempts to evolve circuits using only

M IN-MODSUM-TSUM gates or MAX-M IN-COMPLEMENT gates didn´t give any

100% circuits. T he vertical axis of Figure 2 sho ws the average percentage of MV circuits evolved with

100% functionality for 100 iterations of the GA.

0

5

10

15

20

25

30

35

40

2 3 4 5 6 7 8 9

#columns

Percentage 100% cases

MIN-MAX-MODSUM-TSUM-

TPRODUCT-MODPRODUCT-

COMPLEMENT

MAX-TSUM-TPRODUCT-MIN-

MODSUM-MODPRODUCT

MAX-MIN-COMPLEMENT

MIN-MODSUM-COMPLEMENT

MIN_MODSUM-TSUM-

COMPLEMENT

F i g u r e 2 . Dependence the GA perfor mance on the set of MV gates

It is interesting to note that we expected to receive the highest percentage of 100% functionalitycases for cases when we use all well-kno wn MV gates, but

the result contradicted out expectatio ns as we find that a reduced set of MV gates produced the best results. Also experimental results sho w that the correct choose of MV gate set allo ws us significantly increase the GA performance without any changing in GA parameters. It is clear fro mthese results that using one of the functio nally co mplete bases does not one to guarantee receiving the 100% results with a small number of generatio ns. Increasing the number of evolutionar ysteps must per mit o ne to reach 100% functionalitycase for any functio nally co mplete basis. Even in this case the percentage of evolved MV circuits with 100% functio nality will be reallyvery small so that we will have few examples fro mwhich we can choose efficient circuit.

4. E

VOLVED CIRCUIT DESIGNS FOR 1- DIGIT 3-

VALUED ADDER WITH CARRY

No wwe present so me o f the arithmetical circuits that we have so far been able to evolve using the above method. All these circuits implement the 3 -valued 1-digit adder with outp ut carr y. So me o f the results are extremelyinteresting. T he circuits have been evolved using 2-input 1-o utput M V gates such as

MODSUM,

MODPODUCT, MIN, MAX, TSUM and TPRODUCT with direct and inverted inputs. When o ne allo wed co mpletelyfree choice of gate and transfor mation of inputs it became easier to evolve 100% functionality immediatelyeven though the search space had been greatlyexpanded.

Evolving a one-digit 3-valued adder using geo metr y of 3 rows and 3 columns proved to be relativelyeasyand the design sho wn in Figure 3 was obtained. T his circuit has been evolved using the basic gates:

MODSUM,

TPRODUCT, NOR and

TSUM with direct and inverted inp uts and outputs.

Sum

Carry

x 1 x 2

‘ x 1

‘ x 2

Figure 3 . T he evolved 1-digit 3-valued adder with carr y

When a set of basic gates was changed to TSUM, MIN

and MODSUM

(with same geometr y) the design sho wn in

Figure 4 was evolved. T he sum co mpo nent in this circuit

is the familiar sum-digit 3-valued circuit o f conventio nal

adders. Note that the GA has evolved sum and carry

components in this design separately.

‘ x 1

‘ x 2

Carry Sum

x 1

x 2

^1~

F i g u r e 4 . T he one- digit 3-valued adder with carr y

evolved in TSUM-M IN-MODSUM gate basis.

Using only M IN-MAX-MODSUM allo wed the circuit

sho wn in Figure 5 to be evolved ( with a 3 column , 2 ro w

geo metr y). T he sumco mpo nent in this design is

implemented in the optimum wa y: it uses onlyo ne

MODSUM gate.

Attempts to reduce the number of different gates to a

minimum gave the design shown in Figure 6 (2 columns

by2 ro ws geo metr y). Note that with larger geo metries

one can still obtain this result after simp lifying the

resulting circuit.

Sum

Carr y x 1

x 2

x 1

x 2

^1~

F i g u r e 5 . Evolved solution for the one- digit 3-

valued adder using M IN-M AX-MODSUM-NOR gates.

Sum

Carr y x 1

x 2

‘ x 1

‘ x 2

F i g u r e 6 . Using MODSUM-TSUM gates to evolve

one-digit 3-valued adder design

Several experiments have been carried out which

evolve MV co mbinatio nal circuits using the single-

control T -gate ( Figure 7 ). T he carryand sum

components of these designs were evolved b yGA

separately.

Sum

Carry

‘ x 1

‘ x 2

^1~

^2~

x 1

x 1

x 2

‘ x 1

F i g u r e 7 . Evolved adder using T -gate

As we can see o ur chro moso me representation

allo ws us to use both 2-inp ut 1-outp ut MV gates and

T -gate. It became easier to evolve 100% functionality

immediatelyafter having utilized this more

complicated representation, despite the fact that the

search space had been greatlyexpanded b ythis

change. We feel that this chromo so me representation

allo ws more routes to the desired solution. In many

occasions evolved chro moso mes have achieved

100% functionality b yusing T -gate in place of MIN,

MAX or constant gates.

When the geo metr ywas constrained to 2x2 and

the set of basis gates chosen contained only

MODSUM, T SUM and M AX gates the optimum

designs sho wn in Figure 8 was obtained. T his was a

gratifying result to obtain as it is clear that these

designs are an optimum solution. T hese circuits were

previously unkno wn.

x 1

x 2

‘ x 1

‘ x 2

Carry

Sum

( a)

‘ x 2

Sum

Carr y

‘ x 1 ^1~

^2~

x 1

x 1

x 2

‘ x 1

F i g u r e 8 . T wo evolved optimumo ne- digit adder

with carr y

Evolving the one-digit 3-valued adder was easier

to do with a larger geo metr ybut resulted in a less

efficient circuit. For example, the same results

discussed above had been obtained with much lar ger

geo metries (3x4, 4x3, 4x4, 5x5, 4x6, 4x8, 4x10).

Choosing too small a geo metry ran the risk that no

100% solutions could be found because it was physically

impossible to build the required functio nality with fe w

gates. While using too large a geo metr ysimply gave the

GA too many possibilities to wor k with and it str uggled

to find the fully functional solutions.

5. S UMMARY

In this paper it has been sho wn that b yevolving a

linear chro mo so me of cell functionalities and

connectivities based on a rectangular arrayof lo gic cells

it is possible to evolve both traditio nal and no vel designs

for arithmetical MV circuits. T he method uses a GA to

evolve both a netlist structure and functio nality for MV

cells. T he fitness function tests the functionalityo f the

circuit. T his approach has allowed us for the first time

allo ws us to synthesize co mbinatio nal MV circuits in

different functionallyco mp lete bases or any

combinatio ns of these. T he method allo ws the synthesis

of ver ynovel circuit str uctures, which have never been

seen before. We have evolved the 3-valued 2-digit adder

with carr yas an example. It was ver yinteresting to find

that the different sets of M V gates used when evolving

the circuits radicallyaffects the ease of implementation.

6.A CKNOWLEDGEMENT

T he authors are ver ygrateful to Prof. Vlad P. Shmerko

for fruitful discussions and to prof. C. Moraga for his

useful co mments.

7. R EFERENCES

1. FogartyT. C., J. F. Miller, P. Thomson, Evolving Digital

Logic Circuits on Xilinx 6000 Family FP GAs. The 2nd Online

Conference on Soft Computing , 1997

2. Goeke M., Sipper M., Mange D., Stauffer S., Sanchez E.,

and Tomassini M., (1996) Online autonomous evolware, in

Proceedings of ICES96, now published in Lecture Notes in

Computer Science Vol. 1259 , pp. 96-106, Springer-Verlag,

Heidelberg, 1997.

3. Jain A.K., R.J. Bolton, M. H. Abd-El-Barr, CMOS

Mutliple-Valued Logic Design - Part 2: Function Realization

IEEE Trans . on Circuits and Systems - I. Fundamental theory

and applications . Vol. 40 . No 8 . - 1993 . - pp. 515-522.

4. Kalganova T., J. Miller, EvolutionaryApproach to Design

Multiple-valued Combinational Circuits. Proc. of the ACS’97.

Szczecin, Poland. - 1997. - pp.333-339.

5. Koza J. R., Genetic Programming , The MIT P ress,

Cambridge, Massachusetts. 1992

6. Mariani R., R. Roncella, R. Saletti, P. Terrini A Useful

Application of CMOS TernaryLogic to the Realization of

Asyn chronous Circuits. Proc. of the 27 th ISMVL . - 1997. -

pp.203-208.

7. Miller J. F., Thomson P., FogartyT. C., Designing

Electronic Circuits Using EvolutionaryAlgorithms. Arithmetic

Circuits: A Case Study , chapter 6, in Genetic Algorithms and

Evolution Strategies in Engineering and Computer Science :

Recent Advancements and Industrial Applications. Wiley, 1997

8. Thompson A., An evolved Circuit, Intrisic in Silicon,

Entwined with P hysics. Proc. of the ICES´96 , now published in

Lecture Notes in Computer Science , Springler-Verlag,

Heidelberg, 1996.

9. ZebulumR., M. Vellasco, M. P acheco, Evolvable Hardware

Systems: Taxonomy, Surveyand Applications. Proc. of the

ICES´96 , Tsukuba, Japan, 1996.