
IEEE TRANSACTIONS ON COMPUTERS, VOL. C-25, NO. 3, MARCH 1976 237

Flip-Flops for Multiple-Valued Logic

THURMAN A. IRVING, JR., MEMBER, IEEE, SAJJAN G. SHIVA, AND H. TROY NAGLE, JR., SENIOR
MEMBER, IEEE

Abstract-A family of multiple-valued (MV) electronic memo- CYCLE: AB - A plus B, mod N

ry elements, referred to herein as flip-flops, is presented along
with a system of MV algebra upon which they are based. These COMPLEMENT: A = P - A where P = N - 1.
MV flip-flops are compared to binary flip-flops. MV asynchron-
ous set-clear flip-flops and synchronous set-clear, D-type, JK, Here, N = base of algebra (N > 2) and the logic values
and modulo N counter flip-flops are presented, their next-state for A and B range from 0 through P. The Postian sys-
equations are derived, and they are shown to have desirable tem of algebra consists of operators AND, OR, and
properties for use in MV sequential circuits. Experimental re- CYCLE and is functionally complete for any N 2
sults and schematic diagrams are presented for a level restoring
three-valued logic gate, the clocked set-clear flip-flop, and an COMPLEMENT operator is included here to simplify the

example synchronous sequential circuit. description of the MV flip-flops.

Index Terms-Multiple-valued flip-flops, multiple-valued The algebra is idempotent, absorptive, commutative,

logic, multiple-valued sequential circuits, ternary memory ele- associative, distributive, and it is involutional with re-

ments. spect to both unary operators. Theorems 1, 2, and 3 are

with respect to the identity elements 0 and P.
I. INTRODUCTION Theorem 1:

T RADITIONALLY switching theory has been limit- x + 0 = X X- 0 = 0
ed to two-valued logics. Post introduced a multiple-

valued (MV) logic in his propositional calculus [1]. X + P = P X - P = X.
Since then many functionally complete algebras have Theorem 2:
been proposed for MV logic [2]. Most of these works ad-
dress combinational logic and its minimization, and XO + X1 ...+ Xp = p
most of the literature on MV sequential logic [3] is lim- ° . = 0.
ited to three-valued memory elements. The theoretical
results for the algebra and memory elements presented Theorem 3:
in this paper are for any N > 2. The experimental re- X + X . P: N> 2, X # 0, P
sults and the gate design are readily extended to any N
>2. X * X x O: N > 2, X 0O, P.
The algebra is intended to be conceptually complete Theorem 4 states DeMorgan's Law for the COMPLE-

in that it is both functionally complete and defines MENT operator which, in conjunction with Theorem 5,
those operators fundamental to the flip-flops. Like the is useful for simplifying complex expressions.
binary AND-OR-COMPLEMENT algebra it contains a re- Theorem 4:
dundant operator (AND-OR-CYCLE and OR-COMPLE-
MENT-CYCLE, etc. are sufficient) but not all opera- + Y = X * Y
tors need be implemented. The algebra is compared to X- = X + Y.
Boolean algebra and the manipulation and minimiza-
tion techniques are similar. Theorem 5:

II. THE ALGEBRA Xa= X(N-a) O a < P.

The algebra used in forming these MV flip-flops [4], For the binary (N = 2) case, both the CYCLE and

[51 consists of the following operators: COMPLEMENT operators are equivalent to binary COM-
PLEMENT operator. However, for N> 2, the properties

AND: A * B = mmn (A, B) of binary COMPLEMENT are distributed between CYCLE

OR: A ± B = max (A, B) and COMPLEMENT operations. For example, an MV
variable combined with its complement under either
AND or OR operator does not result in an Identity Ele-
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III. FLIP-FLOPS not 2 1 2 1 0) can be guaranteed with the

All binary flip-flops use cross-coupled NAND (AND- proper input conditions.
COMPLEMENT) or NOR (OR-COMPLEMENT) gates as Fig. 3 illustrates the state transitions which can occur

their basic circuit. This concept can be extended to MV if the modified flip-flop inputs WlW2 change from 02 to
logic, by replacing the AND and OR gates with MV AND 20. The inputs w1w2 cannot change simultaneously,
and OR gates, respectively. The replacement for the therefore a type of "race" condition will exist at the flip-
COMPLEMENT operator could be either MV CYCLE or flop inputs. If the input condition w1w2 = 0 1 occurs, a

COMPLEMENT operator since both possess the Involu- glitch will be present at the output. For example, transi-
tion Property. In [4] and [5] it has been shown that the tions 2-1-0-1-2 and 1-1-0-1-2 are possible. This nuisance
MV COMPLEMENT represents the better choice, result- may be avoided by employing another flip-flop (the
ing in the following flip-flop configurations. The exam- master/slave configuration) or by restricting the inputs
ples used in this section are all in base three for the sake to change one at a time, a common restriction for asyn-

of simplicity. Flip-flops for any base N > 3 may be con- chronous sequential circuits. In the example of Fig. 3
structed using base N logic gates and will have logic di- one would require the following input sequence: w1w2 =
agrams and next-state equations otherwise identical to 02, 12, 22 21, 20.
those given herein. OR-Complement Flip-Flops
We should point out that other arrangements for MVOnFi-FOPs

flip-flops have been presented by Druzeta et al. [6], [7]. Fig. 4 shows an OR-COMPLEMENT flip-flop and its
state table. The symbols x1, X2 = 0 represent the inputs

AND-Complement Flip-Flops and their inactive state. The next-state equation for this

The MV set-clear flip-flop [5] using AND-COMPLE- flip-flop is
MENT gates is shown in Fig. 1. The symbols x1 = X2 = P Q(t + 1) = X2 + X1 * Q(t). (5)
represent the inputs of the simple flip-flop in the inac-
tive condition. The state and flip-flop input tables cor- This is also a set-clear flip-flop with S = x2 and C = xl.
responding to N = 3 are shown in Fig. l(b) and (c), re- The gating arrangement for the modified OR-COMPLE-

MENT lpfo sas hw nFg .Tenx-ttspectively. Treating undefined next states as DON'T ENT flip-flop is also shown in Fig. 4 The next-state
CARE's in Fig. 1(b), the next-state equation for an MV equation for the modified OR-COMPLEMENT flip-op iS
AND-COMPLEMENT flip-flop is given by Q(t + 1) = V2(t) + wl(t) - Q(t). (6)

Q(t + 1) = x1(t) + x2(t) * Q(t), N = 3 (2) The modified flip-flops provide next-state definitions

where x, PlUS X2 . P. Replacing x-1 with S and with for all input combinations. No extra feedback is needed
C,() eomsfrom the outputs of the flip-flop other than the basic

C, (2) becomes feedback integral to the operation of the flip-flop. All

Q(t + 1) = S(t) + C(t) * Q(t), N= 3, (3) the next-state groups that were present in the original
flip-flops are retained, thus not losing any operational

which is identical in form to the state equation of the features. Any next state can be reached from any
binary set-clear flip-flop. present state via the proper inputs. State transition be-
The next states for values of xi and x 2 which satisfy havior is similar to the AND-COMPLEMENT case.

X1 plus x2 < P

are not defined. This eliminates N(N - 1)/2 combina- Clocked MV Flip-Flops
tions of values of xi and x2 to be applied as inputs. The In
simple gating arrangement [8] shown in Fig. 1(a) can be digital logic design, sequential circuits (SC's) are

uetoahcorresponding normally classified as either synchronous or asynchron-
d to a i. F. 1() sous. The design and synthesis of asynchronous SC's re-

state table. The next-state equation of this modified
fli- flop quires direct coupled (DC) flip-flops whereas the designflip-flop IS and synthesis of synchronous SC's requires clocked

Q(t + 1) = w1(t) W(t) - Q(t). (4) (synchronized) flip-flops. By definition, the state of a

DC flip-flop is affected directly by the inputs which are
Fig. 1(e) shows the input table for the modified flip- allowed to vary independently of each other and are not
flop, controlled by synchronizing circuits. The MV flip-flops
The circuit in Fig. 1 is stable in all possible states and of Figs. 1 and 4 are DC flip-flops. In order to prevent

any state can be reached from any other state in a single conflicts between the inputs and to prevent the occur-
transition. rence of illegal input conditions, in asynchronous SC's
An examination of the state transition diagram of Fig. normally the restriction is imposed that only one of the

2 for the AND-COMPL,EMENT flip-flop shows that the inputs may vary from the inactive state (0 for the OR
state transitions cause no "glitches" at the flip-flop out- gate and P for the AND gate set-clear flip-flops) at any
put; that is, an orderly transition (e.g., 2 -~1 O~ and time. This restriction does not apply to synchronous
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S,mple f'lip-flop

=0

Q(t) 0 0 0 1 1j2i2f2
Q(t+i) 0012 0 1 2 1 2

LI<9 - >° -1- Q xi 2 11 02 1 1 2 2 0 2 12 d

w =P XY d 12 2 0 1 2 1 2 2 0 1

(a) _ (c)

-l(t) i-000--111- --22-~-l W 1 000 1i l 222

x2(t) 01 2 0 1 2 0 1 2
0 i_ p 0 1 _2 0 1 2 2 2 1 1 1 0 0 0

0 x x 2 x 1 1 0 00 x2 0 1 2 1 1 2 2 2

Q(t+l-) 0 0 00 1 1 1 2 2 2Q(t) 1 x x 2 x 1 1 0 1 1 Q't+ 1 0 1 1 1 1 1 2 2 p
Q(t) I o 1 z 1 1 1 2 2 2

2 x x 2 x 1 2 0 1 2 2 0 1 2 1 1 2 2 2 2 Q(t±l)

(b) _ (d)

Q(t)- -OO 11 1 121 2 2

Q(t+i) O 1 2 0 1 P 0] 1 2

Wi 0 1 2 0 00 1 2 0 0 1 1 2

w2 ddd 0 1 2 d d O 1 0 1 d

(e)
Fig. 1. AND-COMPLEMENT flip-flop for N = 3. (a) Modified flip-

flop. (b) State table (x means undefined). (c) Flip-flop input table
(d means DON'T CARE). (d) State table. (e) Flip-flop input table (d
means DON'T CARE).

XI,X2,Q(t) ,Q(t+l)

0 0
2,2,1,1

2 2

0 0 0 1
2,1,1,1 1,2,1,1

2 1 2 2

01 1

C1,1,1,1 0 1,1,1,1

xlx2= 22+11 (no glitch)

Fig. 2. State transitions for the AND-COMPLEMENT flip-flop.

SC's. Therefore for the synchronous case it is necessary effect, as the clock input is changed from a logic zero to
to apply the flip-flop inputs in an orderly manner using P and back to zero, the actual sequence of values would
the system clock pulse. be zero-one-----P-^---one-zero. The additional logic
One additional question concerning the operation of values are not desired and their effect on the operation

the MV flip-flops arises due to the physical implemen- of the clocked flip-flops must be questioned.
tation of the circuits using electronic devices. The logic A clocked SC flip-flop for MV logic is shown in Fig. 5.
variables, such as the inputs, must be encoded as elec- Reference [5] has shown that this flip-flop is not ad-
tronic voltages or currents in a single wire. For positive versely affected by the clock waveform passing through
logic the clock pulses are voltages where the voltage cor- intermediate logic values.
responding to a logic value L is proportional to L volts. Fig. 6 demonstrates a clocked D flip-flop [6] con-
As the logic value of the clock pulse changes from an in- structed from a clocked AND-COMPLEMENT flip-flop.
active to an active level (0 to P), the corresponding elec- This flip-flop behaves in the proper manner for all
tronic signal must temporarily assume each of the inter- input and present-state conditions. This configuration
vening logic values (due to finite rise and fall times). In requires an inverted (inactive = P) clock pulse.
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11, 2,4(t) ,Q(t+l)
0 0

2, 2

(No glitch) /l(itch)

1,21,1 0,1,I,1
2 2 2 1

1 2 11 01 0 0
2,2,1,2 ,1_1 ', 1 1,1,1 0,0,1,0

2 2 21110

222 01
2,1,2,2 2,1,1,2 1,0,1,1 1,0,0,1

22 12 1 1 0 1

2 2 1 2
2 ,0,2 ,2 20, 1,2

2 2 1 2

Fig. 3. State transitions for the modified AND-COMPLEMENT flip-
flop.

Master-Slaue Flip-Flops Q(t + 1) = J- Q +KQ + J.K: N.= 2. (8)

In using clocked flip-flops of Figs. 5 and 6, it is as- An MV JK master-slave flip-flop is presented in Fig.
sumed that the flip-flop inputs always remain stable 7 and its next-state equation is derived from the next-
while the clock pulse undergoes its transition sequence. state equation of the MV SC flip-flop below:
In many applications, the flip-flop outputs (its own out- -JK
puts or those of neighboring flip-flops) directly affect Q(t + 1) = J. Q(t) + Q(t) + J. K. (9)
the flip-flop inputs, and the stated condition of input Proof: From the logic diagram (Fig. 7)
stability cannot be guaranteed. In such cases the mas- S = J (K Q(t))
ter-slave concept is used to provide the needed input-
output isolation. C = K - (J * Q(t))

Master-Slave SC and D Flip-Flops by DeMorgan's Law

A master-slave SC flip-flop, defined for any base N> S = J. (K ± Q(t)) = J K ± J- Q(t)
2, is constructed using two clocked, base N, SC flip- C = K (J* Q(t)) = K + J* Q(t)
flops (e.g., Fig. 5) with the outputs of one (the master) - S C
connected to the inputs of the other (the slave). The N Q(t + 1) = + C Q(t)
valued clock is connected directly to the master and = J. K + J. Q(t) + Q(t) * [K + J. Q(t)]
through a base N COMPLEMENT gate to the slave. The =J_K
operation of this master-slave flip-flop is identical to J.K ± J. Q(t) + K. Q(t) ± J. Q(t). Q(t)
the operation of the binary master-slave SC flip-flop. = J. Q(t). [P+ Q(t)] +K. Q(t) + J -K

Similarly a master-slave, base N, D flip-flop may be = J Q(t) ± K Q(t) + J K.
constructed by using a clocked, base N, D flip-flop (Fig.
6) as the master. This equation appears in the same form as the expand-

ed next-state equation of the binary JK flip-flop as
Master-Slave JKFlip-Flop given in (8). This MV equation will not reduce to the

Another well-known binary flip-flop which has an form of (7) because of the differences in Boolean algebra
MV counterpart is the clocked JK flip-flop. The next- and this system of MV algebra.
state equation of the binary JK flip-flop is given in its The MV JK flip-flop of Fig. 7 must employ the mas-
simplest form as ter-slave concept because the outputs Q(t) and Q(t) are

- ~~~~~~~usedin generating the inputs to the master section of
Q(t + 1) = J- Q ± K. Q : N = 2, (7) the SC master-slave flip-flop. These outputs must not

and is also equivalent to change during the clocking operation, but the outputs of
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Simple flip-flop

w = iI=

w2= P
2 x2=0

(a)

x2(t) [ 0 n 1 1 2 2 2

xI (t) ° 1 2[ 1 2 0 1 2 1 2

. O O O I1 x 2 x x

()(t) 1 1 0 1 x 2 x x

1 2 x 2 x x ()(t + 1)

(b)

w 011 0 1 1 1 2 2 2

w2 0 1 2 0 1 2 0 1 2

xl 0 P n P 1 1 o 2
X2 2 1 0 2 1 0 2 0

0 2 1 0 2 1 0 2 1 0

1 2 1 1 2 1 1 2 1 0

Q(t) 2 2 2 2 2 1 1 2 1 0 l(t + 1)

(C)
Fig. 4. OR-COMPLEMENT flip-flop for N = 3. (a) Modified flip-flop.

(b) State table for the simple flip-flop. (c) State table for the modi-
fied flip-flop.

S

Fig. 5. Clocked MV SC flip-flop.

Clock Jr

Fig. 6. Clocked D flip-flop.

the master section of the flip-flop will change during the counters. The next-state equation for a binary trigger
clocking operation. Therefore, the slave section of the flip-flop with trigger input labeled T is
SC master-slave flip-flop is required to maintain theQ(+1)=TQt)+ -Qt:N=2. 10
values of Q(t) and Q(t) until the conclusion of the Qt±1 .Qt .Qt . (0
clocking operation. If the T input is a logic one the output is complement-

ed, thus performing a modulo two counting operation.
Master-SlaveModulo N CounterFor the N-valued case (N > 2), the complement opera-

Another well-known binary flip-flop is the trigger tion does not constitute a modulo Ncounting operation,
flip-flop which is often used in the design of binary but the CYCLE operation does.



242 IEEE TRANSACTIONS ON COMPUTERS, MARCH 1976

MV
S S-C nI n

- - laster-

C1ack-~~~~~~~~~~~~~ ~SlaveClock f_ |

K - 4 c fla 0-Q

Fig. 7. MV JK master-slave flip-flop.

The circuit shown in Fig. 8 is a modulo N counter and ; -
provides a basis for the design of multiple digit base N QClocke
counters. The next-state equation is I L a asClocked-l

T _ _ _ a x-+a master-sl.aveI

Q(t + 1) = Q(t)T mod N. (11) QClck s-

This flip-flop is capable of counting in increments of 1, flip-flop J

2, ..., P. Counting by an increment of P = N - 1 is ifo __ _
equivalent to counting by an increment of -1 (or count- Fig. 8. MV master-slave modulo N counter.
ing down). In a manner like the clocked JK flip-flop,
the output Q(t) is fed back to the flip-flop inputs and conjunction with Fig. 9, gives the positive logic AND
must therefore be a master-slave flip-flop. This circuit function (negative logic OR).
is presented in academic interest only as it requires a Tables III and IV give the experimentally determined
variable cycle gate (denoted by .i in Fig. 8) which has input and output voltage values and transition delay
not been implemented experimentally by the authors. times for the circuit of Fig. 9. These results are for posi-
In terms of the defined operators: tive logic and are not significantly affected by changing

the interconnections to change the permutation realized
*=a= a x*+1*xl x ;N= 3. or by adding the circuit of Fig. 10.

The circuit of Fig. 9 is a level restoring logic gate as
The complexity of this expression increases with N. are most of the well-known binary logic families [diode
A fixed increment counter (up or down) may be readi- transistor logic (DTL), TTL, emitter-coupled logic

ly implemented by replacing the variable cycle gate of (ECL), MOS, etc]
L

Fig. 8 with a fixed cycle gate (one of the possible varia-
tions of the gate presented in Section IV of this paper). The Flip-Flops

In this section the design of MV flip-flops has been For testing the concept and operation of the flip-
approached from the concept of generalizing the binary flops an SC master-slave flip-flop and a D-type mas-
cross-coupled gate flip-flop to the MV domain. N-stable ter-slave flip-flop were constructed from the three-val-
memory elements were designed using the MV COM- ued gates previously presented.
PLEMENT operator and a family of practical MV flip- The measured minimum clock pulsewidth for reliable
flops based on the COMPLEMENT memory element were operation is 500 ns and there is no practical upper limit
presented. on the pulsewidth. The measured maximum clocking

repetition rate for reliable operation is 500 kHz and
IV* EXPERIMENTAL RESULTS there is no practical lower limit on the repetition rate.

Experimental data have been gathered by imple- The inputs are required to be present and stable prior
menting a base three, positive logic OR gate and using it to the clocking operation and must remain so until at
to implement several of the flip-flops and a synchronous least 200 ns after the clocking operation. The delay
ternary sequential circuit. times from the end of the clocking operation until the

data appear at the Q output of the flip-flop for each
The Gate possible transition are tabulated in Table V.
The basic gate presented herein is a versatile circuit

(Fig. 9) which implements the three-valued, positive Design Example
logic OR function (negative logic AND), or its COMPLE- To demonstrate the flexibility of the MV flip-flops, a
MENT, or any CYCLIC permutation of either. The basic three-state synchronous SC was built and tested. The
concept of the circuit lends itself to expansion to four or state table is given in Fig. 11. As this SC has only three
more logic values. Table I lists the logic value-voltage states, only one flip-flop and one-state variable are re-
relations for the circuit of Fig. 9 and Table II lists the quired. The state assignment is arbitrary as any assign-
interconnections required to realize the permutations of ment will result in adjacent assignments for the three
the OR or AND function. The circuit of Fig. 10, used in states. The master-slave SC flip-flop was selected to
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.-

D -D are IN 914 V
V v c 2c 7K DZ,1-DZ2 are IN 756 ,

2 .7K Q l Q are 2N 2369A

loo. v~~~~~~~~~Dcc
2 ~~~~~~~~~~~~6.86K.

Logi?c 1j K W I2r 2.7K
Lecto - - - O G7 0

,Logic 2 Lo gic
Detector 2.70K 2 .7K

3.0~~~ ~~~-5. 1 D

16.0'-9

1K.
- ~~~~Output Generator

Fig. 9. Versatile three-valued logic gate.

TABLE I
Voltage-Logic Value Relations

Voltage Positive Nagative
Range Logic Logic

0 -2.9 0 2

3.0 - 5.9.1

6.0 - 8.9 2 0

TABLE II
Interconnections for the Three-Valued Logic Gate

Function Connections

Positive Negative w x
Logic Logic

A +B A-B K2 N/C K I N/C

A + B A-B KI 72 J2 N/C
!b'2 --*1A + B A-B 1 N/C J1 K2

A + B A-B J1 N/C 2 N/C

A+B A-B K1 J2 K1 N/C
---n*2 ]l
A + B A-B K2 N/C KJ2

N/C is no connection

simplify the final circuit. The minimized functions are V. SUMMARY
derived to be: This work has presented an approach to the design of

Q+ ~~~~~~MVcombinational and sequential logic of any base N >
z +X 2 and has investigated the implementation of these con-

S = x2 + Q ± x1 *x2 cepts in three-valued devices. The three-valued devices
X2.Q presented in this paper implement all the operators of
- x2. ~~~~thealgebra (and many combinations thereof) with the

The logic diagram is given in Fig. 12. A typical input- exception of the alternative implementation of the
output-state variable clocking pattern for this SC is CYCLE operator, the variable CYCLE gate, which may at
given in Fig. 13. The clock frequency is 5 kHz. times be desirable.
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Vcc

iN1\ 914
A O_Q~2N 2369A

B 1v
IN 914 out

D 9 gL .8KQ
One input gate

(Figure 9)

Fig. 10. Positive logic AND gate.

TABLE III
Gate Voltage Levels

Acceptable Typical
Logic Value Input Voltage Output Voltage

(Volts) (Volts)

Fanout

0 1 5 10

0 0 - 2.9 .015 .015 .015 .015

1 3.0 - 5.9 4.20 4.15 4.12 4.06

2 6.0 - 10.0 8.25 8.20 8.15 8.08

TABLE IV
Typical Gate Delay Times

Transition Delay Time TABLE V
from-to (Nanoseconds)

Flip-Flop Delay Times
Fan out1

0 1 ~ Transition Delay Time__ __O 1_ 5 _ 10 ?Nano-seconds
0-1 115 112 100 110 0-1 280
0-2 140 120 120 125 0-2 600

1-0 1250 1.350 1450 1600 1-0 800

1-2 190 180 175 155 1-2 600

2-0 1400 1450 1680 2030 2-,0 600

2-1 485 290 260 240 2-1 280

00 01 02 10 11 12 20 21 22

A = 0C/2 B/2 -/- C/i B/i B/- C/O B/O C/O

B = 1 B/I -/- B/1 B/l B/- -/1 -/- B/- C/O

C=2 A/D I/O C/- -/0 1/0 C/- AID B/0 C/0

Fig. 11. State table.

The implementation of the gates presented in this reasonable to expect that the circuits of this work could
paper is of a technology like those commonly used for be improved in both speed and power consumption [9].
binary circuits in the late 1950's and early 1960's and Also the development of integrated circuit forms of
cannot compare to the binary circuits of today in terms these devices would reduce the physical size and possi-
of switching speed, power consumption, packaging, or bly reduce the cost.
price. However, with further development, it is not un- Before MV integrated circuits are developed, how-
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2

ICl-p p-fh,

Fig. 12. Three-state sequential circuit.

2-

State (Q) 1-

Output 0-

2-

Clock 0 -

xl 2-

2-

X2 0-

f 5kHz

Fig. 13. Some typical operating patterns of the sequential circuit.

ever, higher level versions of these circuits should be de- 7493) have 4 signal outputs and count modulo 16. A
veloped. The ultimate goal would appear to be to devel- base three counter with 4 signal outputs would count
op base 10 logic devices. Such devices would improve modulo 81 and a base ten counter with 4 signal outputs
communications between man and the digital machine would count modulo 10 000. By the same consideration,
and appear to approach the limits of complexity that functions not adaptable to LSI in binary logic because
should be allowed in one logic gate. The base 3 OR gate of an excessive requirement for input-output connec-
of Fig. 9 requires 10 transistors whereas a base 10 OR tions may be adaptable to LSI by the use of MV logic.
gate built on this concept would require 37 transistors. For example, a function requiring 100 binary connec-
A standard TTL NAND gate (7400) requires only 4 tran- tions would require 64 connections in base three and 30
sistors and a standard TTL NOR gate (7402) requires connections in base ten.
only 6 transistors. Another consideration for the integration of MV cir-

Additional types of MV logic circuits needed include cuits is the surface area on the integrated circuit chip
a low-cost memory device suitable for the storage of which is proportional to the number of transistors re-
large volumes of MV data. Circuits which translate MV quired. Because of the increased complexity of the MV
data to binary and those which translate binary data to logic gates, they require more surface area and therefore
MV form would be necessary to make use of the many fewer MV logic gates than binary logic gates can be
existing commercially available binary devices (such as placed on a given integrated circuit chip. However, each
typewriter terminals, card readers, etc.). gate processes more information, suggesting that MV
The development of MV integrated circuits [10] and chips and binary chips of comparable surface area may

of MV large scale integration (LSI) circuits is depen- perform approximately equivalent information process-
dent primarily on two considerations. By virtue of the ing functions.
increased information content per signal line, MV logic As the cost, reliability, and even the speed of binary
requires fewer connections than does binary logic for a circuits are often limited more by the interconnection
given function, or for a given number of circuit connec- elements than by the logic elements, the use of MV
tions a larger function may be implemented. For exam- logic, thus reducing the number of interconnections, is
ple, standard integrated circuit binary counters (e.g., quite appealing.
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