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MULTIPLE-VALUED THRESHOLD LOGIC

Those of us who do not read Russian could not benefit from the pioneering work of Prof. Naum
Aizenberg introducing multiple-valued threshold logic in the complex plane in the decade of the
70’s. Possibly the interest in building multiple-valued threshold ”gates” in hardware, motivated
work mostly on ternary threshold logic. This paper summarizes some early results as well as the
contributions of the author to the development of the area.

Ti 3 HaC, XTO HE MOYXKe YUTATH HA POCIHCHKIN MOBI, HE Maju MOMXKJIUBOCTI HOCOJOMKYBATHCS (DYH-
JameHTanbHIME poboramu podecopa Hayma Aiizenbepra, B sikux B 1970-1i poku 6y10 PO3BUHYTO
Teopiro Bararo3HAYHUX MOPOroBUX (DYHKINH HAJL MOJEM KOMIJIEKCHUX Ynces. Uepe3 MOBHI Iepero-
HHU, sKi 3aBaauIu 6araTboM BUEHNM, IO MPAIIOBAIH B IIill TasIy3i, o3HafioMuTuch 3 miaxomom H.H.
Aiizenbepra 70 6araTo3HAYHOT TOPOTOROI JIOTIKU HAJ MOJEM KOMITJIEKCHUX YUCEJI, BOHU TTPOJOBYKY-
BaJIM PO3BHBATH OAraTO3HAYHY MOPOTOBY JIOTIKY Haj MHOXKMHOKIO Z; BOynosany B R™, abo, inakme
kaxkyun, Haz [0, p]™. Ho mossu poGit H.H. Aiizenfepra npakTiuHi pileHHst B rajy3i 6araTo3HagaHOL
IOPOTOBOl Jiorikn Oyin oOMeskeHi mepeBarkKHO OarkKaHHAM OyayBaTn 6araTo3HAYHI JOTMIYHI cxeMu i
He IPOCTSATAINCS JaJi TPU3HATHOI moporopoi jorikum. Ilg crarTa mpucBadueHa UM OLIBIT PAHHIM
MAX0MaM /10 0araTo3HadIHOI IOPOroBol JIOTiKK 1 pe3yabraraM, mo Oyiu OTpuMaHi B pi3Hi yacu HaA
OCHOBI IUX MiAX0/iB, 1 6a3y€ThCST 30KpeMa Ha BJIACHOMY BHECKY aBTOpA B PO3BHUTOK IN€l ratysi.

1. Introduction. Prof. Naum Aizenberg introduced the complex-valued threshold
logic in [1,2], in Russian. Due to the prevailing language difficulties this line was
not followed by other researchers, who chose to work in Z} embedded in R" or,
simply, in [0, p]*. After some work on ternary threshold logic in the early 60s [3],
[4], the first important result may be traced back to [5], proving that multiple-
valued threshold logic is functionally complete, thus providing a theoretical support
to efforts to build hardware threshold gates and assemble circuits. On the other
hand, as in the binary case, the number of threshold functions relative to the total
number of functions for a given p and n is very small. This motivated studies in two
directions. On the one side it was important to determine the areas of application
where threshold gates might be used with advantage, like in the case of arithmetic
circuits. At the same time it was important to consider the increasing demands on
speed and minimal size, which has drawn attention to the use of resonant tunnel
diodes [6] and consider the possibilities of optical computing [7]. On the other hand,
extensions on threshold logic were introduced to alleviate the constraints imposed
by linear separability, by considering polynomial separability [8], as well as non-
necessarily parallel hyperplanes [9] and non-necessarily parallel hypersurfaces [10]
for the required separation of subdomains.

2. Formalisms.

Definition 1. Let Z, be the domain of p-valued variables. An n-place p-valued
function is a mapping f : (Z,)" — Z,. Let x = x125...x, denote an n-tuple in
(Z,)". If needed, n-tuples will be processed as vectors, this becoming clear from the
context. Then Yk € Z,f ' (k) = def {z|x € (Z,)" and f(z) =k} will be called a
subdomain. (Notice that a subdomain may be empty). A p-valued function is a
threshold (or linear separable) function iff there are parallel hyperplanes in (Z,)"
embedded in R™ separating f~1(0) from f=,..., from f~1(p — 1) in a monotonic
way.
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Let w € R™ be a vector of weights and T" = (¢1,...,t,1) be an ordered superset
of real valued thresholds. (A superset is a collection of objects allowing repetitions.)
Finally, let the notation a - b denote the inner product of vectors a and b.

Definition 2. A function f : (Z,)" — Z, is a linear separable or threshold
function if there exist a weight vector w € R"™ and a threshold superset T with
real-valued components such that

flz)=0&t,>w- o

fle)=istis>w x>t 1<i<p-2

fx)=p—1low o>t

(See example in Fig. 1). If f: (Z,)™ — Z, is a threshold function, then (w;7")
will be called its structure. In what follows this will be written f : (w;T).
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Figure 1. Example of a 2-place 4-valued threshold function w = [2, 1], T = {2.5,
3.5, 7.5}

Definition 3. [8] A function f : (Z,)" — Z, is polynomial separable if there
exists a set of parallel hypersurfaces separating the subdomains of Z in a monotonic
way. Fig. 2 illustrates a 2-place 4-valued function which is not linear separable
(and therefore is not a threshold function), but exhibits polynomial separability, since
parallel parabolas separate the subdomains in a monotonic way.

Definition 4. [7] A function f : (Z,)" — Z, is multilineal separable if there
exists a set of non necessarily parallel hyperplanes —(each one representing a binary
threshold function)— separating the subdomains of (Z,)". Notice that in this case
more than one hyperplane may be needed to separate two neighbour subdomains.
The summation of the separating binary threshold functions realizes the p-valued

function. (SeeFig.3).
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Figure 2. Example of a 2-place 4-valued non-threshold function, which has
polynomial separability
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Figure 3. Different possible multilineal separations of the function shown in Fig. 2

The combination of the above extensions leads to Adaptive Separable functions
[10]. Fig. 4 illustrates the adaptive separation of the same function as in Fig. 2,
where two of the polynomials are replaced by overlapping window literals (which are
1-place binary threshold functions on each argument) and the third by a straight
line, leading to the following realization:

if (1/3)x1 4+ x2 > 3.5 then fo(x) =1 else 0

if (1)@ + 2y > 2.5 then f1;(2) = 1 else 0

if (1)®) 4 25 > 1.5 then fio(x) = 1 else 0

Vo € () (@) = (@) + filn) + f()

where (7;)V) = 1if 0 < j < ; else 0.

Definition 5. Let x = p — 1 — = denote the complement of v € Z,. Notice
that this is equivalent to a symmetric permutation of the domain of the variable. In
the case of v € (Z,)", the complementation of the i-th component will be denoted
by xi(x) and the complementation of all components, by x1(x2(...(xn(x)...))) or
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X1

Figure 4. Adaptive separation of the function shown in Fig. 2

simply, x.

Definition 6. [11] Let f : (Z,)" — Z, be an n-place p-valued function. Moreover
define f(z) = fOu(xa(... (xa(@)...)));let sym = {z|f(z) = f(2)} and ngym =
|sym|. Then o = {01,09,...,0,1} is the set of semidual functions of f, where
Vi,1<i<p—1andVze (Z,)"

i—1 ifz € sym and f(z) =1,
oi(f(x))=< i ifxesymand f(z)=1—1,
f(z) otherwise.

See examples in Fig. 5, where the shaded entries identify the set sym of f(z).
Notice that o3(f(z)) = f(z) and therefore it constitutes a trivial semidual function.

Remark 1. Given some x € (Z,)", x represents a point which is symmetric x

with respect to the center point of (Z,)" extended to R™. The center point of (Z,)"
has all its coordinates equal to (p —1)/2.

Remark 2. If p is even, it is possible that ngy,, = 0, meanwhile if p is odd, the
smallest possible value of ngym is 1, since in this case the center point is in (Z,)"
and it 1s its own complement.

Remark 3. It is easy to see from the definition, that o; is an involutive function:
Vo € (Z,)" holds that o;(o;(f(x))) = f(x).

o112 35 |12 3 n|1 2|3
o0 02 2 o002 2 of{o(o 141
1(0 01l 2 1{ofojo 2 1(0f(0 22
21 1|2 3 211 (02 3 2012 23
312 22 3 3121212 3 (11 2(3

Figure 5. From left to right: f(z) (with sym shaded), o1(f(x)) and oo(f(2))

3. Theorems
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Theorem 1. [12]. If f: (Z,)" — Z, is a threshold function, then it is uniquely

characterized by the ordered superset (ci,cCa, ..., Cn,No, N1, ..., Np_1), Where Vi,1 <
1 <n
ci=> f(x)
TELY

and V5,0 <j<p—1, n; = |f"1(4)].

Theorem 2. (Seee.g. [7]). Let 11 = {my,...,mu} be the set of all permutations
of n objects and let f : (Z,)" — Z, be a threshold function. Then the following
functions based on f are also threshold functions:

i) f(mj(z)) 1<j<nl

i) fxi(x)) 1<i<n

iv) Any combination thereof

Furthermore if f : (w;T) then

f(mj(@)) « (m(w); T)

fx(x) = (w®;70)

7(z) : (—w; —p(T))
where w® denotes a modification of w such that its i-th component is multiplied
by -1 meanwhile the others are preserved; p is a mirroring function, reversing the
order of the elements of T', and T' () is obtained from T as follows: V4,1 < j < p

tﬁ” =t;—(p— Dw;

Theorem 3. [11] Let f : (Z,)" — Z, be a threshold function with a characteriz-
g Nomura ordered superset as defined in Theorem 1. The following notation will
be used:

f(z) = (c1,¢2, o Cnynos My e oy Mp1)
furthermore let here ¥ denote the summation over all x in (Z,)". The following
holds:

i) f(mj(x)) = ((mj(cr,e2, ... ¢n)sn0sm1, .. snp1) 1< j <nl

ii) f(xi(z)) — (), ¢y, ooy My ey 1) 1<i<n

where ¢, = ¢, 1<k<n, k#i
ad={p-102f(z) —¢

i) f(x) — (], ¢y, ... enmg,nf, ... ,ny ;)

where ¢}l = p™(p — 1)?/2 — ¢
and n! =n,_1_;, 0<i<p-—1

Theorem 4. [11] Let f : (Z,)" — Z, be an n-place p-valued threshold function
with Ny, > 0. There exists at least one non-trivial semidual function o;(f) that is
also a threshold function with structure (w; T®W), whereVj, 1 < j <p—1 and j # i,
ty) = t; meanwhile tl(-i) will take such a value, that the original i-th hyperplane will
be parallel displaced to a new position, symmetric with respect to the center point
of (Z,)". If the i-th hyperplane contains the point (iy,is,...,1i,) then the displaced
hyperplane contains the point (p — 1 —iy,p — 1 —idg,...,p — 1 —iy,). Particularly,
the i-th hyperplane contains the point (0,0, ...,¢;,0,...,0); therefore after shifting,
the hyperplane must contain the point (p—1,p—1,...,p—1—t;;p—1,...,p—1).
See example in Fig. 6.

In the example shown in Fig. 6, since the function has only two arguments, the
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Figure 6. (Left) A 2-place quaternary threshold function. (Right) The semidual
threshold function oo( f(z)) showing for reference, fine dotted, the position of the
hyperplane before shifting.

hyperplanes are straight lines. The line separating the subdomain of 1’s from the
subdomain of 2’s in f(z) has the equation
xy = -1y + 1ty = -1 w9 + 134,
which obviously contains the point (xq,x1) = (0,13/s). According to the symmetry
condition stated in the theorem, the parallel-shifted separating straight line must
contain the point ((p — 1), ((p — 1) — 13/4)), and its equation will be
1'1:-1/2 To + té,

from where th) = 21 + 1o xo = ((p— 1) = 13/) + 1o (p — 1) = 11/s + 1(3) = 23/

From Fig. 6 (Right) it is easy to see that the threshold used by the semidual
function o9(f(x)) for the shifted separating line is indeed 23/.

Remark 4. Theorem 4 indicates that given a threshold function, some of its
semidual functions may be non-threshold functions. An example is shown in Fig.
7. This fact may also be seen from the opposite point of view: there are non-linear
separable functions such that some of their semidual functions are threshold. This

s based on the involutive character of semidual functions, as mentioned above in
Remark 3.
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Figure 7. A non-threshold function obtained as o3(f(x)) based on the threshold
function shown in Fig. 6 (Left)
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Notice that if the function of Fig. 7 is called g(z), then o3(g(x)) = f(z), the
threshold function of Fig. 6, i.e., in this case, a semidual function of a non-threshold
function, is a threshold function.

Remark 5. Let f(x) be a threshold function such that for some z € Z,, the set
sym equals the subdomain for z, i.e, there is no x outside sym such that f(x) = z
and there is no x inside sym such that f(x) z. Then o,(f(z)) and o,41(f(x)) are
also threshold functions, since they eliminate the z subdomain by merging it with the
preceding or the succeeding domains, respectively. (SeeexampleinFig.8). All other
semidual functions of f(x) are also threshold, but trivial, since they do not change

f(x).
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Figure 8. Example of a 2-place 5-valued threshold function f(z) such that
f(x) =2 iff z € sym. Both o3(f(z)) and o3(f(x)) are threshold (meanwhile
o1(f(z)) and o4(f(x)) are trivial)

Remark 6. Nomura’s characterization of threshold functions is very strong. If
two functions have the same characterizing superset, then they are not threshold
functions. If two functions have permuted c-supersets and the same n-superset, then
these functions are related by the same permutation of their arguments. If one of
them is a threshold function, the other will also be a threshold function (T heorems3).

Theorems 2 and 3 have been used in the past to induce a partition on the set of
ternary functions of 2 and 3 variables and to generate tables with characterization
and realization supersets of canonical representative functions [13], [9]. Theorem 4
would allow to reduce the length of those ternary tables by slightly over 50% since
in the original table, a threshold function and its non-trivial semidual function(s)
are in different blocks [11].

4. New roads to be explored

With the advent of new technologies, other possibilities may appear to apply or
extend multiple-valued logic. As an example, in what follows the case of optical
computing using dual channel modulators (see e.g. [14]) will be considered.

It is well known that the function maximum is not a threshold function. In the
case of quaternary logic, however, if the domain for the variables and the function
is defined as {0, 1} and a function g(z%, 22) = max(z1, z2) is considered, then, as
can be seen in Fig. 9, the function g is linear separable.

If1/9 > (2% + 23) then f(z) =0

If4/9 > (22 +2%) >1/9 then f(z)=1/3

If 1> (22 +23) >4/9 then f(z) =2/3
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If (22 4+ 23) > 1 then f(z) =1

As usual in kernel methods, it is possible to project the linear separation of ¢
back to the original function maximum to obtain a set of concentric circles, centered
at (0,0) and with increasing radius. Furthermore, as discussed in an earlier exam-
ple, it is possible to obtain equivalent results by replacing the circles with 1-place
literals, which are two-valued threshold functions. Such a realization would be more
expensive (in terms of area and energy consumption) than a classical analogue one,
but would exhibit a high S/N ratio.
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Figure 9. (Left) The quaternary non-threshold maximum function. (Right) The
transformed function g(x), which is linear separable.

A direct realization of g in the frame of optical computing and using the idea
of multilineal separability — (a linear separable function is trivially multi-lineal
separable)— is however possible, as illustrated in Fig. 10. Double channel mod-
ulators provide for the squaring of the arguments. Lenses provide for summation of
light-signals, meanwhile non-linear optical devices [15] are appropriate for thresh-
olding purposes.
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Figure 10. Optical realization of a quaternary maximum function based on
threshold logic

Last but not least, it should be pointed out that multiple-valued threshold logic is
closely related to neural networks. What gates are in one context, becomes neurons
in the other. A combination of methods and experiences from both areas of research

Hayx. sicnux Yorczopod yu-my, 2008, eun. 17



178

C. MORAGA

can only lead to richer positive results [16]. This approach was also initiated by
Prof. Naum Aizenberg and is documented in [17], considering multiple-valued neural
networks in the complex plane. A recent contribution in the same direction may be
found in [18].
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