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Maultilevel Logical Networks

M. KARPOVSKY

Abstract—In this correspondence we present a design technique for
implementation of systems of Boolean functions in the form of mdtitevel
AND-OR networks, We show Lhat Tor & piven system of Boolean
functigns, the transition from the traditional two-level AND-OR impie-
mentalion {o mullilevel AND-OR implementations reselts in considerable
savings in gate counlts and defays. We discuss gate-array implementations
of these mullilevel nelworks and their space and (ime complexities,
Experimental data for 11 different components of peripheral conirol
units for YAX compulters indicale that the transition from the two-level
implementations (0 multilevel implementations resulls in average savings
of aboul 40 percent in gate counts, of aboul 25 percent in required silicon
areas and of about 25 percent in delays, which illusirate a good potentia)
of the proposed technigues for design of cost-efficient gate arrays.

Index Terms—AND-OR implementations of systems of Boolean func-
lions, delays, gate arrays, gate counts, multilevel logical networks, time
and space complexily of gate arrays.

I. INTRODUCTION

In this correspondence we consider a problem of implementation of
systems of & Boolean functions of m arguments in the form of gate
arrays. We suppose that every Boolean function is represented as an
OR of some products of arguments, with or without negations. Let &
denote the to1al number of theserproduct terms for the whoile system.
We will refer to such a system as an (m, N, k) system.
Implementation of (7, N, k) systems in the form of logical networks
is one of the most imporiant problems in logical design.

We present a method for minimizing the number of gates for
multilevel AND-OR implementations of (rm1, N, &) systems using the
gatc arrays, standard cells or full custom circuits technologies. (PLA
implementations of (1, /¥, k) systems will not be discussed in the
correspondence.) This method is similar to the approaches developed
tn [1], [2). Another approach for implementation of (m, N, k)
systems was proposed in [3]. This approach requires about 27/r two-
Input gates where r = m1 + log; & and may be efficient only for very
large N {(close to 2™). In [4] multilevel implementations of PLA's
with decoders and PLA’s in a form of three-level OR-AND-OR
nctworks have been considered. Estimations on sizes of the corres-
ponding AND and OR arrays are also presented in [4].

Let us suppose that the space complexity G(r) (gate count} of an r-
input gate is r — 1 and delay D(r, /) (time compiexity) for an r-input
gate with the output fan-out fis D(r, )} = Dyf + Dgr, where Dg
and Dy are constants for a given technology (D; characterizing
delays in gates and D)y delays in wires). These assurmnptions about
space and time complexities are reasonably accurate for many
technologies [5]. For example, they arc applicable to CMOS
technologies. (Similar assumptions for space complexities have been
used in {1]-[3).) Usage of buffers for fan-out reductions and
reductions of delays will not be discussed in this correspondence.

it is difficult to introduce a simple criterion for routability of a
design to estimate the complexity of its layout. Experimental data (sce
Tables 1V-VI1) for different components of peripheral control uniis
for VAX computers indicate that the transition from the traditional
two-level implementations to the proposed muliilevel implementa-
tions results in considerable savings in gate counts, required sificon
areas, and delays.

For a path 7 from a primary input to a primary ousput delay D(T)
is estimated as a sum of all delays of gates on this path plus Dy f;,
where f, is the input fanout. Let I{T) = D{(TYDw + D{T)D:
and maxy (IN(T) + DT )) = DTy} + D7), Then the delay of
the whole network is estimated as D(T5) = Di(To)Pw + Dy(To)De.

For the traditionat two-fevel AND-OR implementations we have for
the space complexity

Ga(m, N, KYs(m-1)N+{(N-Dk (1)
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and for the time compiexity
Dyim, N, R)=Dyp(N+ &)+ Dg(m+N—1} (2)
For example, given a (16, 64, 16) system we have by (1), (2)
G,(16, 64, 16)= 1952, Dy(16, 64, lﬁjﬂgﬂﬂw+T9D5.

b)

(Upper bounds (1) and (2), as well as all upper bounds below,
represent the “‘worst case”” analysis. For example, in (1} and (2) we
assume that ail product terms are minterms and every ouiput is an OR
of N — | minterms.)

In the next sections we present design techniques for multilevel
AND-OR implementations which result in a drastic decrease of space
complexity (1) and in time complexity (2).

Letx,, * - *, X, be the inputs, Py, - -+, Py the product terms and f;,
-+, f; the outputs of a (m, N, k) system (N = am=l ko« 2N}

Example 1; Suppose we have a system of 6 Boolean functions /i,
++ -, f, cach with 6 arguments x;, - **, Xg and 8 product terms £,
»++, Py as follows:

Pi=xx; Pr=xx3%y Py=Xis%y Py=X50%
Ps=xpx%g Po=XalyXs Pr=3axs¥yXs Pg=X3XsXsXg
fi=PuPwPywPuPy  fo= PuPuwPawPrvPy  [i=PwPsvly
fo=PwPwPsuP, fs=PuwPswPy  fo=PwPwPuwPuPy.

For this (6, B, 6) system, counting the literals in the terms, we have
G,(6, 8, 6) = 37, and for delay we have Dy(6, 8, 6) = 12Dy +
8D5(To = XuPLSY).

[I. UNIVERSAL AND/UNIVERSAL OR NETWORKS

First let us construct a network with o inputs implementing all
possible products of at most o arguments, with or without negations.,
We will call this network a universal AND network (UAN) for o
arguments. This network has o inputs and 3% — I outputs corrgspond-
ing to all nontrivial products of o arguments. |

The UAN for a = 4 arguments is presented in Fig. 1(a). The P I
recursive procedure to construct a universal AND network for c
arguments from the networks for [a/2] and | /2 | arguments is
illustrated by Fig. 1(b) (| yJ ([y7]) is the greatest (smallest) intcger
smaller (greater) or equal to y). Thus, for the space complexity,
Ganpliz) of UAN we have

Gannl1) =0, Ganpla) =Gann( F2/27] )+ Ganpl L/2])
+0la/2] -DE 2] =1, ()

and from (3) | /g ,> E’J‘
Ghﬂn(ﬂ]=3ﬂ_2ﬂ- l. {4) }3 0 ufJ
’
It is easy to see that the UAN represented by Fig. 1 is optimal from / p . 3"‘
the point of view of space complexity Ganp(a), since there are 3« — L7' !;b
2o — 1 nontrivial products of ¢ arguments (arguments and their A? Q\
negations considered to be trivial products) and we are using exactly ’ /L ’

one two-input gate per output. For the time complexity Danp(c) of " " ! J
UAN with o inputs we have from Fig. IBQI "5{5\} .

Bﬁﬂn{ﬂ'}=ﬂw3 rufl'i{ !_lﬂgg EI"—| + 1)+ﬂg{l +2 I-lﬂg1 l‘.'!l,"-l n.
(3)

Similarly, we can introduce universal or networks (UON’s} for 8
arguments implementing all possible 28 — 1 OR’s of at most § inputs. Fal_,
These UON's are represented by Fig. 2, and in this case

Gor(B)=27-5-1 (6)

and




T
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Do (By=Dy 218721 [og, B +Dg2 [log; 8] . (7}

These universal OR networks are also optimal from the point of view
of the space complexity Gor(8).

I11. OpTIMAL MULTILEVEL IMPLEMENTATIONS

In this section we will use universal AND networks and universal OR
networks to construct optimal three-level and four-level AND-OR
networks.

Let us first consider three-level networks consisting of two levels
of AND gates and one level of OR gates. We will refer to these
networks as AND-AND-OR networks.

Partition the set X = {x,, -+, Xn} of inputs into disjoint subsets
R], Rz, "ty Rﬂ- where Rf A RJ = E‘, U?_:] R,‘ = X and iR;tl = g,
4., 5 = m. For every subset R; we construct the universat AND
network for all the arguments from R;. Then every product term may
be obtained by ANDing of outputs of the corresponding universal AND
networks. In this case, every AND gate will have at most one input
coming from every universal AND network, i.¢., the number of inputs
for AND gates at the second level is at most *‘a.”” The resulting AND-
AND-OR structurc is represenied in Fig. 3.

The three-level AND-OR-OR network based on the partition * =
%1, =", wpp of theset P = {Py, -, Py} of product terms (x; M
%= ¢, Ul o =P, x|l = B b B, = N)is given in Fig. 4.

A four-level AND-AND-OR-OR implementation of a (m, N, k)
system based on two partitions R and 7 is represented by Fig. 3.

Example 2: Let us construct a four-level AND-AND-OR-OR imple-
mentation for the (6, &, 6) system described in Example L.

Select the following partitions: R = {R,, K, R, Ry = {x1, x),
R: = {I_],.I.i}, R; = {.rg.x.g} {ct) = @z = 0y = 2,0 = S)Eﬂd"ﬂ' =
{7y, 72 T3ps My = {Phpl}! = {Pis Py, Pi}l my = {Pe P, Py}
Br=2,B=0H=36=3)

The four-level implementation based on these partitions is repre-
sented by Fig. 6. In this case, for the space and time complexities we
have G4(6, 8, 6) = 28 and D46, 8, 6) = 11Dy + 10D (for three-
level AND-AND-OR and AND-OR-OR we have correspondingly for this
(6, 8, 6) system Gi(6, B, 6) = 32, Ds(6,8,6) = 9Dy + 10Dg and
GH(6, 8, 6) = 33, D6, 8, 6) = 12Dy + 8Dg)- Comparing these
numbers to the complexities of the two-level implementations G(6,
8, 6} = 37, Di6, 8, 6) = 12Dw + 80, we can see that
considerable savings are realized in gate numbers without any
substantial increase in delays if we replace the two-level implementa-
tion by the three-level or four-level implementations.

IV. SPACE AND TIME COMPLEXITIES OF MULTILEYEL
IMPLEMENTATIONS -

We will now present upper bounds for the space and time
complexities Gy{m, N, k) and Dy, N, K} of four-level AND-AND-
OR-OR implementations of (i, N, k) systems. {Complexities of three-
level AND-AND-OR 2nd AND-OR-OR implementations may be estimated
in a similar manner).

From the block-diagram of Fig. 6 and (4), (8), and (7), we have

Gy(m, N, k)=, (3%—20— 1)+ N(a—1)

P=]

b
+3, @%=B—1)+k(b-1)

j=t

a
=3 30i-2m-a+N(@-1)
i=1

r]
+3 25-N-b—~k(b-1) (8)

j=1

for any o, ", ¢ and 8, = B, such that




i=1 Ji=1
Thus, we have from (0
L e T —m 1'._:! "_ﬂ,“_ Tl Ul

b
+  min (2(25j—ﬂj-l}+k{b—l}). (%
j=1

ﬂl+"'+ﬂb=ﬁr

It is very difficult to find analytical solutions a¥, ---, a* and ¥
-+, @F, minitmizing the right-hand part of (9). In Appendix I we
present the optimal values for ey, -, o, forl = m < 40and | =
N = 80, together with the corresponding wpper bounds on numbers
of AND gates in the two levels of the AND array. Similarly, in
Appendix Il we present the optimal values for 3, -, Bpforl = N
< 8l and | = & = 40, and also upper bounds on numbers of OR
gates in the two levels of the OR array (VW = 27, &k = 2¥). We also
note that

max nf:." —min a¥=]
i

max S¥—min *=1, {10)

; . ) g
In Appendix I (Appendix II) the notation i“f| LStands foraf = -+
=aY=MAaX , =" =a¥, =A+Ls+1t=a, hs+{h+
t=m@t=-=8¥F=), h* -—--**-B* =A+ 1,5+ ¢

= b, A + (A + 1) = N). Data in Appcndm I and Appendix II
have been generated by cxhaustwe compuier search of all o, -,
ﬂﬁ‘(Ea y & = m)and By, -+, ﬁb{zjz ﬂ; N).

To estimate the time Eﬂmp[EIlt}' Ddi{m, N, k) of four-level
implementations we note that different outputs of a universal AND
(OR) network are inputs for different AND (OR) gates of the second
(fourth) level. Denote n*“f“ (™ a number of AND gates of the
second level (OR gates of the fourth level} interconnected with the_ﬁh
output of the ith universal AND {OR) network., Then, for any §

91|

D) AND =N, i=1, a (0
j=1 i

281

>, OrR =k, i=1, -+, b -2
j=1 "W

Thus, we have in a view of (3), (7), (11}, and (12)

Dym, N, k)Eﬂw(N+k+m?x(3 il [log; o] + 1)
+m?x (215521 [log; 8;]))
+Ds(1+2 max [logy o]
+2 freax [ logs 8;] +a+b). (13)

Example 3: Suppose m = 16, N = 64, k = 16. Then from
Appendix @ = 6, af = af = 2, af = af = af = af = Jand
from Appendix II b = 21, ﬁ* = e ﬂ* 3 3% = 4. Thus,
finally we have from Appendlx 1 and Appendm il and {8] (13)

IT
If

Gy(16, 64, 16)=408 +411=819
Dy(16, 64, 16)=Dp(64+ 16+ 332+ 1)+ 22 - 2)

AF SN Y em m e e — ——— w8 W . ——— EEETEE——
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+Ds(1+2-2+2 - 2+6+21)=115Dw+3'ﬁﬂﬂ.

{(Note, that (5(16, 64, 16) =< 1,952 and D,(16, 64, 16) =< 80Dy +
79D¢).

As a reasonably good approximation for af, - *+, a* and = g¥,
-+, B} for big m, N, and & we can take

af=--r=a¥=|logs N~logy logzs N},

i
7= |Vlug3 N=log; log; N—‘ (14)

and

Bt =+ =By= Llog, k~log: log; k],

D
b= *
‘-Eugz k —logy log; k-| (13)

In this case, we have from (8), (13), (14) and (15)

Nm
Calm, N, &
alm )Elng_a, N—-logs logs N
+ Nm
log; N (logs N—log; logy N)
—2m+ il
log, k~log, log, &
Nk

+ — —
loga & (log; k—log, log; k) 2N-k (16)

and

Dyim, N, K)=Dy (N+k+ ([logy loga N7 + 1)

logs N

k
log; &

+ [ logz logz &)

+De(l +2 [ log; log; N}

+2 [log, log; k71 + [- z -‘

logy; N—log; logy N

N
+ .
‘—lug; k—log; log, k-I ) (17)

Let us now estimate an asymptotical behavior of G,{m, N, k) and
Dym, N, kyasm, N, k — <o and m/logs N, Nflog; k = o, From
(16} and (17) we have in this case

miN Nk

Gy(m, N, k) =
(o ) fogs N+Ingz k

(18)

and

m_, N
togs N logs &

Dym, N, k) Dy(N+k)+Dg (

+2 logy log; N+2 log; log, &) (19)

(p(n) = r(n) 1ff lim MEl, pl{n}~r(n) iff
n—+o T(ﬂ} _

p(n) = r(n) and r(n) = p{n).).

T
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G, N, k) = mN+ Nk (20)
Dhim, N, k) 2 DN+ + Dg(r + N). (21)
Thus, comparing (16}, (17) with {1}, (2) or (I8), (19) with (20}, (21)

one can see that the transition from traditional two-level AND-OR
implementations to multilevel AND-OR implementations results in
considerable savings both in gate counts and delays.

We note also, that formulas (8), (16), and (18) present the upper
bounds for gate counts since for a given (i1, N, &) sysr.ﬂm probably
not all 3 “i — | outputs of universal AND networks (f = 1, *+ -, @) and
notall 2% — | ouiputs of universal OR networks (j = 1, - -, &) have
to be impiemented,

Let us estimate now numbers of gates in universal AND (OR)
networks UAN, (WON), g = I, *--,a{g = I, -+, &), required
for a given (m, IV, &) system,

Any (m, N, k) system may be represented by two matrices ()
and {PU) Whﬁrﬂ

2

1, Xj = F.';
-rffz -1.'4 -fjepi; {I.:ln Ty N: j=l: TRy m} (22)
0, otherwise,
B G -
PH_{D' Pj$ff; “_lr 1krj_l:| ,N)- (23}
These matrices for the (6, 8, 6) system from Example | are
s ™
1 1 0 0 0 0
1 0 —-1-1 0 0
0—-1) —-1-1 0 0
{x})=| -1 Of-1-1] -1 @ )
0 1 0 0O 1-1
0 0] ~1-1 0 1
0-1 -1 g 1
c O 1-1 |
- e e T ~
of of o
-
( 11 110 100
01 1167 011
00 101 010
(Py)= 11 001 100
01 001 001
1 1 010 011
e —— S bk Al -‘J
' By A3
Every partition R = {Ry, <+, R}, |Ri] = a}(orx = {m, -~
%), |75 = B}) of the sct c:rfmputsX = {x, -+, Xm} (Or the set of
product terms ‘P = {P, -+, Px}) defines the partition of the matrix

(x;) (or (Py)) into a (or b) submatnces containing, correspondingly,
af, **+, aX or 8%, -+, B} columns. The number of outputs of

UAN, (or UON,) required for the realization of a given (m, N, k)
system is egqual to the number of different nonzero rows of the gth
submatrix of {x;) {or (£;)). It was shown in Section II, that the
implementation of a noatrivial output (not equal to any input or its
negation) of UAN, (or UON,) requires on average one gate.
Denote G4(R,) (Gor(,)) a number of different rows containing
more than one nonzero element in the gth submatrix of (x;) ((Fy).
{For the (6, 8, 6) systemt considered above G4{R,) = |, G4(R;) =
2, G4(Ry) = I, Gor(my) = 1, Gor{r2) =2, Gor(ws) = 1). Then

a &
Gi(m, n, k)=, Ga(R)+N{a—1}+ 3, Gorlme)+k(b-1).

g=1 g=1

(24)
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L

Since G4(R,) and Ggr(n,) depend on the choice of partitions R and
%, we have

T? Cy(m, N, k}=n}?in ( E, Ga(R,)
q‘:

&
+N(a- I})+min ( D Gnﬁ(wq}+k(b—l)) . 25)

=1

where R is any partition R = {Ry, --+, R}, IR, = af, Zo_ ey
= mand ¥ = {'ﬂ'j,"‘,ﬂ'b}, I'Jl'q} = :;, Eg=lﬁ:=N‘

Numbers of differeat partitions R and r are in¢reasing with the
increase of m, N, and k.

Thus, network minimization by optimizing partitions R and r for
the given parameters a*, - - -, arf and §F, -+, 8% may be time
consuming and, in most cases, does not result in considerable
additional savings. L

Table I summarizes the results presented in previous sections for
the optimal sizes of partitions a* or 8*, corresponding gate counts
and delays . In Table H these resulis are presented for (16, 64, 16)
systems and in Table III these resuits are presented in the asympiatic
form. In Table IV we present experimental data on gate counts for
two-level AND-OR, three-level AND-AND-OR, and four-level AND-AND-
OR-OR implementations for 11 components of peripheral control units
for VAX computers. In Table V, for the first 6 devices from Table
IV, we present total gate counts and delays for two-level and four-
level implementations. One can see from these tables that the
transition from two-level implementations to four levels results in an
average saving in gate counts of about 43 percent (which translates in
considerable savings in required silicon arcas, see also Table VI and
an average savings in dclays of about 26 percent.

V. MULTILEVEL IMPLEMENTATIONS FOR SPECIAL CLASSES OF {m,
N, k) SYSTEMS

[n previous sections we presented general technigues which are
applicable 10 any (m, N, k) system. If an additional information
about the system is available to a designer than time and space
complexitics may be decrcased. In this section we are going to
illustrate this sineation by several important examples.

By density d of an (m, N, k) system we mean fraction of nonzero
entries in {x;) matrix defined by (22), i.e.,

d=m"'N-1 Y [x;| O=d=l. (26)
¥}

Efficiency of techniques presented in previous sections is increasing
with an increase in density d. The case = 1 (all product terms for
an (m, N, k) system are minterms) is of a special interest. In this
case, we can replace in the four-level implemtation of Fig. 5
universal AND networks for o arguments by (¢ X 2%) decoders, and
a* can be chosen as

c¥=af= ' =a¥=|log; N-log, log; N |
m
= . 27
¢ {-lﬂgg N-— l{}gg [Ogg N-I { )
Then we have for space and time complexitics
mN Nk
1 = + 28
Galot, N, &) log, N log, & (28)
and
Dy(m, N, k) € Dy(N+k)+Dg | —
o(m, N, k) w( G oz, N

-_ o ———— — -
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-

+ + 2 log; log; M+ 2 log; fog; k) . (29)

log, &

Thus, companng (28) and (29 10 (18) and (19), onc can sce that if all
products terms are minterins (6 = 1) then we have asymiotical
savings in time and space complexities of AND arrays by the factor of
tog, 3 = 1.58.

In Tabie VI we present experimental results on savings from the
transition from two-level implementations by simulation of layouts
for two systems of Boolean functions (i = &k = 16, N =64,d = 1,
and = 0.66) 1n the gate array with 2200 gates. These experimental
resulis illustrate savings in gate counts and required silicon areas with
the increase in a density.

Similar results may be obtained for the case of unary (m, N, k)
systems. Remind that a (m, N, k) sysiem is posittve (negative) with
respect to input x; tf all outputs of the system depend on x; and do not
depend on X; (depend on X; and do not depend on Xx;}. A system 1is
upary if it ts either positive or'negative with respect to every input. It
)s easy to check that for a unary system formulas (27), (28), and (29)
remain valid.

Let us summarize now the above asymtotical results. Suppose that
for a given (m, N, k) system, m arguments are unary, and from the
remaining r — mrp arguments there are ri; argumenis such that a
submatrix of {x;) formed by the corresponding m, columns has
density equal to one. Then form, ms, my = m — my — my, N, k —
oo, mi/log; N—=oo(i =1,2,3}, N oo,k oo, k/log, K — oo

(m; + m;!}N_I_ N Nk

Gy, ma, 3, N, k} = logy N log, N+ log; K

(30

and

M+ His ity

log, N +lcrg3 N

Dy(m;, my, ny, N, k) = Dy(N+ k}+ﬂg(

+ +2 lﬂgz iﬂgz N+2 Iﬂgg Iﬂgz k) . [31)

log, &

Another important special case of (m, N, &) systems is the class of
single-output systems (kK = 1). In this case, the approach described in
Section IV resuits in three-level AND-AND-OR implementations with

Gy(m, N, 1)= min (i {3“]7“2{!';—1)-!-”&), (32)

+rrr 4= .
I o l=l

Dyim, N, NsDy(N+max3T«21([log; o; ] + D+ 1)
+ Dg(1+2 max [logy o; ] +a+N) (33)

{see (B) and (13)).

We shall present now another approach which results in considera-
ble savings in time and space complexities (32) and (33).

Let us represent Boolean function f{(x;, * -+, X5) which should be
implemented in the form

f{-r]: "Ry Xapr Kyl 77T xm.}
h
=V Qr'[xl! Tt Ial}'ipl’{-rn]+i1 T xﬂl) {34}
i=1 )

where A = 3™, Oix,, " -, X ) =1,2, -+, h)are all possible
products of at most o arguments X;, -**, X,, with or without
negations and w{X,, 412 " "y Xm) @re sums of products of Xg 4, **
X, with or without megations. Then f{xy, ---, X,) may be
implemented by the block diagram of Fig. 7.

For the network represented by Fig. 7 we have
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Gim, N, I})= min (E (E“E-Zﬁr;—l)+N(a—l}+3“=)

o)+, = il

(35)
Dim, N, )=Dy(N+ max 3121 [log; o;] +1)+1)

f==]

Dl +2 ITIEI.II I—lﬂg: Et','—l +a4+ N), (36)
i>

As a reasonably good approximation to the optimal values of ap, *vT,
&g minimizing the right hand of (35) one can take again af = =
oy = |logy N — log; logy N| and a = [m/(logs N — log;
]Dg_; Nj_l .

Comparing (35) and (36) to (32) and {33) one can see that usage of
biock diagram of Fig. 7 may result in considerable savings in gate
counts without increases in delays (see also Example 4 below).

Example 4: Suppose m = 16, N = 64, x = |. Then from
Appendix I g = G,af = af = 2,af = af = af = af = 3 By
(32), (33) and (35), (36) we have that the transition from the three-
level implementation of Fig. 3 to the four-level implementiation of
Fig. 7 results in the decrease in the pate count from 472 to 417
without any increase in delay.
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APPENDIX I
.- OPTIMAL VALUES LAMBDA, S LAMBDA + 1, f FOR PARAMETERS a* (LAMBDA-S + (LAMBDA + {)-¢ =

\ —
m1}, GATE CounTts (7 AND DELAYS DO, D1 (D = Dy D0 + DgD1) FOR AND ARRAYS
7l z i (] 1 10 12 18 18 1h D
| B |
LasEbA, ) 1, O 1, O 1, O 1, © 1, © 1, & 1. b 1. & 1, & 3, 0
LAMEDA+1, £ I, 1 2, 2 2, 3 - P 2, % - P . 7 Z, & 2. B X,10
- " | 12 0 Il 2% LF) [ ¥ [ 1. TE
Do, b 1o, 4 10, & 14, d 10, 7 1€, 2 10, 0 16,10 19,11 19.12 W12
N =
Lm.DAq‘ D. ﬂ 1' 'ﬂ " ﬂ " ‘l' u ‘! ﬁ ‘l- u ‘] ﬂ' ili n ‘l u
Lamana+y b 0, 0 2, 2 1. 2 x, 4 i, 3 z. & 2,7 z, & x, % 2,10
-] a 3 i 40 ¥4 Ed TE Ei hg =[] i1%
b, o1 e, o 14, § 14, € 14, 7 14, & 14, 14,10 4,11 - 14,32 14,13
M =13
LAMEDA, 3 0, & 1, © 1, B 1, © 1, b 1, & 1, B 1, O 1, & 1, &
LAMBCA+1 £ o, B 2, 2 2. 3 2., 4 1, § 2, ¥ I, 7 2, & . 1 2,10
a a 20 JE L ¥} [ 1] id 150 £1E 132 140
Do, g, & 4, B 13, K 1%, ¥ 15, B 15, ¥ 14,19 14,11 ih,12 11,13
W =iE
LAMBDN, 3 9, o 1, © 1, O 1. O 1. 0O 1, & 1, B 1. O 1, O 1, O
LAMBRDAsY, & o, O . 1 3, 3 2, 4 1, t . & A M | - I, B 2,10
Q 1] 14 dd 4 [ F] 104 124 144 154 114
Do, D1 D, O 22, % 232, B 22, 7 21, & 22, 1 X 10 22,4 221,12 12,13
H =25 | .
LAMEDA, 3 S, O o, & 1, © 1, & 1, © 1, 0 1, & v\, © 1. O 1, @
LAMBGA=T . & o, O 0, O i, 2 T, 4 . § i, 2, 7 2. & 2, 1 1,10
] o v 23 TE 00 134 141 172 19k 230
oo, 01 D, D o, 0 285, B I8, 7 I, 2 %, B 24,0 2E. 11 15,12 25, 11
W o=3d .
LAMBDA 3 a, o 9, & 1, & ', b 1, 0 1, @ 1, @ 1. O t, O 1, D
LaMEDAT 4 0. 0 o, O ; 3 2, 4 . 5 2, 1 2. 7 2, ¥ Z. B 2,10
G a a [ 1= 13 11E 144 12 200 r Y| LE
Da, b1 o, o, O a0, & g, ¥ 1%, & M, 8 30, 10 M, 30,12 an, 13
N =11
LAMEDA, § o, O a, o 1, & 1, & 1, & 1, B 1, @ i, O 1, & 1, O
LAaMBEA+] , E 9, o 0, B Z, 3 1. 4 . 3 i, B . 2, & 2, n x,10
o b 0 T 100 132 104 198 123 280 333
2o, 81 2. 0 e, 9 M, & 3,7 24, 4 MM, B 34,1D 35,11 2d,12 24,12
N =32
LAMADA, 3 o, o a, 9 2, 0 2.1 2. 2 2, © T, 1 2, 2 2. O 2, 1
LAMBOA+Y L &, 6 o, o 3, 2 3, 2 3, 3 ¥, 4 1, 3, 4 2, & 1, &
. & o o T . 104 144 78 13 148 280 i
Do, D1 o, o B, O A, 7 B, & KN, B I8, B .0 20,11 58,11 bR, 32
M os3% "
LAMBEA , % a, o e, & . 0 2, 0t 2. 1 i, © 2, 1% 3. 1 i, O 1
LamBDA+1 4 ., 0 o, O 3, 2 1, 2 1. 3 rt 3, 4 3. 4 3, & 1, 08
o v o 74 118 15% 188 228 B3 300 110
B, 1 « 0O o, o KX, 1 i1X, k [ T I | ¥ | [ ] X, 10 3,11 3. 11 §3, 12
M =il -
u“lm*‘ ﬂ;. n n-! n :.] u 1; 1 1| ! ll ﬂ =l 1 !- I- =! U l. ‘
LAMBDA=Y £ e, & 0, b - 3, 12 a, 1 X, 4 3, 4 a2, 4 1, B - J
o . o 0 (T3 124 104 200 Tdd 1Y) 310 I8d
b, B a, & &, O T, 7 5T, 4 . ® 7. # 87,10 17,114 £%,11 57,11
H »di4 :
LaMEDA, X o, o e, @ X, O . 1 . 2, 0 01 r - | 2, © 2, 1
Laagiaet, 0, 0 o, O 1, 2 3. 3 3, X 3, 4 3, 4 3. 4 3, 1. &
a o o R4 132 180 113 16 308 140 an
[+ -1 o, 0 0, & . T 1, & T, 1, B 71,16 T, 11 71,11 ",.t2
M w4l .
LAMEDS, B 0, B O, o I, & 2, 1 1, 1, © 2. 1 2, 2 2., & Z, ¢
Lasanast b 0, O D, O 3, 2 3, 2 a 3. & 3, 4 3, 4 3, § C O 1
g 1] o ] LY 1~ T8 214 114 g A5G 412
Dd, b1 a, o 0. @ ™w, 7 ™, & T8, s, § 75,10 T5.11 e, 11 78,13
Y 11
LAMECL . 3 o, B e, o 2, o - P | 2. % 2, b 2. 1 . 2 x, & . 1
LAMBDA+S T 8, © o, © 3, 1 3, 2 I, 2 2, d 3, 4 A, 4 1, & 1, &
] o o nz 143 104 re ] -1 }1 340 g a3
Do, 51 e, o e, & ™., T Th. & Th, ¥ TH, B TR 10 TH, 14 T 11 TH, 12
N =1k
LAMBEGA, 3 o, & o, & 2, 0 2. 1 2, 1 1. 0 2. 1 i 1, © 2, 1
LAMBDAs Y L o, 0 o, O 3, 1 3, 2 32, 2 3, & 3, 4 2, 4 2, % R
o o o sl 154 Z18 248 08 i3 400 A80
bo, o1 o, O G, O 83, T T #3, B 231, 1 $3.10 £3.11 13,11 43,12
M =40
LAKBDK, 3 O, 0 a, o 2, 0 2,04 2, 2 2, 1 2, 2 F . T, 4
LAMRDE T & . 0 &, O 3, 2 3, 2 1, 1 3, 4 3, 4 C 1, & % &
a 0 D " IRG 144 F¥ 3 180 314 111 420 ABd
CDa, D &8, o o, D AT, 7 T, 4T, 1 [ T Y ,10 2r, 11 4T, 11 ar.12
N vid -
LAMBCA 3 &, B o, & 2, 0 2. 1 2, 2 i 2 1 2 2 i, @ .01
Lamapas1,L B, o o, O 1, 2 3, 1 3, 2 3 a. 4 3. 4 2. & 3, &
G o o 104 173 240 272 340 Fr-T1 440 94
o, bt e, O o, © By, ¥ ", i ", 8 B, & T 1,14 B3, 11 $1,.12
N =Kkl
L‘“m.! ﬂ. ﬂ ﬂ* u n. ﬂ =I‘ 1 :ﬁ 1 :- n ':l ' :l ‘ =| n’ I. 1
Lampoast, & 0, B o, © - 3. 1 4, 1 3, 4 2, 4 FOR 3. & 3, &
a a ] [ +] i La) -F ¥ ] 204 -} 1 ] dz2Aa 'Y I+ [ T}
Hln' 'n. ﬁ ﬂ. u' ﬁ. ﬂ ‘.- ' .‘I . '-l'i - ll.'lﬂ .‘.."u .l|-1'| .‘.‘:
N =72
2. 1
LAMRDA, 3 ©, o 0, @ o, & I. 1 3., 1 £. O 2, 1 1, 4 0 -
- 3, 2 4, 1 2. 4 E, 4 d, 3 a. & 3, B
LAMMDA®1 . {, © 2 a. 9 * % ing 284 343 472 40 130 516
o, 01 0. o o, 0 o, O TH 1 ", § TIRT TR THERY 58,12
N *TE
LAmBha, Y g, o o o, & I, 1 - P | I, O 2, 1 X, 4 I, @ 2, 1
LasiOas1,4 0. 0 0, © 0, @ 2, 2 4, 1 3, & ¥, 4 i, 1 7. 1 3, &
C o o o 108 i 1] 205 I ASE (1) T
Do, b1 o, o 6. O D, o 3, & 101, & 163, w 163, 19 03,10 103, 11 103,12
" & I, 1 . W 1. & 2, 4 3, d 2, O B T
l"'."“..n."l.: ﬁi u n' ﬂ‘ nl [ ] [ ] r [} L] [ ] L
LAMBOA*1,T o, B o, © o, 0 3, 2 a4, 1 3, £ 3, i d, % 1. & 1, &
G - ]} L] ] JC4 i - ) -] A0 AT 2 | Yro¥] [ {2 ¥
bo. D1 o, O o, o Q. o ey, & 1 1-2 167, B 107,10 167,10 107,11 107,42

C e e = AT At e e T —rE——T— == —p== = =
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LAMBOA, 3
LamBDA+1, &

bd, D1

CILI
Lanapa, g
LAMaCAs £

1]
bo, O

LAY !
LAMADA, ¥
hlﬁlﬂi*i.t

[+ =] ] )

N wig
LAKADA .S
Enunn1¢|.t
B, B

H =l
LAMBDA, 5
hﬁﬁluli1ft

(+ =1 -}

W =24
LAMBDA,, 5
Eﬁﬂlﬂi*1-b

m-b'l "

X =1}
LAMBDA ;3
EAHIDA11,

Do, 6y

N =32
LAMBDA, 3
hnunun*t_t

BC, O

N +18
LAMEDA, 3
hnuann-t.t
oG, DY

N =il
LamBink, ¥
LAMBDA+1, 4
G
6o, 01

M =a4
LAMEDA 3
hﬁﬂlnlit.f

oo,01

W mij
LAMEDA 3
hlﬂlﬂirl.i

Do, O

W o=32
LAMEDA 5
EAHIDl*i.L
bs, B

H =54
LAESA Y
Eﬁﬂlﬁl-l.
(e =]

N =k0
LAWBDA X
LAMBDA+T, §

£o, B

K sk
LAMBDA X
Emnn4| 't

0o, 0

K =Ei
LAMBDA, X
hLHBDl*i,{

D3, 01

H =2
LAMBEL 4
EAHIDAi1,t

D2, B

M =7§
LAMADE ¥
knnana-l.i
LS, o1

N LD
LARITA, S
LAMACAS] 2
G
£, B

iz a4
‘i n 1. ﬁ
211 - X2 .12
[ ¥ [T
18,14 9.1
1, & 1, 0
2.1 .12
124 118
14 14, 15
1, @ .4, O
2.1 .12
1Y 1803
1, © 1, O
2,11 3.12
104 114
21,1& 23,43
1. 0 I -]
1,14 X, 12
a4 2Lh
FFRY 25,15
1, & 1, @
;l1‘ -:l ‘:
r ] ¥ 312
ag. 14 3,15
1, & 1, &
2. 11 .13
314 k1.1
J4. 14 24,1tk
2. I i, O
2. & 3, 3
132 a4
9,13 E5, 13
2. 2 2, O
=T 3, &
NG d12
$3,13 §3,13
. 1 2, ©
3. B 3, L
461 44
7,13 k7,13
':' : :r p
% 1, ¥
l3s F A
1,13 T1,4D
X, 2 2,
4. ¥ 3. B
g4 il
75,12 75.13
1, 2 I, O
- T 4, 1
492 524
TH. 11 10.1]
2. 2 2, O
1. & b I |
[ ¥ 1] 52
13,13 .53
'Ii‘ : 1| ﬂ'
- P -
141 g Ya)
E7.13 br.11
:l : :' ﬂ
:i E :; .
£T% 01
1,13 21,13
1, ¥ .00
d, 1 2. 1
00 EIE
25,12 *¥5.13
1. E 2. £
4, 1 3, &
[ =4} Rid
t § I 3.l
3, & 2, 0O
"'l 1 =l
"FT] ] F
1¢a.12 193,12
=l ‘ -:l U
d, 1 1, &
72 110
197,12 ot v
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.19
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124
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0,20

1.
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APPENDIX 1I

OPTIMAL VALUES LAMBDA, S LAMBDA + 1, ¢ FOR PARAMETERS 8* (LAMBDA-S + (LAMBDA + 1) =
N), GaTE CoUNTS G AND DELAYS D0, DI, (D = DyD0 + DgD1) FOR OR ARRAYS
.

N z % ] 1.1 L ] 14 15 18 1.

K = Jd
LAMEDA .S 1. 0 t. & 1, @ 1, © 1, D 1. © 1. © 1. O 1, © 1, 0
PTTETEE I S 1, 2 2, 3 I 4 3. 8 3. & . 3 3. 3 201 2010
e 1 5 1. ik 11 24 £ Y 38 £ T
Do, DY 5. 3 b, 4 o, § . 5 B, 7 5, & K, ¥ 9.0 5,11 [ P8 F

K =3
LASRDA, T 1, @ L I, O 3, 1 i, 2 X, & X, 1 ., 2 I, v 2, 3
LAMEOAst , } 2. 1 1. 2 Yy, 2 3, 1% 3, 2 3, d 3, £ a4 CI | 2, &
a 4 19 Vi -] 24 AD T T a4 13
bo, e, 2 10, & 8, % 18, 7 1k, & 14, & 18, 1 18,0 1E,10 15,11

K =12
LAMRDA, 3 1, © 1, © 2, 0 3, 1 T, 1 2. O 2. 1 3, & i, & 2. 1.
Lampoaet £ X1 2. 2 2, 2 3, 2 é 1 3, 4 3, 4 e 2, % 3. ¢
0 1 14 20 33 43 F1 T : ¥
bo, b1 4, 3 4, 4 20, & 20, T 0, 7 a0, 0, # o, B 1¢,10 ac, i1

K =18 -
LAMRDA, § o, B B, B 2, 8 y, o 3, 2 - PR 1, 2 3, 4 2, © 3, 4
L aupnast, b 0, 0 o, O 2, 2 i, 2 £, 4 3, 4 £, 1 d, 1 2, % i, 2
G f B 24 i B T 13 . 104 1N
DG, O o, © o, O 24, & 24, 7 24, 8 I4, B 2h, ¥ 2%.10 24,10

K =20
Lmlnl-l u- ﬂ nl n l- n :. n- ’l 'l :.- ﬁ :r : :‘ D =I‘ :- 3. ﬂ
LAsBDA+], & 0, o o, @ 2, 2 i, 2 "R d, 3 4, 2 A, 4 d, 3 4, &
a . . a in - X} [ 1] T3 "0 Too1nd 111 118
b, 01 e, o o, 0 b, 9 i1, 28, 7 a8, 7 I8, N 28, & 21, ¥ ak, »

K =i
I..AHIM..II “r n. 'ﬂ' ﬂ. ﬁ l- ﬁ :. 'ﬂ' :1 l .ln ﬁ :- 1 =.| 'u :. :- :. n‘
LAMEDASY E G, & 0, O >, 1 i, % F d,.1 i, 3 A&, & A, 3 P
a; ) n 32 A4 7 _ B 117 SO 118 13T 151
- - | S B, O o, O 32, 8 22, & 31, 7 32, 7 31, B 2.0 32, 1 32, 1

K w13 ' . : -
Lmnl'. n- n 'ul n :‘ u :- ﬂ -:I : :- u :1 :- n :‘. t : E
Lavaoari,® o, 0 o, & 3, 1 4, 2 - F 4, 3 A, 2 a, 4 4, 3 5
] o 0 15 B0 11 Yy 114 128 153 157
tﬂ'n‘ nj ﬂ 'ﬂ- ﬂ :ll- ] l.* . :.p 1 ‘.. 1 =l¢ . :.. ! :.- l B [ |

‘ d
K wik * . -
LasmDA, B B, 0 0, o . B 1, ¢ 2, 2 1, & i, 2 2, & A, 2 3, ©
LAMADA+] & D, O o, & 3, 4, 1 A, v 4, 3 4, 2 £, 4 4, 3 F
o o 0 ) ¥ B3 87 118 140 11 183
Da, b B, O a, B 4D, & o, & an, 7 a0, 7 A0, & an, 2 40, 4 ad, ¥

K =38
LANSDA, § o, & 0, b . O 3, 0 d, O * 0 £, % 1, © i, 2 3, 0
Lauspasy & e, 0 8, 0 3 2 i, 1 3, 2 i, 3 b, I d, 4 i, 1 r
a B o ad B T ics 13% 152 41 190
B, B 0, © 0, © ax, & Ad, B e, 3 s, 7 5, 8 dd, 3 G, 10 da, %

K win - . '

a -LAMBDA, S o, 9 . 8, 8 I, ¢ ¥, B A, 'D 3, & £, 1 . 0 a4, T 3, 0
Lasnnnel, & o, B 0, O 2, 2 4, 2 kK, 2 4, 3 %, &, 4 B, I i, &
a -] 0 &3 | ¥ (F§ 113 14) 184 14 215

L, T o, D &, & Ak, B 45, 8 i, & is, ¥ i, ® dy, » 4,190 As. 0

C o ———— =




L} , .
o APPENDIX II (continued)
[ 22 14 1% i -] - I d - 1 ) an F 1]
K= 4
LAMRDA , 1. © 1, & 1, © 1, & 1, @ . ® . B 1, © 1, 9 1, @
WY 3,11 P T 1,13 2.14 2,13 1.1B 1,17 1.8 1.1% 2.10
a Bl LY L} (4 T r) (B [T [} i
Po. D1 4,13 §,14 d. 15 6,8 4.17 E.1% §,1% E.ZD [ -4 | h.22
K = &
LAMNDA, b I, 1 2. B 2. 1 2, 1 i, @ F | 2, 2 Z, & 2. 1 2. 1
LAaMBDa 1t . § 3, & 3, 1 2. h . a1.10 1.1% r AT 3,12 2,12 2,12
Q ' "z (T 17 L1+ 112 111 130 13% 145 154
PO, P 14,12 18,12 16,13 16,14 1,14 14,1% 18, 1K 18,18 18,47 18,14
K »1})
LAMBDOA, % 3. B 2. O 2,1 3. & i, © 2, 1 3.1 2. o I, 1 J.12
LaMSDA+1 & &, 1 3,1 3, & a4, 1 A, 10 3,10 a, 3 3,12 a,11 i, 1
G . 107 118 128 1214 148 181 Lk B e, 191 01
B, Dy .1 20,12 10.13 20,13 20,14 20,16 e, 1% 10.1% 20,17 2H.17
K =1E
Lman‘ll! :- ‘ 1:. u :. ‘ :i ' l-i n :1- . :t‘“ 1.. ﬂ 1.1E :I‘=
LAMBDA+1 £ i, 1 2, & &, 2 4, 1 3,10 4, 2 4, 1 3,12 L, 2 4, 1
[+ 1314 44 153 111 184 103 211 334 138 251
DS, B 4,11 x4,12 14,12 24,11 a4 2d, e 2a,1% ad,.1E FFPRY 24,17
K w0
Lmhm*l* =| =- :. ﬁ :1 t :l n ;i 1 :t ﬁ :I : il n' 1l : =l ﬂ
tAMEDAST, a, d a4, & i, 5 d, 7T a. ¥ i, i 4, 7 4, & i, » 4,10
i 182 141 183 117 Z14 4§ 245 251 1Th 180
Do, b1 25,10 18,10 .1 Za.11 2,12 8,12 - PR | Z8.13 258,14 2, 14
K =2a .
LAMBDA £ i, 1 - R - 3 2 1, © Iy 2 1. © 3, 2 3, o 32, 2 ¥ D
LAMEOAs 1 T 4, 4 i, ¥ i, B 4, 7 4, & a, ¥ i, 7 4, 1 4, & 4,10
o 172 141 107 11 242 258 277 201 112 -+ 1
Do, .10 .10 J1.11 21.11 31,1a - F PR 11,13 21,13 31,314 1z.14
K =Zi
LAMBDA % ’, 2 3., Q 3. 2 1, © a, 2 1, © i, 2 . & - ), 2. 3 9
LAMEDASY,E . a4, 4 i, 4 a, B d, 7 d, 4 i, d, 7 i, # i, ¥ 4,10
a 192 206 F k| yas 170 234 s rF X A48 -1 ¥]
o, 01 15,10 2%,10 nn 35,11 Ik, 12 .12 48,11 1E.11 21,14 A%, i
K =33
LAMBDA & 3, 2 X, O 3, 2 1. O 3, 2 3. @ 2., 2 2, 4 1, 2 2, Q
LamMpbas1 B 4, 4 4, % a4, % 4, 7 d, & d, B 4, 7 4, B 4, # 4,10
a 212 238 gy 258 2 2 341 a1l Il sl
i, D1 40 10 F1-30 1 - T 40, 11 a0, 11 g, §2 40,17 a0, 1] a0, 1] 40,14 40,14
K =3E .
LAKBOA | d, 3 1. @ d, 4 1, B i, B 1, @ d, & 4, 0 &, 7T 3. 10
LAMBDAS 1, £ s, 2 i, # B, 2 a, 7 E, 2 4, ® B, 2 re E, 2 4,10
G 1 1Ak 2T 21 313 3an TG T a1y 434
Do, D1 0,11 di, 30 Q0,12 da,11 . 13 44,12 o, 14 £4.13 EC, 1K di, 14
K =iQ _
LAMADA , § 4, 2 3, 0 d, 4 1., O 4, § ¥ 0 i, & 3, & d, ¥ 7. 0
Lnnlnﬁtl,t- B, 2 4, 1 . I d, 7 k. 2 4, 12 B, 2 a, B E. 21 4,14
a 143 2E8 | 317 347 -] 11 38 d19 FrY dT0
Do, D1 (TN AR, 00 Ed,. 12 ag, 11 (FPRE i0,.%2 14,14 a,13 Ba.15 A8, 14
N, az A4 &% F1 ] (1] L ¥ 54 1 it [ {3
" ive % 1, & 1, 0 1, B 1, © v, B 1, & 1. © 1, o 1. B 1, O
AP DA . . ‘ . . .
Caraoas 1.4 2.2 2212 2.21 I.14 2.2% 1,18 2,27 1,28 2,28 I.30
G 101 104 111 11§ 124 128 131 174 141 1ad
ba, B B, 22 8,24 E.25 8,25 5.217 .24 4,112 .30 k.11 .11
“L;H.Dn L | 2, 0 2.1 2. 1 2; & 2. 1 2. 2 i, O 2. 1 2. 2 2. O
!‘ [ ] L - a L n | | []
LaMBDA+ § & 1,14 3,14 334 2,18 316 3,18 318 .18 I 3. 20
a 1B + 1ED iTh 124 182 01 108 117 214 1az
La, B 15,18 e, vl 16, 10 a, 20 16,21 15,22 15,22 15.23 15,24 15, 24
K =12 . !
Liﬂﬂ-ﬂﬁ*I :. n :. 1 :t"‘ -I.- ﬂ 1. 1 l"- 1.& u =| 1 :-‘t 1. n
LAMBDA+Y % 3,14 1,14 i, 1 1,18 1.1% a, 1 .11 3.1k a, 1 3,10
G 212 22% b2 } ] 244 237 k1 %) 118 2% -3 1 308
DG, D1 ¢, 14 2C, 1% 20,11 20,20 20,21 20,21 20,12 10,12 16,23 10,24
X =15
LAMEDA, % 2. 0 1.12 3,14 2. O 3.14 T8 i, O I.1% 3,11 i, ®
LAaMBOA+T, & 3,91 a, 2 i, 1 3,14 a, 4, 1 7,18 4, 2 d, 1 3,20
(- 254 274 z91 304 a1 331 144 LN T ANl
oo, DY 2d, 10 14,12 2£,. 10 24,20 14,20 24,21 » 24,13 14,13 24,23 Id,3d
K =20 '
LAMBDA, X 3, 2 1. O 3, 2 3. 0 i, 2 3. © 3. 2 3, © 3. & ¥, 0
Lamaonas .t 4, 9 4,11 .10 4,12 d 11 4,11 i ¥z d.,14 4,113 A, 15
a 307 221 132 252 689 i3 400 FLY 431 FF]
0o, D1 n % Ik, 10 T, 15 I, 10 23,17 h,17 28,12 1h,11 a0 38,11
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| - oo APPENDIX Il (continued)
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LAMBDA+ 1 2 .20 1,20 3,22 1,22
0 241 2in Iz I8
O, D1 8,15 1%, 2E .28 15,27
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LAMADE, 3 2, 1 3.20 2, 4 - T
LaseDa+ 1,4 3. 20 4. 322 3,22
G 2% 739 310 353
Do, D1 10,28 4= T LY b {- P 1 | 20,17
K eid
LAKADA, § 3,18 . 3,70 2. o 3.25
LAuBOA+1 & A, 2 1 3. 17 4, 2
G E1 T i1 Y 131
K1 24,34 24,15 24,28 24,215
X +20 ) '

BCA, S 3, 2 a, o a, 2 2,0
LAMBOA+T, £ i1 a1 T 417
o 487 478 £33 LY
Do, DY in,20 1k.20 k.11 3. 21

K 24
LAMADA . § 2, 2 2. 0 ¥, 1 2.
Lampoasy t T 414 4,16 4,15 4,17
[ v | L F 1317 173
o0, 01 32,20 31,20 1z, 21 32,11
‘L:ﬁgnn x 3
. 2 2, 0 3
%hﬂlnlit;t li;; 4:11 1:1§ 3:1?
4 396 &1 £ T
bo, D1 L] -1 Ik, 20 J6, 31 Jk, 2
!L::EDA 1 3
2 3, O 3, 2 .
CAMBOA®T, £ ey A.1% “ 1% i.i?
g 242 56 545 1T
0o, 01 40,20 40,20 40,23 40, I1
" oadena. s '
4,11 a2, & 4,14 2, 0
Lasstas1 £ 5, 2 FIRT b 2 L
n any 15 Yad TE3
£, D1 80,24 §4,20 EC, 22 44,119
Hltlnu
AMBDOA, B 4,13 2, 0 A,%4 i, &
LaspCast,t L 2 T 5 2 .17
0 T3 TTH "ok 127
B, B B4, I Ak, 20 ia,22 &0, 21
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TABLE I

SUMMARY OF THE RESULTS ON TWO-LEYEL AND FQUR-LEVEL IMPLEMENTATIONS
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[ ARRAY | ARRAY | |
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I I I 1

A -

1
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@ (x, V) = Dyx + Dgp, delays resulling from input fan-outs arc included in delays of AND arrays,

TABLE 1i
SUMMARY OF RESULTS FOR TWwO-LEVEL AND FOUR-LEVEL
IMPLEMENTATIONS OF A (16, 64, [6) SYSTEM
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TABLE lil
SUMMARY OF ASYMPTOTICAL RESULTS {m, N, k — o, m/logy N,
N/log; k — =) FOR TWO-LEVEL IMPLEMENTATIONS AND FOUR-LEVEL
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GATE COUNTS OF Tw0O- THREE- AND FOUR-LEVEL IMPLEMENTATIONS OF PERIPHERAL CONTROL UNITS FOR VAX
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TABLE V

TOTAL GATE COUNTS AND DELAYS FOR TWO-LEVEL AND FOUR-LEVEL
IMPLEMENTATIONS QF PERIPHERAL CONTROL UNITS FOR VAX

COMPUTERS
E 2 = level : 4 = Ievel
] Gate Count | Deluy | Gate Coont ] Delwy
# I | {og.pgy | | (Dy.Dgl
1 E 345 l {56.32) } 203 I {37.22)
2 5 3317 } (35,300 ; 218 E {25.25)
3 1 153 l (44,271} { 143 1 (21,29}
4 I 3317 1 t4r.,28) | 102 | (23.14)
| ] |
5 } 432 I {51,25) I 117 } (31,25)
6 | 627 | (41,33) | 327 | ¢32.32)
| | = | |
TABLE Vi y
RESULTS OF A SIMULATION OF LAYQUTS IN THE 2200 GATE ARRAY FOR e
TWO (16, 64, 16) SYSTEMS WITH d = 1 AND 4 = (.66
I d =1 ' d = 0.66
| N R
E I+tevel 4-1level : i~level d-1level
Hmaber of cells 1 1.117 T30 I| 1,087 J08
Mpz plos/net = 16 10 % 36 19
Nomber of pets with > 10 plos/net } 53 ¢ | 52 13
I
Number of mets with > 24 pins/net 1 kI o 1 22 0
Hmmber of gates 1 1.712 9 | 1,576 1,117
I ;
Gute nsaga (%} | 76.98 44,78 | 0.8 50,22
| I
Ares uzage (%) 1 T7.2%5 54,14 1 71.1%  60.7%
Number of signel nects % 1,161 T14 { 1,071 £93
Average plosfnet ] 3,293 3.082 | 3,144 3,029
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Fig. 3. AND-AND-OR implementation of an {#t, N, k) system.
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Fig. 2. {a) Universal OR network for 4 arguments. (b) Recursive procedure
to construct the universal OR network for arguments P, - -+, P,.
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Fig. 1. {a) Universal AND network for 4 arguments. (b} Recursive
procedure Lo construct universal AND networks for arguments x, *+*, X,.
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