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Abstract

This paper defines the sum-of-generalized-products expres-
sion (SOGP), ageneralization of a sum-of-products expres-
sion (SOP), which is suitable for FPGA implementation.
2-valued logic isintroduced to design circuits with k-input
LUTs. Minimization methods for SOGPs are devel oped.
Experimental results show that SOGPs require many fewer
products than SOPs, especially for symmetric functions and
adders. The method is promising for FPGA design.

1 Introduction

1.1 Previous Approach

Most logic synthesis systems use sum-of-products expres-
sions (SOPs) to represent logic functions. When AND and
OR gates are the basic logic elements, SOPs are quite use-
ful.

However, for afield programmable gate array (FPGA), ba
siclogic elementsarelook-up tables (LUTS). Insuch acase,
logic design using LUTsisdesirable.

In the past, several logic design methodsusing LUTsasba
sic elements have been developed. One method is based on
multi-valued decision diagrams, where each node of a deci-
sion diagram is replaced by an LUT that implements mul-
tiplexers or their extensions [8, 9, 13]. Another method is
based on binary decision diagrams (BDDs), and uses LUTs
to implement cascades[10]. It isuseful for functions whose
BDDs arerelatively small.

1.2 New Approach

In this paper, we consider a generalization of multi-valued
SOPs that is suitable for FPGA implementations.

An SOPisrealized by atwo-level AND-OR circuit such as
showninFig. 1.1. By replacing aset of inverterswith multi-
valued literal generators, we have a circuit that realizes a
product with multi-valued literals shown in Fig. 1.2. By
combining products by an OR gate, we have a circuit that
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Figure 1.1: AND-OR two-level circuit.
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Figure 1.2: Product with multi-valued literals.

realizes a sum-of-products (SOP) with multi-valued literals
[11]. In Fig. 1.2, by replacing the AND gate with an LUT,
we have a circuit that realizes a generalized product (GP)
g(hl(xl),hz(XZ),h3(X3), h4(X4)) asshownin Fig. 1.3. The
LUT for h; is aliteral generator, while the LUT for g is
a GP generator. By combining the generalized products
with an OR gate, we have a circuit that realizes a sum-of-
gener alized-products (SOGP) as shown in Fig. 1.4.

2 Realization of SOGP on an FPGA

In this paper, we use LUT type FPGAs. Such an FPGA
consists of many LUTSs, aswell as block RAMs (BRAMS).
To illustrate the idea, we assume that each FPGA has
four inputs. In this case, we introduce 16-valued logic
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Figure 1.3: Generalized product.
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Figure 1.4: Sum-of-generalized-products.

to design 4-input LUT circuits. A 4-input LUT real-
izes an arbitrary function of four variables. Fig. 2.1 (a)
shows a map of a 4-variable function. An arbitrary 4-
variable logic function can be represented by a subset of
16 minterms {mo,my,...,m15}. For example, the function
in Fig. 2.1 (b) can be represented by a set of four minterms
{my,me,mg,m12}. Instead of using a set of minterms, we
can use a 16-valued literal. Let X = (X1,X2,X3,X4). Then,
the function in Fig. 2.1 (b) can be represented by the literal
X {16912} Thisliteral specifiesthat the function is 1 if and
only if the input combination X = (X1,X2,X3,X4) represents
either 1, 6, 9, or 12. In this case, four variables are treated
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Figure 2.1: Map for 4-variable Function.

Figure 2.2: Realization of SOGP by LUTSs.

Figure 2.3: Redlization of SOGP by BRAMSs.

together as X = (X1,X2,X3,X4), and X is considered as a 16-
valued variable. Thus, Fig. 1.2 implements a product of
16-valued literals of the form X 1X52X52X34, where S; C P
andP ={0,1,2,...,15}.

Fig. 2.2 shows a redlization of an SOGP by LUTs. Note
that each column realizes a generalized product having a
form gj(h1(X1),h2(X2),h3(X3),ha(Xs)). Since each LUT
hasfour inputs, Fig. 2.2 implementsalogic function with 16
binary inputs. Fig. 2.3 shows a realization of an SOGP by
BRAMSs. Note that FPGAs often have BRAMSs that can be
configured as memories with 7 to 9 inputs and 8 to 36 out-
puts. In these figures, the horizontal lines denote bundles of
binary lines. Each horizontal bundle denotes a multi-valued
variable, and each column realizes a generalized product
of multi-valued literals. When the BRAM has k inputs, an
SOGP with 2¢-valued literals is realized. When BRAMs
(synchronous RAMS) are used as logic elements, a clock
pulse is necessary.

We can formul ate the optimization problem of an SOGP as
follows:

Problem 1 Given a function f and a partition of the input
variables (X1,Xo,...,X;), represent f(Xy,Xo,...,X) as

\/gj(hlj(xl)v hzj (X2)7 XS hl’j(xl’))’



using the minimum number of gi’s.
Interesting questions include
1. How to partition the variables?
2. How to minimize the SOGP?

3. How many GPs are necessary to represent a function
by using an SOGP?

When FPGAs with 4-input LUTs are used, each variable X;
consists of 4 binary variables.

3 SOP with Multi-Valued Literals

Before showing the design method, we present some defi-
nitions. Optimization of SOPs with multi-valued variables
iswell known [6, 5, 9].

Definition 3.1 A mapping f : P" — B is a p-valued input
two-valued output function, where P = {0,1,...,p— 1}
and B = {0,1}. Let X be a variable that takes a value
in P={0,1,....p—1}. Let S be a subset (S C P) of
P. Then, XS is a literal of X. When X € S, X5 =1,
and when X ¢ S, XS =0. Let S C P(i=1,2,...,n), then
X151X5%2 ... XS0, the AND of n literals is a logical product.
Visis, Sn)Xlslxzsz -+~ XpSn is a sum-of-products expr es-

sion (SOP). When S; = P, X;S = 1 and the logical product is
independent of X;. In this case, literal X;P is redundant and
can be deleted. A logical product is also called a product
term. When |S;] =1for all i, (i=1,2,...,n), the product
is a minterm. When S; = P for all i, the logical product
corresponds to the constant 1. When p =2, f is a two-
valued logic function. When we consider two-valued logic
functions only, we often represent the literal X (% by X, and
X1l by X.

An arbitrary multi-valued input two-valued output function
is represented by an SOP. Many SOPs exist that represent
the same function. Among them, one with the minimum
number of products is a minimum SOP. MINI [2] and
ESPRESSO-MV [5] can minimize SOPs with multi-valued
inputs.

4 Simplification of SOGPs

In this part, we consider a method to generate a simple
SOGP for a given function. The method first generates an
SOP with multiple-valued literals. Then, we simplify it us-
ing the properties of SOGPs. To show the method, consider
the following:

Example4.1 Consider an SOP of a function f :
{0,1,2,3}® — {0,1}.

fo x1{°’3}X2{1’2’3}X§3} vxl{l,Z}XZ{O}.
By rewriting the second product, we have

o X1{°’3}X2{1'2’3}X§3} \/Xl{o’3}X2{l’2’3}.

Note that the latter expression requires only one kind of
literal generator for each variable. Let

y1 = Xl{°’3},y2 = X2{1,2,3} andyz = Xé{g}.

Then, the given function can be represented as a single GP:
f =y1y2y3Vy1y2 = 9(y1,y2,y3)- (End of Example)

Definition 4.1 A traditional implicant of a function f is
a product term that implies f. A generalized implicant
is a function of the form g(h1(X1),h2(X2),...,he(X;)) that
implies f. A non-traditional implicant is a generalized
implicant that cannot be represented by a single product.

Note that in Example 4.1, Xl{o’g}xz{l’m}xé?’} is a tradi-
tional implicant, while g(y1,y2,y3) = xfo’s}xz{l*z‘*}xf} v

Xl{o"q’}xél’z’g’} is a non-traditional implicant. Example 4.1
shows that two different prime implicants can be merged
into one GP. To find such pair of products, we need the fol-
lowing:

Definition 4.2 Consider two products of a function: ¢; =
XPIXS2 .. XS and cp = X1 X,2... X", where S; C P; and
T; C Pi. Then, c1 and ¢, are compatibleiff for all i, (Sj = T;
orSi=PRjorTj=PRjorS; = Ti).

Compatible implicants can be merged to a single general-
ized implicant.

Example 4.2 Consider the function f : {0,1,2}3 — {0,1}.
In this case, Pr = P, = P3 = {0,1,2}. Let
0}y {0} {0 0by {12}y {12
= X OxOx {0y x[ox it x (b2
x B2y {0y (12 x 12k (12} (O}

Note that all the products are compatible each other, since
f can be written as follows:

t = X OxOx v x O x [ x Oy x O x [ x O
VX Ohx (O

Thus, f is represented by a single GP.  (End of Example)

To represent a GP compactly, we use the notion of a base
product.

Definition 4.3 Let g(h1(X1),h2(X2),...,he (X)), be a gen-
eralized product. Then, a base product is ¢y =
X252 ... XS, where hi(Xi) = X,

Example 4.3 Consider the function in Example 4.2. Let
the base product be one where each literal contains the
0 element.  Then, Xi{o}xz{o}xéo} is the base product.

(End of Example)
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Figure 4.1: Map for 2-variable Function.

Lemma4.1 For a given function f and a base product co,
there exists a unique GP.

Algorithm 4.1 (Generation of the GP from a base prod-
uct).

1. Let the base product be co = XS1X52... XS

2. Let c1 = X{*X,2... X" be a product, where none or
some literals of co are complemented. Note that there
are 2" different c;’s to consider.

3. The GP is obtained as the sum of all possible products
¢, that does not intersect f.

Example 4.4 Consider the two-variable function (X1, X2)
shown in Fig. 4.1(a). Let the base product be ¢y =

Xl{o}xz{o}_ Consider the products ¢; = Xl{O}XZ{O}, C2 =
Xl{O}XZ{Ti, and c3 = Xl{T}XZ{T}. Since ¢z and ¢, do not in-
tersect f, the GP generated by co is

ca = XU v x OO — x % ¢ x [

From the base product ¢s = Xl{l}xz{l}, we have the GP:

ce = X M v x It = x M e x M

From the base product ¢7 = Xl{Z}Xé{Z}, we have the GP:

cs = X2t v x [ Px P = x [P g x P

From the base product cg = xl{3}x2{3}, we have the GP:
c10 = XX v x BIxf¥ = x ¥ @ x 13,

From the base product c1 = Xl{o’l}xz{o’l}, we have the GP:
e = Xl{o,l}xz{o,l} vxl{o,l}xz{o,l} _ Xl{o,l} @Xgo,l}.

From the base product c;3 = Xl{o,z}xz{o,z}, we have the GP:
Cu— Xl{o,z}xz{o,z} vxl{o,z}xz{o,Z} _ Xl{o,Z} @XéO’Z}.

From the base product ¢i5 = Xl{o,s}xz{o,s}’ we have the GP:

Cip = Xl{o,s}xz{o,s} y Xl{o,s}xz{o,z} _ Xl{o,z} @X2{0’3}.
In this way, we have 7 GPs for f. (End of Example)

A set of compatible products can be uniquely represented
by a base product and f. In an SOP of f, a product of
f corresponds to an implicant of f, while in an SOGP, a

base product Xf’lxzs"’ ... X’ may not be an implicant of f. It
shows that X1T1X2T2 X[ isanimplicant of f, whereT; =S
orS;.

From the set of prime implicants of amultiple-valued SOP,
we can generate a GP cover of the function. However, to
obtain a minimum SOGP, we need additional GPs. The fol-
lowing example illustrates this:

Example 4.5 Consider the 3-valued input 4-variable func-
tion:

fo XiO,Z}Xé{l,Z}XZ{l,Z}Xl{Z} v X‘i{l}xéo,l}xz{o}
X 02 x (2 2y x (M (o
inO’Z}Xf} Y Xil}xéo,l}xz{otl}fol}‘
This is the minimum SOP consisting of the essential prime
implicants [9] only. The following SOP consisting of prime
and non-prime implicants also denotes the same function:
f= x{0Fx{Px P2y x Ly by o
\/XjO’Z}Xs{l'Z}XZ{Z} \/Xil}x3{0}
inO’Z}XéfZ} y Xil}xéo,l}xz{o,l}xfo,l}.
Note that the 1st and 2nd products are compatible. Simi-
larly, the 3rd and the 4th products are compatible. Also, the

5rd and 6th products are compatible. From this, we have
the following SOGP consisting of only three GPs:

= IxIUxIx 2 v xd a0
P )
VXA v x P xdFxgtx e,

In the first SOP, the 1st and the 2nd products are not com-
patible. So, they cannot be merged. However, in the second
SOP, they are compatible and can be merged into one. Thus,
to derive a minimum SOGP, we have to consider non-prime
implicants, as well as prime implicants. (End of Example)

The above example shows that the minimization of SOGPs
is more complicated than that of SOPs.

Definition 4.4 A prime generalized implicant (PGI) of a
function f is a generalized implicant of f that cannot be
covered by other generalized implicant of f.

Asfor the number of PGIs, we have the following:

Theorem 4.1 Consider a function f(Xg,Xo,...,X;) of n
variables, where n = k- r and each X; consists of k vari-
ables. Suppose that each literal generator has k binary in-
puts. Then, the number of distinct PGIs of the function f is
at most 21~



Corollary 4.1 Consider the casesof k =1,2,3, and 4. The
numbers of PGls of an n-variable function is at most

1. 2" =2", whenk = 1.

2. (28 =8 =(2828...)", whenk = 2.

3. (27)" =128% = (5.03...)", when k = 3.

4. (25)" = 327684 = (13.45...)", when k = 4.

In the case of k = 1, only one base product xixz---Xp is
necessary to represent an n-variable function. Note that the
number of variablesfor g in Fig. 1.3 isn. This corresponds
to asingle-memory realization of the logic function, and is
not interesting.

As for the number of products in an SOGP, we have the
following:

Theorem 4.2 An arbitrary function of n = kr variables can
be represented by a 2¢-valued SOP with at most 2"~ prod-
ucts.

If we can find the set of al the PGls, then we can find
an exact minimum SOGP, in a similar way to the case of
SOPs. Unfortunately, too many different PGls exist for a
function. So, generating al the PGls is not practical in
many cases. With this observation, we have developed two
types of SOGP minimization algorithms. Algorithm 4.2 is
similar to the Quine-McCluskey method, and obtains good
solutions, but requires alarge amount of memory.

Algorithm 4.2 (GQM: Generation of a good SOGP).

1. Obtain the set of all the prime implicants of a multiple-
valued SOP.

2. Merge the compatible products.
3. Find the set of base products.

4. For each base product, generate the GP by Algorithm
4.1.

5. Append additional GPs (Optional).

6. Find a minimum cover of the minterms using GPs.

Example 4.6 Consider the two-variable function with 4-
valued input shown in Fig. 4.1(a).

Represent it asan SOP with 4-valued inputs.

There exist 14 prime implicants:

Xl{O}Xz{l,z,s}' Xl{l,z.s}xz{O}; Xl{l}xz{o,z,s}' Xl{o,z.s}xz{l};
Xl{Z}XZ{O’l’s}, Xl{o’l’3}X2{2}; X:E3}X2{0,1,2}’ Xl{o’l‘Z}Xz{s};
Xl{o,l}xz{zﬁs}' Xl{z.,s}xz{m}; Xl{o,z}xz{l.s} X1{1'3}X2{072};
Xi{o‘s}xz{l‘Z}, Xl{l‘Z}XZ{O’?’}.

A minimum SOP has consists of four products: f(Xz,X2) =
X1{0}x2{1,z,3} v Xl{l}xz{o,z,a} v xi{z}xz{o,m} vV Xf3}X2{O,1,2}.

Represent it asan SOGP with 4-valued inputs.
Note that each pair of prime implicants separated by semi-
colons are compatible. So they can be combined into 7

PGls:
Xl{o}xz{l,z,s} y X1{1,2,3}X2{o} _ Xl{o} @ XZ{O},

Xl{l}xz{o,z,s} vV Xl{o,z,a}xz{l} _ Xl{l} @ Xé{l},
Xl{Z}XZ{o,l,s} v Xl{o,l,a}xz{z} _ Xl{Z} ® Xéz},

Xl{s}xz{o,l,z} vV Xl{o,l,z}xz{s} _ Xl{s} ® x§3}7

Xi{O,l}Xé{Z,S} v Xl{z,s}xz{o,l} _ Xl{o,l} @ X2{0,1}7

Xl{o,z}xz{l,s} vV Xl{l.s}xz{o,z} _ Xl{o,z} & Xé{O,Z},

Xl{o,s} X2{1,2} v Xl{l.z}xz{o,s} _ Xl{o,s} & Xz{o,s}_

In this case, the base products of them are: X1{0}X2{0} ,
Xl{l}xz{l}’ Xi{Z}Xz{z}7 X1{3}X2{3}, xi{o,l}xz{o;}’ Xl{O’Z}XZ{O’Z},
and Xl{o,s}xz{oﬁs} .

The corresponding GPs are shown above.
SOGP consists of two products

F(X1,X2) = (XM @ x0M) v (x{%¥ & x{%¥).  Fig.
4.1(b) shows the map of the SOGP. (End of Example)

A minimum

Algorithm 4.3 is a heuristic one and requires less memory
than Algorithm 4.2: It derives an SOGP quickly.

Algorithm 4.3 (GMINI: A fast generation of an SOGP).
1. g« f,sol —¢.
2. Obtain a near minimum multiple-valued SOP for g.

3. For each product ¢ in the SOP, obtain the generalized
implicant Gl (c;) by Algorithm 4.1.

4. Letvol(Gl(ci)) be the number of minterms of g that is
covered by Gl(c;j). Find the Gl(cj) whose vol (Gl (c;))
is the maximum.

5. sol —solUci, g <—g-Gl(ci), DC — DCUGI(c;i) , and
go to Step 2.

5 SOGPs for Symmetric Functions
and Adders

5.1 Symmetric Functions

Regarding symmetric functions, we have the following:

Theorem 5.1 Consider a function f(Xi,Xo,...,X,), where
X; consists of k binary variables. Let f(X1,X2,...,X) be
partially symmetric with respectto Xj fori=1,2,...,r. That
is f is invariant under the permutation of variables in X;.
Then, f can be represented by an SOP with 2¢-valued vari-
ables with at most (k + 1)1 products.
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Figure 5.1: Map for 3-variable function.
Example5.1

Sym9 is the symmetric function S?3A4.516}(X1,X2,X3), where
X1 = (X1,X2,X3), X2 = (Xa,Xs5,Xs) and Xz = (x7,Xs,X9) [7].
The function is 1 iff the weight of the input vector is 3,4,5,
or 6. From Theorem 5.1, Sym9 can be represented by an
SOGP with at most (3+ 1)3~1 = 42 = 16 products, since
k =r = 3. In fact, the 8-valued SOGP requires only 6 GPs:

f_ X1{1,2,3,4,5,6} (X2{0,1,2,4} EBX;O,LZA})
VX 2{1,2,3,4,5,6} (X l{0,1,2,4} X 3{0,1,2,4})
VX §1,2,3,475,6} (X 1{0,17274} X 2{071,274})

VX 1{1,2,3,4,5,6} X 2{1,2,3,45,6} X 51,273,4,5,6}
VAP T T v x Oy xdo.

In the above expression, the weight of X 1123456} js ejther
1 or 2; the weight of X {0.1:24} s either 0 or 1; the weight of
X1% is 0; and the weight of X {7} is 3. The first three GPs in
the above SOGP denote the combinations that the sums of
the weights for Xy, Xp, and Xz are (1 or 2) +(0 or 1)+ (2 or
3). The fourth GP denotes the combination that the sum of
the weights is (1 or 2) +(1 or 2)+ (1 or 2). The last two GPs
denote the combinations that the sums of the weighs are (0)
+(3)+ (0 or 1 or 2). Note that a two-valued SOP for Sym9
requires 84 products. (End of Example)

Example 5.2 Consider the function g(Y1,Y2,Y3) shown in
Fig. 5.1. In this function, the value of Y; denotes the hum-
ber of one’s of X; in Sym9 in the previous example. So, the
number of PGls for g is the same as the number of PGls for
Sym9. The minimum SOGP is

f(Y1,Ya,Ya) = VM2 (v 01 gy [0y

Y2{1,2} (Yl{O,l} ® Y?;{O’l}) v Yg{l,z} (Yl{o,l} ® Yz{O,l}) v
v,y 12y 120y SO (v 31y 30y v (30 v Oy v O,
This also illustrates that Sym 9 can be represented by only
6 PGls. (End of Example)

5.2 Adders
Regarding adders, we have the following:

Lemmab.1 The i-th bit of an n-bit adder, s;, can be repre-
sented by a 4-valued input SOGP with i products, where the
least significant output bit is sg.

From the above Lemma, we have the following:

Theorem 5.2 An n-bit adder can be represented by a 4-
valued input SOGP with ”2+—2”+2 products.

Note that the numbers of products to implement n-bit
adderswheren = 2r are asfollows[9, 11]:

o 2-valued SOP:6-2"—4n—-5
e 4-valued SOP: n?+1
e 16-valued SOP: 2r2 —r+2

6 Experimental Results

We have developed two types of minimization programs
GQM and GMINI, and minimized SOGPsfor standard PLA
benchmarks [12] as well as adders, randomly generated
functions and symmetric functions.

Benchmark Functions Table 6.1 shows the results. IN
denotes the number of inputs; OU denotes the number of
outputs; SOP denotes the number of products in a sum-of-
products expression; SOGP denotes the number of prod-
ucts in a sum-of-generalized products expression. 2-valued
denotes the number of products in a 2-valued expression;
4-valued denotes the number of products in a 4-valued ex-
pression; 16-valued denotes the number of products in a
16-valued expression. P denotes the program used to ob-
tain the result: Q denotes GQM, while M denotes GMINI.
Algorithm 6.1 in [11] was used to generate both 4-valued
and 16-valued expressions.

In general, 4-valued expressions require fewer products
than 2-valued ones, and 16-valued expressions require
fewer products than 4-valued ones. Note that the SOGP
for the benchmark function t481 require only one product,
while the minimum 2-valued SOP requires 481 products.
Fig. 6.1 shows the gate-level redlization of t481 [4].

Randomly Generated Functions We generated random
functions of n variables, where the number of true minterms
is2"1. For example, 8_128 is an 8 input random function
that has 28-1 = 128 true minterms. In this case, 4-valued
SOGPs require fewer products than 4-valued SOPs. How-
ever, for 16-valued cases, SOPs and SOGP require the same
number of products.

Symmetric Functions Table 6.2 shows the number of
products to represent symmetric functions. These functions
are defined in [9]. In this case, three bits are grouped to



Table 6.1: Number of products to represent benchmark
functions

2-valued| 4-valued 16-valued

IN|OU —s55—sopTs0GP| S0P S0GP| ©
a4 | 8 5 751 17| 11| 8| 7|0
a6 |12| 7| 35| 37| 2| 17| 140
a8 |16] 9| 1499 65| 37| 30| 25M
dud  |14] 8| 577] 253| 148| 156] 1350
dupla |25 5| 2144]1008| 561| 429| 381|M
e 39| 3 39| 14| 12| 14| 14|M
apexd | 9| 19|  427] 412| 412] 383] 382|M
chkn |29 7|  140| 106| 92| 63| 59|M
cordic |23| 2 914| 67 20| 15 10|M
ex1010 | 10| 10|  356| 351| 350| 345| 344|M
inb |15 7|  620| 204| 185| 200] 176|M
misex3 |14| 14|  658| 424| 361| 187| 184]| O
mipd | 8] 8| 119] 83| 68| 47| 47|Q
mips |10 10|  486] 325| 234| 184| 163| Q
mips  |12| 12| 1877|1192] 833| 553| 518| Q
rdmi6 |16 16|  404| 281| 192| 140| 129|M
wel |16| 1| 481] 32| 1] 5| 1/0
tia 14] 6| 575 280] 209] 195| 169] Q
8128 | 8] 1 46] 32| 28] 14| 14| 0
122048 12| 1|  572| 429] 373| 214| 214| Q

Figure 6.1: Gate-level realization of t481.

derive 8-valued variables. In the case of symmetric func-
tions, 8-valued SOGPs required many fewer products than
8-valued SOPs.

Comparison with Other FPGA Synthesis System

To show the potential of the approach, we compared the
number of LUTs and depth with IMap[3]. Table 6.3 com-
paresthe number of 4-input LUTsfor IMap and SOGP-base
synthesis tool. Note that IMap shows a result for a par-
ticular function, while the SOGP shows a result for a pro-
grammable circuits that implements a given function (i.e.,

Table6.2: Number of productsto represent symmetric func-
tions

Inl out 2-valued| 8-valued p
SOP |SOP|SOGP

symé | 6| 1 15 3 21 Q
sym9 | 9| 1 84| 10 6| Q
syml2|12| 1 495| 31 10| Q
syml5(15| 1 3003| 101 30 Q
syml18|18| 1| 18673| 346| 145|M
wgtd | 9] 4 511| 35| 27| Q
wgtl2 (12| 4 4095| 135| 104 Q
wgtls |15| 4| 32767| 530 391| Q

Table 6.3: Number of LUTs and depth to implement func-
tions

Map SOGP
LUT [depth| LUT [depth
dud 14| 8|1035| 8|1019| 6
ex1010|10| 10(2524| 9[2456| 7
misex3| 14| 14|1086] 8|1732| 6

In| Out

redundant inputs of the OR gates are also implemented ).
Thus, it may not be a fair comparison. For the mapping
of SOGP, we used Xilinx Spartan 111(SC3$4000F), and a
Xilinx tool.

7 Conclusion and Comments

In this paper, we defined an SOGP, a generalization of an
SOP. An SOGP can be efficiently realized by a network
of LUTs. We also showed methods to simplify SOGPs.

Experimental results show that SOGPs require many fewer
products than corresponding SOPs, especially for symmet-
ric functions and adders. Note that an SOGP corresponds
to athree-level network, i.e., literal generators, GP gener-
ators, and the OR gate. In this case, the literal generators
and GP generators are implemented by LUTs. A more gen-
era problem isto realize alogic function by a three-level
network of LUTSs.

Scalability
Let n =k -r bethe number of theinputs, k be the number of
inputs for LUTsfor literal generators, and r be the number
of inputs for GP generators. When the maximal number of
inputs for an LUT in an FPGA is 6, the functions with at
most 36 inputs are directly implemented by an SOGP.

For the functions with more inputs, GP generators can be
realized by atrees of LUTsinstead of the r-input LUTS. In
this case, we have to modify the algorithm. Even in such
a case, the number of products does not exceeds that of the
SOR, since the architecture implements an SOP as a special



case. A function whose SOP has a reasonable size can be
implemented by our method.

Applications

Sincethecircuit hasaregular structure, an SOGP issuitable
for a programmable device. Since the interconnections are
fixed, dynamic reconfiguration is easy. For functions with
many inputs, LUTs with more inputs (5 or 6) or BRAMs
with more inputs can be used [11]. We are currently im-
proving an algorithm to group the input variables, as well
as amapping system for FPGAs.

Acknowledgments

This research is supported in part by the Grantsin Aid for
Scientific Research of JSPS. Discussion with Prof. Jon T.
Butler improved English presentation. Mr. Hiroki Naka-
hara worked for FPGA implementation.

References

[1] R. K. Brayton, G. D. Hachtel, C. T. McMullen, and A.
L. Sangiovanni-Vincentelli, Logic Minimization Algorithms
for VLSI Synthesis, Boston, MA. Kluwer, 1984.

[2] S.J. Hong, R. G.CainandD. L. Ostapko, “MINI: A heuris-
tic approach for logic minimization,” IBM J. Res. & De-
velop. pp. 443-458, Sept. 1974.

[3] V. Mancharargjah, S. D. Brown, and Z. G. Vranesic,
“Heuristic for areaminimization in LUT-based FPGA tech-
nology mapping,” International Workshop on Logic and
Synthesis (IWLS04), Temecula, CA, June 2-4, 2004. pp. 14-
21.

[4] A. Mishchenko and T. Sasao, “Large-scale SOP minimiza-
tion using decomposition and functional properties,” 40th
Design Automation Conference, Ahaneim, CA, USA, June
2-6, 2003, pp. 149-154.

[5] R. L. Rudell and A. Sangiovanni-Vincentelli, “Multiple-
valued minimization for PLA optimization”, IEEE Trans.
CAD, Val. 6(5), pp. 727-750, Sep. 1987.

[6] T. Sasao, “Input variable assignment and output phase op-
timization of PLA’S” IEEE Trans. Comput., Vol. C-33, No.
10, pp. 879-894, Oct. 1984.

[7] T. Sasao (ed.), Logic Synthesis and Optimization, Kluwer
Academic Publishers, 1993.

[8] T.SasaoandJ. T.Butler, “A design method for look-up table
type FPGA by pseudo-Kronecker expansion,” ISMVL-1994,
Boston, MA, U.SA., May 1994, pp. 97-106.

[9] T. Sasao, Switching Theory for Logic Synthesis, Kluwer
Academic Publishers, 1999.

[10] T. Sasao, M. Matsuura, and Y. Iguchi, “A cascaderealization
of multiple-output function for reconfigurable hardware,”
International Workshop on Logic and Synthesis (IWLS01),
Lake Tahoe, CA, June 12-15, 2001. pp. 225-230.

[11] T. Sasao, “An application of 16-valued logic to design of
reconfigurable logic arrays,” ISMVL-2007, Oslo, Norway,
May 13-16, 2007, (to be published).

[12] S.Yang, Logic Synthesis and Optimization Benchmark User
Guide, Version 3.0, MCNC, Jan. 1991.

[13] S. S. Yau and C. K. Tang, “Universal logic modules and
their applications,” IEEE Trans. Computers, Vol. C-10, pp.
141-149, 1970.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


