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On the complexity of parallel prefix circuits *

Igor S. Sergeev!

Abstract

It is shown that complexity of implementation of prefix sums of
m variables (i.e. functions xj o...o0z;, 1 < i < m) by circuits of
depth [logym] in the case m = 2" is exactly

3.5-2" — (8.5 4 3.5(n mod 2))2"/2 4 n 4+ 5.

As a consequence, for an arbitrary m an upper bound (3.5 — o(1))m
holds. In addition, an upper bound (31‘5—1 - 0(1)) m for complexity of
the minimal depth prefix circuit with respect to XOR operation is
obtained. Some new bounds under different restrictions on the circuit
depth are also established.

1 Introduction
Let o be a binary associative operation over a set G. A set of functions
X10...0Xy, 1§2§m, (1)

is a system of prefizes (or prefix sums) of an ordered set of variables x1, . .., ,,
attaining values in G. Circuits of functional elements which implement (1)
over the basis {o} are often called prefiz circuits. The notions of circuit depth
and complexity one can find in [4, §].

Prefix circuits are exploited in various theoretic and applied problems
of synthesis, e.g. in the problem of constructing of binary adders, sorting
networks, in solving linear recurrences. These and other applications of prefix
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circuits are highlighted in [1]. Some of these problems include synthesis of
parallel prefix circuits, i.e. circuits of depth O(log, m).

If not stated otherwise, under a prefix circuit we will understand a “uni-
versal” prefix circuit. A circuit is universal if it computes all prefix sums over
an arbitrary set G with an associative operation o. That is, such circuits
cannot use any specific properties of elements of G or of the operation o
itself, besides its associativity. Universality will be important in the lower
bound proofs.

Let L(m) denote the complexity of (i.e. the number of gates in) a minimal
universal m-input prefix circuit of depth [log, m].

Several simple constructions of prefix circuits of complexity O(mlogm)
were proposed in 1950-70’s (see e.g. [14, 6]). In 1978 Ladner and Fischer [7]
obtained a linear upper bound

L(m) < (4—o0(1))m.
In the case m = 2" they proved a more accurate bound
L(2") <4-2" — P 5 +1=4-2" - O(¢").

Here ®,, is a k-th Fibonacci number!, and ¢ = (1++/5)/2 (the golden ratio).
Somewhat later, Fich [2, 3]* proved the following lower and upper bounds:

(33 —o(1)) 2" < L(2") < (323 —o(1)) 2™

In the present paper we improve these bounds to:
L(2") = 3.5-2" —(8.5+3.5(n mod 2))2l"* 4-n45,  L(m) < (3.5—0(1))m.

A slight weakening of the restriction of minimality of the circuit depth
allows to significantly reduce the complexity as well as some other important
characteristics, e.g. the fan-out. However, there is a limit for complexity to
decrease. The limit is determined by the well-known inequality

L+D>2m—2, (2)

valid for any m-input prefix circuit of complexity L and depth D.? A circuit
achieving a lower bound (2) is called optimal (or zero-deficiency) circuit.

'Fibonacci number ®;, is a closest integer to ¢*//5.

2The author didn’t have an opportunity to get a look at [2], so further Fich results are
cited following [3].

3 Apparently, the inequality (2) was originally obtained by Fich [3] for a substantial
particular case. The general formulation is due to Snir [15], however his proof is somewhat
cumbersome.
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Synthesis of optimal prefix circuits with various additional properties is a
popular direction in circuit design.

It is not difficult to construct an optimal circuit of depth 2[log, m| —
2 (see e.g. [9]). The minimal possible depth for optimal prefix circuits is
log, m — O(1). Such circuits were constructed in [16].*

Let us denote by L(m,k) the minimal complexity of an m-input prefix
circuit of depth [log,m] + k. As mentioned above only case k < log, m —
log, m — O(1) is nontrivial. In [7, 3] circuits were constructed, which satisfy
additional condition of implementation of the longest prefix z;0...0x,, with
the minimal possible depth [log,m]|. We denote by L'(m,k) the minimal
complexity of a prefix circuit of this sort. Clearly, L(m, k) < L'(m, k).

The following bounds are obtained in [7]:

L'(m,k)<2+2""m—-2, L2k <2+2"7F)2" —®, 5 — k+1,
and the next are from [3]:

(24127 —0o(1))2" < L'(2" k) < (2422 . 277 —o(1)) 2" — k.

We improve these bounds to
L'(2" k) = (2+275)2" — (5 +2((n — k) mod 2))2l=K/2 _ 4 9

L'(m,k) < (2+27% —o(1))m.

The last inequality is valid when 1 < k < [log, m| — 2 and m — oc.

Another way to reduce complexity of a prefix circuit is a weakening of the
universality condition. As an example, we consider “modulo 2” prefix cir-
cuits, that is, prefix circuits over basis {@}, where @ is an associative binary
operation satisfying identity z @y ®y = x (particularly, XOR is an operation
of such kind)®. We introduce analogous notation L®(m) and L'®(m, k) for
the case of modulo 2 circuits.

It will be shown below that

L®(m) < (3% —o(1))m,  L®mk) < (242 47" —0(1))m,

where 1 < k < [(logym)/2] — 1 and m — oc.

Results of the article were reported at the seminar “Mathematical Prob-
lems of Cybernetics” (Moscow State University, March 27, 2009) and were
published in a shortened form (without proofs) in [10, 11].

4To be exact, it is shown in [16], that an optimal m-input prefix circuit of depth d
exists iff m < ®yy3 — 1.

A prefix circuit over (GF(2), @) implements a mapping from the Gray encoding to
the ordinary binary encoding, see [5] for more details.

3
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The paper is organized as follows. In §2 we introduce notions to describe
the structure of a prefix circuit. In §3 and §4 we prove lower and upper
bounds for L(2") respectively. In §5 some corollaries for the complexity of
prefix circuits of various depths are obtained. In §6 we establish an upper
bound for L#(2") and analogous corollaries. In §7 we collected some remarks
on parallel prefix circuits with restriction on the fan-out of circuit gates.

2 Preliminary notions

Here we introduce some notions (generally taken from [3]) useful for analysis
of the structure of a prefix circuit.

First notice that in a universal prefix circuit gates connected with outputs
of the circuit via oriented paths compute functions of form z; 02,41 0...0x;.

Indeed, for otherwise it would exist a formula, implementing some prefix
sum from (1) and such pair of variables z;, z;, where j < k, that symbol z,
in the formula precedes symbol z;. We now show that such formula can not
implement any prefix sum over a noncommutative group (G, o) with elements
of infinite order (e.g. group of symmetries of circumference). Assign z; = a,
xr = b and x; = e for all © # j, k, where a,b,e € G and e is the group unit.
Prefix sum of these arguments attains value a o b whereas the value of the
formula is either boa or a* o b2 0@ o ..., where all [; > 0 and >, 1; > 3.
In the first case, choose a and b so that a o b # bo a. In the second case,
one of numbers [, = > lo; 1, [, = > ly; is greater than 1. Assuming w.l.o.g.
that [, > 1, assign an element of infinite order to a and set b = e. As a
consequence of ala # a, values of the prefix sum and the formula do not
match.

Therefore, we can restrict our attention to circuits with all gates imple-
menting functions of the form z; o x;410...0x;.

If a function z; o ... o x; is implemented at the output of a gate v, then
we attribute label A\(v) = [i;7] to v. An input z; of a circuit is attributed
with label [7;¢]. Notation I(v) =i and r(v) = j stands for the left and right
ends of the label respectively. Denote by w(v) = r(v) —I(v) + 1 a number of
summands in a sum computed by v. It will be referred to as a width of v.

Let a gate v take input edges from v" and v”. Then for one of these gates
(let us assume that for v') I(v) = I(v) holds, and r(v") = r(v) holds for
another one. Let us call v’ the left parent and v” the right parent of gate v.
Evidently, w(v) = w(v") + w(v"). Denote by d(v) the depth of v in a circuit.

Let us classify gates of a prefix circuit S. We call subcircuit computing
the longest prefix sum x;0...o0x,, skeleton subcircuit. It is a tree containing
m — 1 gates, among them at most D + 1 outputs of .S, where D is the depth
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of the skeleton subcircuit. We name skeleton gates such gates of the skeleton
subcircuit which are not outputs of S. A gate of S which is neither skeleton
nor output is called an extra gate.

It is straightforward that prefix circuits with no extra gates and with the
depth of the longest prefix equal to the circuit depth constitute exactly the
set of optimal circuits defined in the introduction. (This argument can be
easily transformed into the proof of (2). Note that (2) remains valid if one
replace D by the longest prefix depth.)

T i) I3 Ty Iy Tg T T

Fig. 1 represents a 8-input prefix circuit (edges are oriented top-down).
Output gates, skeleton gates and an extra gate are marked with symbols
“O7, “S7, “E” respectively.

Skeleton subcircuit of a 2™-input prefix circuit of depth n is defined
uniquely. Gates of a skeleton subcircuit have labels [i2¥ + 1; (i + 1)2*¥], where
i=0,....,2" " -landk=1,...,n.

3 Lower bound

Initial idea of the structure of a minimal prefix circuit is given by the following
lemma. Denote by S,.(m, d) a set of m-input prefix circuits of depth at most d
whose outputs depending on at least r + 1 circuit inputs have greater depth
than an output implementing z; o... o z,.

Lemma 1 (Fich [3]). Let S have minimal complezity among circuits from
S, (m,d). Then an output u* of S which implements xy0...0x, is connected
via oriented path with any output depending on more than r circuit inputs.

Proof. 1f the last condition is violated for some minimal circuit, then the
circuit contains gates which are not outputs and depend on each of inputs z,
and x,,1. Transform the circuit in the following way. Remove any such
gate v and connect free ends of its outgoing edges to the right parent of v.
Replace any edge (u”, ') satisfying r(u”) < r(u*) < r(u') by an edge (u, ).

5
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One can easily check that the new circuit belongs to S,(m,d) and has

less complexity. See details in [3]. O
?’1 33277—1 :L‘Tn—lJrl lfn
SQIn—l

Fig. 2. Structure of Son

Evidently, any minimal 2"-input prefix circuit So» of depth n belongs
to M=y S2:(2",n). In particular, Son € Son-1(27,n). Then it contains as
a subcircuit a minimal circuit Sy.—1 implementing prefix sums of 2"~ ! vari-
ables @on-1,1,...,Ton. Furthermore, any output u’ of Son with w(u’) > 271
has an output u implementing x; o ... 0 z9n—1 as a left parent and a gate
labeled by [2"! + 1;7(u’)] as a right parent. The latter one is an output of
subcircuit Sgpn-1 (see Fig. 2).

Next, like in [3], we bound from below the number of extra gates in San.

The proof of the following lemma is based on the simple observation: if
d(v) = h, then w(v) < 2". Conversely, if w(v) > 2"~ then d(v) > h.

Lemma 2. Let a gate v in circuit S have depth h. Suppose that the circuit
does not contain skeleton gates whose right ends of labels are r(v) and whose
depths are greater than k, where k < h. Suppose w(v) > 2h — 2/ 4 2k,
Then the circuit contains s extra gates vy, ...,vs such that r(v;) = r(v) and
w(v;) > (w(v) mod 2"%) > 2h= — 2h=s 4 2% Yet, vy is a parent of v, and
for any i, gate v; is a parent of v;_1, and d(vs) < h — s.

Proof. The proof is by induction on s. If s = 0, then there is nothing to
prove.

Take s > 1 and suppose that the lemma is already proven for all less
values of s. Let v/ and v; be left and right parents of v respectively. It
follows from w(v) = w(v') + w(v;) and w(v’) < 2"~ that

w(v) > w(v) — 2" = (w(v) mod 2" 1) > 2"~ — 275 4 9k,

Since w(vy) > 2F, the gate v; is not skeleton, so it is extra. Clearly d(v;) <
h — 1. Moreover, if s > 1, then v; satisfies conditions of the lemma (there
replace h by h — 1 and s by s — 1). Then by the induction hypothesis there
exist s — 1 extra gates vs, ..., v,, and the following condition is satisfied:

6
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Any v; is a parent of v;_;. Further, d(vs) < d(v1) — (s — 1) < h — s. O
In particular, the proven lemma justifies an extra gate in the circuit from
Fig. 1 under condition that the depth of an output v labeled by [1;7] is 3.
In what follows, S means any 2"-input prefix circuit of depth n. The
following lemma is crucial in the lower bound proof.

Lemma 3 (main). Suppose k, N,R € N, N < 2 and R < 2""%*~1 R is
not a power of 2. Then S contains at least N extra gates with right ends of
labels from interval

Inpe = [N2"F 1 4 R2F N2+t 4 (R +1)2F — 1. (3)

In fact, the proof of the lower bound [3] exploits special case N = 1 of
the above lemma.

To prove Lemma 3 we need some additional notions. But first of all we
clarify the meaning of parameters.

Lemma 4. Under conditions of Lemma 3 for any skeleton gate e of circuit S
with r(e) € Jy ry, the inequality w(e) < R2F holds.

Proof. Note that w(e) < 2, where 2 is the largest power of two divid-

ing r(e) (see §2). It follows from 0 < r(e) — N2"*F=1 < 2n7k=1 that

2" | (r(e) — N2"=*=1) | If R is not a power of two, then r(e) — N2" ! =

R2¥ + Ry, where 0 < R, < 2F is also not a power of two. Hence,

2V < (R2*F + Ry)/3 < R2*. Finally, one has w(e) < 2¥ < R2*. O
Write N as a (k + 1)-digit binary number:

N=0...01...10...0...... 1...10...0. (4)
—— S —— —— ——

P1 S1 p2 Sq Pqg+1
Here N is divided into blocks of consecutive zeros and ones: p; zeros in the
most significant bits, then follows a block of s; ones, etc. By definition,
Pg+1 = 0, other numbers p; and s; are positive.
The following lemma sets conditions for an application of Lemma 2.
Firstly, define P, = Zf;i(pz + s;) + pr and
N; =N — (N mod 2"17F) = N — (2FH17F _ ght1=Fims)

Y

where t = 1,...,¢+ 1 (here and further everywhere a sum of no summands
is assumed to be zero).

Lemma 5. Suppose t < q and a gate v of circuit S satisfies r(v) € Jy gk,
d(v) =n — P, and l(v) < N2 %=1 + 1. Then the circuit contains s; extra
gates vy, ...,vs, which are different from v and satisfy r(v;) = r(v), d(v) >
d(vy) > ... >d(vs,) and l(vs,) < Ny 27141,

7
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Proof. Indeed,

w(v) > r(v) = N2" 51 > (N — N,)2"*! 4 RokF =
— (N mod 2k‘+l—Pt) 2n—k—1 + R2k‘ >
> (2k+1fpt o 2k+17Ptfst) 2%71671 4 R2k > 2n7Pt o 2n7Ptfsz + 2k0

where kg is the maximal depth of skeleton gates with right ends of labels
in Jy rk. The latter inequality is justified by Lemma 4. Thus, Lemma 2
provides s; required extra gates together with inequalities d(vs,) < n— P, —s;
and

w(vs,) > (w(v) mod 2"~ F7%) > ((r(v) — N2" ") mod 2" ~%) =
= r(v) = N2"F 1 (N = N2 mod 20 ) =
=r(v) — N2" "' 4 ((N mod 2"+'=F) 2n7F~1 moq 2"~ F=9t) =
=r(v) = N2" %' + (N mod 2*+!-Frse) gn okt =
=7r(v) = N2""7 4 (N mod 2"F1770) 277870 = p(v) — Nppy 207571

Consequently, [(v,,) < Ny 27751+ 1. 0

3.1 Connection graph

For a prefix circuit S and an interval Jy g we introduce a notion of connec-
tion graph Gy r(S). The notion includes three components: a graph itself,
nonnegative integer numbers attributed to its vertices (types of vertices) and
a correspondence between vertices of the graph and a subset of gates in the
circuit S.

We construct an oriented graph Gn g x(S) step by step as follows. Initial
graph consists of 2* isolated vertices z;, where i = 0, ...,2¥—1. Each vertex z;
corresponds to an output gate v*? of the circuit S labeled by [1; N2n7*~1 +
R2*% 4. All vertices in Gy g (S) are initially of type 0.

Then a sequence of steps 0, ..., q is performed, where ¢ is defined by (4).
Step t consists in the following.

For any vertex z; of type t in decreasing order by ¢, take an appropriate
of three choices below and follow instructions.

1) If 7 # 0 and the right parent of v’ is either skeleton gate or input of
the circuit, do the following. Denote the left end of its label by N2 —F—1 4
R2F 4+ 1. Let v" be the left parent of v, If a gate v" has been defined
already, then (re-)denote by v* that of gates v%", vé’i/ which has less depth
(in the case of equal depths the assignment is arbitrary). Otherwise, assign
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. til -/
v = vg". Set up a correspondence between z; and v*". Remove an edge

outgoing from z;, if such edge exists. Include an edge (z;,zy) and assign
type t to zjy.

2) (The following instruction is not performed at the step ¢.) If d(v'?) =
n— P, 1, then assign type t+1 to a vertex z;. Apply Lemma 2 with parameters
v =" and s = s,,1 to the circuit S and denote by v**1% a gate which plays
a role of v, in the lemma. Set up a correspondence between z; and v'*1¢.

3) Otherwise, do nothing.

Note that conditions of the choices 1) and 2) do not hold simultaneously
since in the case d(v"") = n — P,;; a right parent of v%' is extra.

By the above procedure, all connected components of a connection graph
are rooted trees. A rooted tree is defined as an oriented tree containing a
vertex with no outgoing edges (a root) and all other vertices connected with
the root via oriented paths.

Also note that while moving along edges of a connection graph a type of
a vertex does not decrease.

The structure of graph Gy gi(S) allows us to bound from below the
number of extra vertices in S with right ends of labels in Jy gi. Next we
state a few preliminary observations.

Lemma 6. a) All gates v defined after completing the procedure of con-
structing of a connection graph are distinct.

b) All gates v"' with t > 0 are extra.

¢) d(w) <n— Py +pea. If t < q, then d(v™) > n — Pyy.

d) For anyt < q, a connection graph does not contain an oriented chain
connecting pyr1 + 1 vertices of type t.

e) If i > 0 and a vertex z; of type t is a root, then the right parent of v*
1S extra gate.

Proof. Claim a) holds since gates with distinct first indices have different
depths (it follows from the claim ¢) and gates with distinct second indices
have different right ends of labels.

Claim b) holds since ¢ > 0 implies that v is neither output nor skeleton
gate. The latter follows from Lemma 4. Indeed, [(v"') < N2 %=1 4+ 1 by
Lemma 5; hence, w(v') > R2*.

Clearly, claim c) holds in the case t = 0: gates v*¢ are outputs of S. In
the case of an arbitrary gate v%, an upper bound n— P, — s, = n— P, 1 +pii1
for d(v%?) is provided by that of choices 1) and 2) which defines v". The
lower bound follows from the bound on width of v**. By Lemma 5, [(v"?) <
N; 1277 %=1 4+ 1. As a consequence, for t < g,

w(vt,i) Z 2n—Pt+1 . 2n—Pt+1—St+1 + RQk > 2n—Pt+1—1'
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Claim d) follows immediately from the claim ¢) and conditions of the

choice 2).
Claim e) holds since a vertex z; does not satisfy conditions of the choice 1)
at the step t. O

Now we approach to estimation of the number of extra gates in the con-
sidered fragment of a circuit S (that is, gates with right ends of labels in
Jnrpr). Looking at the structure of a connection graph and types of its
vertices, we are able to display some extra vertices with right end of labels
N2n=F=1 4 R2% 44 wherei =0,...,2% — 1.

Let vertex z; be of type t. Let it take an edge from a vertex of type
t' > 0. Then an extra gate v'* is defined after completing the connection
graph constructing. If a vertex z; is preceded by a chain of py vertices of
type t' — 1, then a gate v*' ' is also defined and equality d(v*' ") =n — P,
holds by Lemma 6, claim ¢). Consequently, by conditions of choice 2) there
exist extra gates v ~1 vt and another sy — 1 extra gates settled between
former two gates (with respect to depth). Moreover, any of the latter gates
does not coincide with any v*" by Lemma 6, claim c). If a vertex z;, ¢ > 0,
is a root, then one can indicate another extra gate, the right parent of v

Since vertex zp is always a root, we can write the number of extra gates
counted above as

IN,RJﬂ(S) = :U(GNJ%,]C(S)) -1+ Z ZC(Z,t), (5)

zeG t=1

where 1(G) denotes the number of connected components of G and function
c(z,t) is defined for ¢t > 1 as

sy, vertex z is preceded by a chain of p; vertices of type t — 1;

else, if z is of type t or z takes

c(z,t) =< 1,
an edge from a vertex of type t;

0, otherwise.

The lack of measure Iy px(S) is its dependence on both topology and
types of vertices of the connection graph. Our next step is to replace Iy g i (.5)
with a more convenient measure depending on the connection graph topology
only.

3.2 Cost of a graph

Denote by A a set of graphs will all connected components be rooted trees.
Depth dg(2) of a vertex z in graph G € A is defined as the maximal length

10
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(number of edges) of an oriented path from a leaf of G to the vertex z. (As
usual, under a leaf of a graph we understand a vertex with no input edges. Its
depth is zero.) We will use notation G’ C G to express that G’ is a subgraph
of graph G.

For a graph G € A we introduce a notion of (p1, s1,. .., Dy, Sq)-cost, where
pi,s; € Nforallt=1,...,q. Previously, we define integer intervals:

t+1

Mi(p1,...,pq) ZIZPH Zp’ ],0§t<q,
My(p1,---5pg) = [sz, +oo>.

Next, we define a (p1, 1, ..., Pg, S¢)-cost of a vertex z of graph G as
q
CpGthl,...,pq,Sq C P1,S1,.. 7pq73q t)’
t=1
where

(
vertex z takes an edge from a vertex 2’

such that dg(2') = Y0, pi — 1;
thslwpmsq(z, t) = . else, if z takes an edge from a vertex z
’ such that dg(2') € Mi(p1,-...py);

0, otherwise.

St,

/

\

Finally, we define a (p1, s1, ..., pq, S¢)-cost of graph G as

Cpl,sl,--~7pq78q<G) - -1+ Z P1,51,---sPq>Sq )
2€G
Speaking formally, cost is also defined for ¢ = 0 as C%(z) = 0 and C(G) =

n(G) — 1.

Before clarifying a connection between the cost and introduced above
measure Iy ri(S) we will establish a simple relation between the type and
the depth of a vertex of the connection graph.

Lemma 7. Let dgy ,,(s)(2) > Z§=1 pi, where parameters N, R, k are given
by Lemma 3 and p; are determined by (4). Then the type of z is at least t.

Proof. Consider an oriented chain determining the depth of vertex z: by the
given condition the chain contains at least 22:1 p; + 1 vertices including, by
Lemma 6 claim c¢), at most p;y; vertices of any type i. It follows that the
type of z is at least t. O

11
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Lemma 8. Let parameters N, R,k be defined as in Lemma 3 and p;,s;
be determined by (4). Suppose that all vertices of graph Gy gi(S) have
minimal possible types in the sense of Lemma 7. Then Inpgpi(S) =

Cp1,51,...,pq,sq (GN,R,k(S))-

Proof. The statement of lemma follows from coinciding of values of ¢(z,t)
in (5) with cgl’s““’pq’sq(z,t). O

It follows from the proven lemma that the cost of the connection
graph Gy gri(S) is Ingri(S) in the case when all its vertices have mini-
mal possible types (in view of Lemma 7). But speaking generally, measure
Chprs1pasa (GN,RE(S)) does not serve as a lower bound for Iy g (S). How-
ever, a weaker statement holds that allows us to use cost to bound Iy g x(S)
from below.

It is natural to extend the notion and notation of cost to a nonempty set

of graphs I' C A:

Cplyslw-,pqwsq (F> = mln Cp1781 3--3Pgq,Sq (G) N

GeTl

(We stress that the minimum should be here.)
For an oriented graph T define

(T)={G |G CT,G contains all vertices of T} N A.

Lemma 9. Let N, R, k be defined by Lemma 3 and p;, s; be determined by (4).
Then
INRk(S) = Cpyisr..pgrsg (OGN RE(S))).

Proof. We propose a procedure of removing some edges of connection graph
Gn.ri(S) resulting in a graph with the cost not exceeding Iy g x(S).

We denote by G’ a graph in the process of transformations. Having in
mind an assignment of types to vertices of G’ let us define quantities ¢/(z,t)
and /(G") analogously to ¢(z,t) and Iy gx(S) defined for a connection graph.
Initially, G = GN,R,k(S> and ](G/) = IN,R,k(S)'

Next, for any vertex z; in decreasing order by i, perform the following
iteration. If type ¢ of the vertex z; in G’ is not minimal in the sense of
Lemma 7 (which is to be applied to graph G’ instead of Gn r(5)), then
reduce the type to minimal and remove an outgoing edge, if the latter is
present.

Note that a coefficient ¢/(z;,t) is positive before the iteration and it turns
to zero afterwards. Other coefficients ¢/(z,t'), z € G', ' =1,..., ¢, do not in-
crease (only possible changes are decreasing ones: either a coefficient ¢/(2/, t)
can decrease, where vertex 2’ takes an edge from z;, or a coefficient /(2" t+1)

12
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can decrease, where z” is a vertex in a chain beginning in z;). Hence, the
iteration does not increase I(G'), since /(z;,t) strictly decreases and u(G’)
increases at most by 1.

The order of enumeration of vertices provides that all vertices with
indices greater than ¢ have minimal types. Finally, we obtain a graph
G € 6(Gy ri(S)) satisfying conditions of Lemma 8 (up to notations). Con-
sequently, I(G) = Cp, s,,...pg.5,(G). Thus, the statement of lemma follows due
to ](G) S IN7R’]§(S). ]

The proven lemma allows to reduce our consideration to the universal
cost measure, that is, applicable to any graph in A and independent of a
circuit S.

Our further strategy is to show that the minimal cost among acceptable
graphs is delivered by graphs of a certain kind, namely, by subgraphs of a
hyperpair. Calculation of the minimal value of cost of such graphs should
lead us to a lower bound on the cost of connection graph Gy g(S) and
farther to a lower bound on the number of extra gates in the considered
fragment of the circuit S given by Lemma 3.

3.3 A set of acceptable graphs. Hyperpairs

Now we determine a set of acceptable graphs, that is, a set containing graphs
isomorphic to any possible connection graph. Denote by T} a graph consisting
of vertices z, . . ., 29x_; which contains an edge (z;, zy) iff i —¢' = 2" and 2 | 4
for some t > 0.

Lemma 10. Gy r(S) € 6(Ty).

Proof. By definition, graph T} contains an edge (z;,zy) iff a vertex of S
labeled by [N2" %=1 + R2F 4 ¢/ 4 1; N2n=F=1 + R2F + ] is either skeleton
gate or input. Consequently, graph T}, contains any edge which might occur
in graph Gy rx(S) (here, independently of N and R). Hence, Gy gi(S) C
Ty O

Lemma shows that §(7}) is appropriate choice for a set of acceptable
graphs. The following claim is immediate from the latter lemma and
Lemma 9.

Corollary 1. Let N, R,k be defined by Lemma 3 and p;, s; be determined
by (4). Then
INRE(S) 2 Cpysi,pysy (0(Tk))-
For convenience of further arguments we propose another, recursive way

of definition of graph Tj. In passing, we define sets of marked vertices, right
and wrong edges. Graph T} is a single vertex which is marked. Graph T}

13
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is constructed of two graphs Tj_; in the following way. Add edges from the
root of the first graph Tj_; to all marked vertices of the second graph. (The
root of T} is uniquely defined since the graph is connected.) A set of marked
vertices of T} is constituted by all marked vertices of the first graph and the
root of the second graph. The latter vertex also occurs to be a root of Tj,. A
set of right edges of T}, is formed by right edges of both graphs T _; and an
edge connecting roots of graphs. Other edges are defined to be wrong.

Simplest graphs in the family {7} are shown on Fig. 3: non-vertical
edges are oriented from left to right, vertical edges are oriented upwards,
marked vertices and right edges are distinguished.

Tb Tl ) I
13

Fig. 3

One can establish a congruence of two definitions via numerating of ver-
tices in the second definition. Let vertex of T; be not numbered. Further,
while constructing graph T} of two graphs T;_; we attach digit 1 from the
left to numbers of all vertices of the first graph and attach digit 0 to numbers
of all vertices of the second graph. Then a vertex z; from the first definition
corresponds to a vertex numbered by ¢ in the second definition.

It can be easily checked that each vertex of graph T} takes at most one
wrong input edge, to be more precise, marked vertices take only right edges
and each of other vertices takes besides right edges exactly one wrong edge.

Let us define another important family of graphs, hyperpairs.

Hyperpair Hy, is a rooted tree defined recursively as follows. Hyperpair H
is a single vertex which is the root. For k > 0, hyperpair Hj is composed
of two hyperpairs Hj_; via connecting of its roots by an edge. Simplest
hyperpairs are shown on Fig. 4 (edges are oriented upwards).

Note that hyperpair Hy can be obtained from T} by removing all wrong
edges.

Let a graph H € A have one of its roots marked as the main root. We
define a composition T o H of graphs T' € A and H as a graph obtained by
joining of main roots of graphs isomorphic to H into graph T (see Fig. 5,
edges are oriented upwards). Note that T'o H € A.

14
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S

Hy,

Fig. 4. Hyperpairs

H T
ToH

Fig. 5. Composition of graphs

In what follows, if a choice of main root of graph H is clear from context,
we omit word “main”. In particular, a unique root in a rooted tree is certainly
main. If a graph H' is to be chosen from a set §(H), H € A, then we assign
the main root of H to be the main root of H' as well.

Next, we list some simple properties of hyperpairs.

1) Composition of two hyperpairs is a hyperpair: hyperpair Hy, g, is
isomorphic to Hy, o Hy,.

2) For any vertex z of hyperpair Hy, the largest connected subgraph
containing given vertex as a root is a hyperpair Hy, where d = dp, (2).

3) The depth of the root of hyperpair Hj, is k. The root takes k input
edges.

In graph T} (as well as in Hy) each vertex is a root of some subgraph T;
(respectively, H;). Let us define an order of vertex z in graph Ty (Hy) as the
maximal index i such that T (Hj) contains a subgraph isomorphic to T; (H;)
with root z (in similar cases below we will name “graph isomorphic to 7;”
simply “graph 7;”). According to definition of T} there is an alternative
way of definition of order of vertex as the number of right input edges. As
mentioned above, an order of vertex z in a hyperpair Hy is dg, (2).

By the construction, a vertex of order ¢ in graph T}, puts out a right edge
to a vertex of greater order and it puts out wrong edges (in the case ¢ > 0)
to vertices of orders 0,...,7 — 1, where latter vertices form a chain of right
edges.

15
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In what follows under isomorphism in the set of graphs {7}} and their
subgraphs we understand both topological coincidence and coincidence of
orders of corresponding vertices except roots. In particular, we want the
phrase “subgraph T; with root v in graph T}” to point explicitly to a graph
from the described above recursive procedure of constructing T} (it is the
only subgraph to have such orders of vertices as in definition of T;).

Our next goal is to determine values Cp, s, p,.s,(0(Hy)). The following
paragraph contains technical Lemmas 12, 13, 14 providing a technique for all
further arguments.

3.4 Cost of a set of subgraphs of a composition of
rooted trees

We say that an edge p’ of graph G € A depends on an edge p if removing
of p leads to decreasing of the depth of a vertex emitting p’.

Lemma 11. a) A set of edges of G € A depending on an edge p forms an
oriented chain (possibly empty) beginning in a vertex which takes p.

Let this chain consist of j edges p1,...,pj, connecting subsequently ver-
tices zo, ..., zj. Let z be a vertex emitting edge p and G’ be a graph obtaining
from G by removing p.

b) dg(zi) = dg(z) +i+1 for any j >0 and i < j.

c) For any i = 1,...,7, a set of edges depending on p; is exactly
Pitls s Pj

d) If 2 # z for anyi=0,...,7, then CS (z)=C¢ ().

P1,51,---,Pq5>8q P1,815--+yPq>Sq

Proof. Claim a) follows from a simple investigation of vertices whose depths
can change after removing p.

Claim b) holds since the (unique) longest oriented chain from a leaf of G
to a vertex z; passes through z.

To verify claim ¢), denote by G” a graph obtaining from G via removing
an edge p;. For any i’ > i, one has dgr(2y) < dg(z) since a set of leaves
connected with z; via oriented chains in G” is contained in the analogously
defined set of graph G’. Therefore, for i < i < j we have dgv(zy) < dg(zi).

One observes two possibilities for the vertex z;: either it is a root or
der(2;) = da(z;). In the first case, there is nothing to prove. In the second
case, note that G contains an oriented chain of length dg(z;) beginning in
a leaf and terminating in the vertex z;, and the chain does not contain p;
and, as a consequence, it does not contain any of edges p;. Hence, dgv(z;) =

da(z))-

16
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Claim d) holds since depths of vertices putting out edges to z’ do not
change after removing p. O]

Lemma 12. One can remove an arbitrary edge p from a graph G € A and
possibly remove some edges depending on p so that the cost of the graph
increases at most by 1.

Proof. The proof is by induction on number j of edges depending on p.

If 5 = 0, then costs of vertices of the graph do not increase after removing
the edge. Only number of connected components increases by 1, so the
statement of lemma holds in this case.

For the induction step from j — 1 to j, we use notation of Lemma 11.

Clearly, C¢' (20) < CY (20). Consider two cases.

P1,515--+,Pq,Sq P1,815---yPq5Sq

a) Suppose Cg’Shm’pq,sq(zo) < C’gmwpq’sq(zg). Note that exactly j — 1
edges in G depend on p;. Thus, by induction hypothesis we can remove p;
from G and also remove some edges in {p;} so that the cost of the graph
increases at most by 1. Next we remove p: the cost will not increase since
increasing of the number of connected components is compensated by de-

creasing of the cost of the vertex z.

b) Suppose Cg,sl,,,.,pq,sq(zo) = C’El’s“”’pq’sq(zo). Let dg(z) € My(p1, - ... Dpq)-
Then Cg,sl,...,pq,sq(zm t) = 01?1,51,...,pq,sq (z0,t") for t' < tand ¢’ > t+1, since the

presence of edge p does not matter for the above coefficients.
Assuming dg(z) = Zfi} pi — 1 and having in mind dg(29) < dg(20) we

G’ G G’ _
ConChlde Cplysly--~7pq:5q<zo’t> S Cp17517~--7pq75q(207t) and Cp17517~--7pq75q(zo’t + 1) -

0 < St41 = cﬁﬁl““’pq’sq(zo,t + 1). But it contradicts the equal costs of ver-

tex zo in graphs G and G’. Therefore, dg(z) # ng p; — 1, consequently,

cthIMPQ’Sq(zO,t +1) = cg’%wpq,sq(zo,t + 1) = 0. Then cg,slwpmsq(zo,t) =
cg,Sh_,pq’Sq(zQ,t) # 0. So it follows that deg/(z9) € Mi(p1,- - .. Dq)-

By relations
dG/(Z()) +1—-1< dgl<Zi_1) < dG(zi—l) = dg(Z()) +i—1

o . G/ o G
equalities Cp1,81,---7pq,sq(zi’t) - Cp1,81,---7pq,8q(zi’t) and

& (zit+1) =% (z;,t+1) =0,

P1,51;,---,Pq»Sq T P18, Pq;Sq

ek _ G . . ./
as well as O o (21) = G, s, (2i) remain true for all ¢ < j/, where

cither 5/ = j or dg(z;) = Sy pi — 1.

b.1) In the case j/ = j, after removing p costs of all vertices in graph
remain intact and the cost of the entire graph increases by 1 due to increasing
of the number of connected components. Thus, the statement of lemma holds
in this case.

17
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b.2) Else if dg(z;) = 32041 pi — 1, then

el G
Cp1,51,...,pq,sq (zj'+17 1+ 1) < Cpl,sl,...,pq,sq (Zj/-i-l?t + 1) = Si+1,
where equality is possible only when j' + 1 = j. Then Cg,s rpasgBi) =
thSlmpwsq(zj) and we can apply an argument of item b.1).
If j'+1 < j, then c§ . (zpj1,t+1) =0 hence, CS',  (z11) <
C'thsh._.’pq’Sq (zj:41). By analogy with item a) and by induction hypothesis we

can remove an edge p; 1o and some edges in {p;} from G to increase the cost
of graph at most by 1. Next, we remove the edge p: the cost of graph does not
increase since the cost of vertex z;41 decreases. Case b) is completed. 0

Lemma 13. Suppose that a graph G € A contains a subgraph H with root z
and G contains no edges connecting a vertexr from H \ {z} and a vertex
from G\ H. Let H € A and graph G’ be obtained from G wvia replacement
of H by a graph H' (the root of H' must be superposed with the vertex z).
Suppose dy(z) > dp(2) and da(z), da(2) € My(p1, - .. ,pq) for some t, and

<Cg,sl,...,pq,sq (Z) - Cg,sl,u.,pq,sq(z)> + Cp1751,~~~:Pq,sq (H> -

’ ’
(Cplasl,.u,pq,sq (Z> - CII:{,Sl ..... Pq,Sq(z)> + Cplysl,---ypquq (H/)

Then there ezists a graph G" obtained from G’ via removing some edges in
an oriented chain beginning in z, which satisfies inequality

Cplysla---quasq (G”) S Cp17517---7pq75q (G) .

Proof. The condition of disposition of subgraph H inside G (subgraph H is
connected with the rest of the graph only via vertex z) implies that a change
of cost of G produced by replacement of H by H' is a sum of three summands:
difference of costs of these subgraphs, a change of the cost of vertex z (one
must keep in mind that the cost of a vertex is included partially in the cost
of subgraph) and change of costs of vertices in a chain beginning in z.

It is easy to see that the cost of the subgraph together with the cost of z
is Ay — Ay, where

G
Al = <Cp1,51,...,pq,sq(z) - Cg,sl,...,pq,sq (Z)) + CP1,817-~~7Pq,5q (H)

(cost of a fragment in the question before replacement) and
e H'
A2 - <Cp1:31,~-.,17q78q (Z) - Cp1,51,...,pq,8q (Z)) + Cp17317--~,l’r173q<H/)

18
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(cost after replacement). By conditions of lemma, A; = A,. Consequently,
the difference in costs of graphs G and G’ is determined by the cost of vertices
in the chain beginning in z.

If vertex z does not have outgoing edges, then C, s . .5, (G) =
Cp1 51,005, (G). Therefore, assign G” = G'. Otherwise, consider a sequence
of vertices z = 2g, 21, 22, . . . in the oriented chain beginning in z.

If dg(z) = de(2), then costs of vertices in the chain remain intact. So we
can also assign G” = G’. In the opposite case note that since dy(z) > dg(2),
the inequality dg(z;) > der(2;) holds for any j.

If da(z;) € Mi(py,...,pg) for some j > 1, then C5  —~  (z) =
Cgl,51,...,pq7sq(zj)’ since dg(2j-1), der(2j—1) € M(p1,...,pq) due to the con-

dition dg(z), der(2) € My(ps,...,p,). Hence, if dg(z;) € My(p1,...,p,) for
all vertices in the chain, then the replacement of H by H' preserves the cost
of the graph. So, assign G" = G'.

Otherwise, let z; be the first vertex in the chain with dg(z) > Ziz D;.

The only case when quantity CpGl Lo DasSq (zx) changes after the replacement

is dg(z1) = 1 pi — 1 > der(2,_1), and the only change can occur is
decreasing owing to a change of the coefficient cflmwpq’sq(zk, t+1).
If der(zi) = da(zr), then Cp s pys (G) < Cpisr,parse (G). SO, assign
G"'=G"
Otherwise, i.e. in the case dg/(zx) < dg(zk), note that dg(zx) = Zi} D;.
Consequently,

G
P1,51,---,Pq>8q

(g, t+1) = 8441 > 0=c% (zg,t+1)

P1,515--+yPq>Sq

and further, C5 . (z) > C’g:Shm’pmsq (zx). In this case, remove an edge
going out of vertex z, of graph G, if the edge exists, via the method of
Lemma 12. Next, replace H by H’ and denote obtained graph by G”. Pos-
sible increasing by 1 of the graph cost after removing the edge is compen-
sated by the following decreasing of the cost of vertex z; after replacement.
Costs of other vertices in the chain remain intact. Thus, Cyp, ... p,.s,(G") <
Cp1,51,~--,pq78q(G>' u

Conditions dg(z), der(2) € M(p1,...,p,) and Ay = Ay (actually, A, >
Ajy) can be withdrawn in favour of additional assumptions on the graph H'.

Lemma 14. Suppose that a graph G € A contains a subgraph H with root z
and G contains no edges connecting a vertexr from H \ {z} and a vertex
from G\ H. Let H € A and graph G’ be obtained from G via replacement
of H by the graph H' (the root z' of H' must be superposed with the vertez z).
Let dg(2) € My(py,...,pq), di(2) € My(py,...,p,) and CI' () =

P1,81,---,Pq,8q
Zt,
. S;.
=1 <t

19
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Also suppose that

{cpl,sl,...,pq,sqw') < Cprsrrpysa (H). if () > dn(2)
Cp1,81,-.~,pq,sq<H,) + Ziq-l Si < Cp1,81,m,pq,sq(H>a if dp (') < du(2) .
Then there exists a graph G" obtained from G’ via removing some edges in
an oriented chain beginning in z, which satisfies inequality

Cprstrpgsa(G") < Copp sy pgnsy (G).
Additionally, if z is a root of G and dg(z) < dgr(2), then

Cp17517---7pq75q (G”) < Cp1,517---7pq75q (G)

Proof. a) Consider the case dg/(z') > dy(z). By the method of Lemma 12
remove from G an edge going out from the vertex z, if the edge exists, and
replace subgraph H by H'. Assign obtained graph to be G”. Now we prove
the choice to be correct.

Consider a change of the cost of vertex z. By conditions of lemma,

! . . . U .
. pasg(Z51) = s; for any @ < t'. Hence, for any i, ol pasg (1) >
H .
1s1pansy (22 1) AS a consequence,

o (z) — I’ (z') < C¢

P1,51;--:Pq55q P1,51;--,Pq55q P1,515--,Pq»Sq

(2) = Cpy (2).

P1,51,---,Pq,5q
So the cost of the graph increases at most by 1 as a result of removing
an edge and decreases by A; — A, after replacement of H by H’, where

G
Al = <Cp1,51,...,pq,sq(z) - Cg,sl,...,pq,sq (Z)> + Cp1,51,...,pq,sq<H)a

’ ’
A2 - (Cl?l,s1,...7pq78q (Z) - Cg,ﬂ pq75q<zl)> + Cplvsla---qu75q<H,)’

The argument above together with conditions of lemma shows that A; > As.
Therefore, the described transformation does not increase the cost of graph.
If 2z is a root of G, then the cost strictly decreases, since removing an edge
going out of z is unnecessary.
b) Let dy/(2') < dy(z) (it means that ¢ < t). We estimate the difference
in costs of fragments of graphs G and G’ with root z:
Ay = (CF @) = Ol - a() F Consrsg (H) 2
q t
= Cijl,Sl,...,pq,sq(zJ) + Cp1781»---7pq15q(H,) + Z Si =
i=t+1 i=t/+1
q
= e (2,9) + Cpl,317~--,pq75q(H/) =

P1,515---,Pq,Sq
i=t'+1

! /
= (O s = Ol o) + Copiri () = A,

20
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If Ay > A, then a reasoning is the same as in item a).
Otherwise, by the above computations equality A; = A, is possible only
under the following conditions:

G’ G

CZél/Sla---quySq(Z’i) = c%1 o 7pq78q(z i), / 7> t.,
cplﬁl,_._’pmsq(z,z) Con 51 7pq,8q(z i)=ws; t'+1<i<t.

Therefore, dg(z), de/(2) € My/(p1,...,pg) for some t”. So, conditions of
Lemma 13 are satisfied. Thus, we can remove some edges from G’ in a chain
beginning in vertex z, if necessary, and produce a graph G” with no larger
cost than that of the graph G. m
From now on we denote the number of vertices in a graph G by |G]|.

Lemma 15. Let T, H € A. Suppose that the depth of the main root z' of
graph H satisfies condition dy(2") = d + Zz 1 Pi € My_1(p1,...,pq). Then

Op1,81,.~,pq,sq (T © H) = Cp—a, Sty..1Pq>5q (T) + |T‘Cp1,51,..-,pq,sq(H)-

Proof. In compliance with the definition of composition consider graph To H
as an outer graph 7" which is built on the roots of inner graphs isomorphic
to H. Denote by Zr a set of vertices of the outer subgraph and denote by Zy
a set of other vertices of the graph T o H.

Let z € Zp. The following relations are easy to check:

p(T o H) = p(T) + [T|(n(H) = 1),

ToH H /
Cpl,sl,...,pq,sq( ) Cpt d, st,.. ,Pq,sq( ) + Cp17517 -Pq>5q <Z )
As a consequence, one obtains
Op1781,~--7pq,8q (T © H) =
— _ ToH ToH _
- HJ(T © H) L+ Z Cpl S15e- 7Pq78q Z Cpl S15--5Pq,Sq Z) -
ZEZT ZEZH

=u(T) =1+ [T|(u(H) — 1)+
+ Z ( —d, S¢,.. ,pq,sq( )+ Cﬁ,sl, ,pq,sq(z)> + Og,sl,...,pq,sq<z> =

z€ZT 2€ZH

= Upi—d, st,...,pq,5q (T) + |T’Cpl,317~--,pq75q(H)'

O

Next lemma is principal for establishing the cost of a set of subgraphs of a

hyperpair. We state it rather generally to involve different situations arising

during analysis of the cost of such set. Before the formulation we introduce
some notions motivated by Lemma 14.
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Let T be a rooted tree with the root z. Define

0p1751,~~~7pq»5q (T) =
min{dg(z) | G e o(T), Cp1 51, pq75q<G) = Cphsh---,pq,sq ((5(T))},

(5;17”.71)(1(71) =0(T)N{G|da(z) € My(p1,--..pq)},
min Cp17517~~~7pq73q (G)7 5;)1,..‘,]34 (T) #
(T) = {

GEdE, . o (T)
+00, Opprpa(T) =

P1;---5Pq

Qt

P1,815---yPq>Sq

0
.
Lemma 16. Let T, H be rooted trees,

tl

le,sl,.‘.,pq,sq (H) =d + sz € Mtl (ph . ,pq)

i=1
and for any t > t',

t

Coristopns OH)) + D e SO o (H), (6)

i=t'+1

Let H® be a graph of minimal cost in 6(H) and z' be its root. Suppose
dpo(2') = Op s1,....pg.s,(H) and C£?517__.7pq75q(z’) = Zf/zl s;. Then the minimum
of (p1, 815 - -+, Pg, Sq)-cost in the set §(T o H) and the minimum of the depth of
the root of a graph of minimal cost are achieved on a graph from §(T) o H°.
In addition,

Cp1,51,0m 00,54 (6(ToH))=C

pt/+1—d7 St/ 415-:Pq»Sq

(O(T)) + [T1Cp1 s1,...pg.54 (0(H))

9p1,317-~~7pq:3q (ToH) = Oy (T) + 9p1,81,~..,pq,sq (H).

 +1— s S/ 15---:Pq5Sq

Proof. As above, consider graph T o H as an outer graph 7" which is built on
the roots of inner graphs isomorphic to H. We are going to show the existence
of an optimal cost graph from (7 o H) which contains optimal subgraphs
of inner graphs and also delivers the minimum of the root depth. It suffices
to prove that one can take an arbitrary graph G' € §(7 o H) and replace its
fragment at the intersection with any inner graph H by the graph H° and
remove some edges in the outer subgraph, if necessary, so that the cost of
the entire graph will not increase.

Denote by H, a fragment of graph G at the intersection with some inner
graph with root z. Subgraph H, of graph G together with a graph G’ ob-
tained from G via replacement of H, by H° satisfy conditions of Lemma 14.
Actually, if dp, (2) < Op, s, pys,(H) = dpgo(Z’), then H, is not a graph of
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minimal cost in §(H). Hence, Cp, s, pos,(H) > Cpysi. pos,(H"). Other-
wise, i.e. if dyo(2') < dpy.(2) € Mi(p1,...,pq), then

t
Cp17517~~~:pq75q (HZ) 2 Cplysly--wpqysq<H0) + Z Si

i=t/'+1

by (6).

Replace H, by H° via the method of Lemma 14. The method provides
that removed edges does not lie in other inner subgraphs of graph G.

Do the same with all inner subgraphs of G. By Lemma 14 increasing of
the depth of the root of G occurs only when the cost decreases, so initial
graph G is not optimal.

Now we can reduce our attention to graphs G € §(T)o H°. The above ar-
gument shows that such a graph delivers both minimum of cost and minimum
of root depth among minimal cost graphs.

So, the cost of the set §(T'oH) is the same with the cost of the set §(T")o H°.
The latter cost is determined by Lemma 15. The claim of lemma concerning
quantity 0, s, ... p,.s, (1 o H) follows immediately. O

3.5 Cost of a set of subgraphs of hyperpair

We now establish some simple relations on the cost of sets 6(Hy,).

Lemma 17. For alll <p; —1 andt > 0,

Cp1,81,---7pq78q (5(Hl)) =0, 9p1,81,---7pq,sq(Hl) =1, Q (Hl) = +00.

P1,515---,Pq8q

Moreover, for any k > 1,
Cp17517---7pq73q (5(Hk)) = 017517---7pq75q (5(Hk—l))v

0p17517---7pq75q(Hk) = 017517---7pq73q (Hk’_l) + l

Proof. The first claim is easy to verify. Indeed, graph H; is the only minimal
cost graph in §(H;). The second claim can be proved via application of
Lemma 16 to the graph Hy, = Hy_; o H;. O

Lemma 18. Consider a connected subgraph of hyperpair Hy., which contains
[ > 0 vertices taking edges from leaves of the subgraph. Then it contains
totally at most l(k — 1) + 2 vertices.
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Proof. Let | = 1 and t be an order of (the only) vertex connected with a leaf.
Then, all that the given subgraph contains are edges (at most t) going into
the vertex and an oriented chain beginning in this vertex (the length of the
chain is at most k —t). Hence, the subgraph contains at most k 4 1 vertices.

Note that if a connected subgraph of hyperpair H; does not contain an
edge connecting root of the hyperpair with a vertex of order k — 1, then it is
a subgraph of hyperpair Hy_; (see Fig. 4).

Now we prove the induction step from [ — 1 to [. One can represent a
graph containing [ vertices connected with leaves as a union of a graph with
[ — 1 such vertices and a graph with the only vertex with this property. For
instance, an appropriate choice of the second graph is a vertex of depth 1
with a bunch of input edges together with a chain of edges (possibly empty)
beginning in this vertex and containing only vertices not connected with
leaves.

Surely, one of graphs is a subgraph of hyperpair H;_;. By induction
hypothesis, the first graph contains at most (I — 1)(k — 1) 4 2 vertices (or at
most (I —1)(k —2) + 2 in the case of subgraph of Hy_;). While uniting with
the second graph, we add at most k — 1 (respectively, at most k) vertices
since the resulting graph must be connected. Then the number of vertices in
the entire graph is at most

max{(l — (k= 1)+ 2+ (k—1), (—1)(k—2)+2+k} <i(k—1)+2.

O
Lemma 19. Let k < sy. Then

Cl,sl,...,pq,sq (5(Hk)) = Qk - 17 91,51,...,pq,sq(Hk) = 0.
Moreover,
01,81,~~-7Pq75q(5(H51+1)) = 281+1 - 27 91,81,~~~7Pq75q (H51+1) =1

and for any t > 1,

t
93781,...,pq,sq(Hk) Z 2k —1 + (51 - k) + Z Si,
=2
t
Qtl,s1,...,pq,sq(Hs1+1) Z 281+1 -2 + Z S;.

=2
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Proof. Let graph G € §(H,) contain connected components Gy, ..., G; being
not isolated vertices. The case j = 0 is trivial, so we proceed with the case
j > 1. W.lLo.g. assume that G; € 6(Hy_,) for i > 1. Let graph G; contain
[; vertices connected with leaves. Thus, by Lemma 18 it contains at most
l;(k — 2) 4 2 vertices in the case ¢ > 1, and at most l;(k — 1) + 2 vertices in
the case i = 1.
Exploiting relations
J
w(G) =G =D (1G] =1),  Cuaypys,(Gi) = Lis1,
i=1

we can bound the cost of G as

J
C(1,51,...,pq,sq (G) == ,U(G) -1+ Z Ol,sl,.‘.,pq,sq(Gi) Z
=1

J
> |Gl =1+ (lisi = |Gi| +1) >

=1

J
> 2" 14 l(si—k+1) =1+ (L(si—k+2)—1). (7)
i=2

When k < sy, one has Ci,,  p,.s,(G) = 28 — 1. The bound 2% — 1 is
achieved on the graph formed by all isolated vertices. So, the first claim of
lemma follows. If the depth of the root of G is at least 1, then by setting
l1 > Lin (7) we obtain Qf . (Hy) > 28 =1+ (51 — k).

For k = 5141, we derive a bound Cy, . .5, (G) > 2% — 2. where equality
is possible only when |G1| = l1(k — 1) + 2; hence, the root of hyperpair Hj,
is not an isolated vertex in graph G. The above bound is achieved on the
graph formed by a bunch of edges going into the root of hyperpair and a
set of isolated vertices. Consequently, C' s, . p,.s,(0(Hs 1)) =25+ — 2 and
91,51,...,pq,sq (H51+1) =1

We are left to prove final relations of lemma for ¢ > 2. Graph G €
01 ps,...p, (Hr) contains vertices 2y, ...,z such that dg(z;) = 1+, pi- The
required relations follow: just take into account summands ¢’ rpasgZis ) =
s;j in the cost of the graph. O

Lemma 20. Let py < k < py + s1. Then
Corstrpasa O(Hi)) = 25770 =100, s, (Hi) = p1 — 1.
Let k > py + s1. Then
Corystpasg (O(Hr)) = 257752 — 1) 4 Gy gy (0(Hiempy—s1)),
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6p1,317-~~7pq7311 (Hk) =p1+ 9P2,82,-~~7pq,8q (kaplfsl)'

Proof. In the first case, consider hyperpair Hj as a composition Hy_,, +1 0

H, _i. In the second case, consider it as a composition Hy_p,, _s, o Hg 41 ©

H,, _1. Next, apply Lemma 16 exploiting relations of Lemmas 17 and 19. [
Let us summarize the above series of lemmas.

Lemma 21. Let k = Zle(pi—i-si) + k' and either k' < (pi1+Si41) ort = q.
Then

LR+ S (pitsi)

C(271,&’1,..,,17(1,5,17 ZZ i= t’+1 (2%/ . 1)+
=1
+ 0, k' < pry
2k/_pt+1+1 -1, K > Dit
K, k' < prya
Opss1,.passa(Hi) sz { Pey1 — 1, K > pey

In addition, there exists a graph H} of minimal cost in §(Hy) with root z
satisfying condition

t
HO
Cpllfslvn:l’q’sq(z) = Z Si; ng(Z) = 6)191,81,---,Pq75q (Hk)

=1

Proof. Apply Lemma 20 while possible. Graph H} has a form of (a multiple)
composition of graphs of minimal costs produced in Lemmas 17 and 19. [

One can easily deduce that the proven relation for the cost can be rewrit-
ten in a more compact form.

Corollary 2. Define (k + 1)-bit number N as

N=0...01...10...0...

P S1 D2

Then
Cp17511~~-,pQusq(6(Hk)) = N.

3.6 Optimality of hyperpairs

To proceed, we need the following extension of Lemma 14.
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Lemma 22. Suppose that a graph G € A contains a subgraph W = H o F
with root z and G contains no edges connecting a vertex from W\ {z} and a
vertez from G\ W. Let H € A, |H'| = |H|, W = H' o F and graph G’ be
obtained from G via replacement of subgraph W by the graph W' (the root 2’
of W' must be superposed with the vertex z). Denote by zg the main root of F.
Suppose dp(zp) = d + Zf;} pi € My_1(p1,...,pq) and C]fl’,Sl’”"pqysq(zp) =
iy si

Set (P, 815+ Dy Syy) = (pe — dy 815, pgy 84). Denote by zy and 2y
main roots of graphs H and H' respectively. Suppose that dy(zp) €

/

M(pl, - 0y), duw(2y) € My(py, ..., D) and Cﬁ:sb..,p;/’s;,(zh) =y, 5.
Suppose also that

Opllvs/l""vp;/?s;/ (H/> < Op/l»sllz"'7p;l78;/ (H)’ dHl (Z}‘I) > dH(ZH)
Crpsyet st (H') + 22010087 < st gl (H), - dur(2y) < dir(2m)

Then one can remove some edges from G’ in an oriented chain beginning in
vertex z so that the cost of the resulting graph G satisfies inequality

Cplysla---quasq (G”) S Cp17517---7pq75q (G) .

Proof. Our goal is to reduce the present lemma to Lemma 14. Consider a
change A; — A; of the cost of vertex z together with the cost of subgraph W
inside graph G after replacement of W by W'

G
Al = <Cp1,517...,pq7sq(z) - C}Ksl,.,.,pq,sq (Z)> + CP1,81,...,pq,sq(W>7
G/ !
AQ = (Cpl,sl,...,pq,sq(z) - stl,...,pq,sq (Z/)> + Cp1,s1,...,pq,sq(W/)'
By conditions of lemma for all i < ¢,
G . . el . / .
cplvslv"-»’pq’sq(z’ Z> - Cg[llvsl ----- qusq(z’z) = Cp1,s1,0pg,8¢ (Z’ Z) - 621/751,...,17(17&1(2,72) = 5.

Moreover, it follows from Lemma 15 that
Cp1731,---7pq75q(W) - Cplaslv---7pq75q<W/) - Cpllasllvnwp;/ys;/ (H) - Cpll,sllwuap/q/vsil/ (H/)

Thus, Ay — Ay = A} — A}, where

o G : H
Al o < Cplyslw--’plbsq (Z’ Z) B Cpllfsllv“"p;/’s;/ (ZH>> + Cp/17sl17"'7p;/73:1/<H)’
>t
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1 G’ . H’ / /
A2 - ( cpl,sl,...,pq,sq (27 7’) - Cp’l,s’l,...,p;,,s;, (ZH)> + Cp’l,s’17._.’p;/75’ql (H )
1>t

Basing on the latter relation the proof can be proceeded with the repeat-
ing of argument of the proof of Lemma 14 (this argument in the considered
case is suitable up to some re-notation). O

Lemma 23' CP1,817-~~,pq78q(5(Tk)> = Cp17517~~~7pq73q (5(Hk)>

Proof. We will show that an arbitrary graph G € 6(T}) can be transformed
to a graph G’ € §(Hy) with no larger cost. Recall that condition G €
0(Tx) \ 6(Hy) implies that G contains wrong edges, i.e. edges from vertices
with greater order to vertices with smaller order.

To characterize the “wrong” of a graph G C T, i.e. the property G ¢ Hy,
we introduce a numeric quantity e(G) defined as follows. Let p = (v,v’) be
an edge of graph G. Assign e(p) = 0 if p is right, and assign e(p) as the
difference of orders of vertices v and v' in graph Ty if p is wrong. Next,
define e(G) = >_ . e(p). Particularly, e(G) = 0 if G C Hy and e(G) > 0
otherwise.

Thus, to prove the lemma it suffices to obtain a transformation of a graph
G € 6(Ty) \ (Hy) that decreases e(G) and does not increase the graph cost.

The proof strategy is to choose an appropriate wrong edge p in an arbi-
trary graph G € 6(Ty) \ 6(Hy) and perform a transformation which either
removes p or redirects it to a vertex with greater order and which does not
increase the cost and does not insert new wrong edges.

Let vertex 2z’ have minimal order j among vertices of graph G emitting
wrong edges. Denote by p = (2/, z) a (wrong) edge in the question. Let j be
the order of vertex z. Denote by z* the vertex taking right edge from z in
graph T} (denote that edge by p;). Note that p* = (2, 2*) € T}, by definition
of Tk

Denote by H, and H, intersections of graph G with subgraphs 7} of
graph T), with roots z and z* respectively. All these subgraphs are uniquely
defined, see above in subsection 3.3. The introduced notation and a suitable
fragment of graph G are illustrated by Fig. 6.

*

PLA

Fig. 6
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Note that H,, H,- € 0(H;) since all inner vertices of H, and H,- have
orders smaller than j’. Therefore, the fragment of graph G on Fig. 6 can be
connected with the rest of graph G only via vertices 2z’ and z*.

Let 7 = Z:;ll (pi +si) +a, where 0 < a < p, + s,. Represent graph H; as
a composition HjoHj, ,o...0Hj,0H; , where fori <r weset jo_1 =p;—1
and jo; = s; + 1; jo,—1 = min{p, — 1,a}, | = a — jo,_1. By the construction,
0<l<s,.

With the use of Lemma 22 we are going to show that subgraphs H,
and H,« can be replaced by graphs from §(H;) o Hffn where H} is optimal
cost and minimal root depth graph from Lemma 21 so that the cost of GG
will not increase. We restrict our attention to subgraph H, (the case of
subgraph H.,. is analogous).

Initially, set F' = H{ and (p},s],... Dy St) = (P15815 -+, Dg» 5¢)-

Represent graph H; as a composition 7" o U of an outer graph 7' = H; o
Hj, ,o...0Hj and an inner graph U = H; . Note that H, = H, o F. In
graph H, consider any subgraph H o F with root 2° (the root belongs to
an outer graph) formed as an intersection of H, with a corresponding inner
subgraph of graph H;. By Lemma 22 one can replace subgraph H by graph
H =H ]Ql and remove some edges depending on 2°, if necessary, so that the
cost of G will not increase. Necessary conditions for Lemma 22 are provided
by Lemma 17 (actually, at this first step one can use Lemma 14 instead of
Lemma 22). Applying the above transformation to all inner subgraphs of H,
one finally transform H, to a graph of form 7" o H' o F, T € o(T).

Update notation:

H,:=T'oH'oF, F:=HoF, p,:=p—7.

If » > 1, then proceed further. In this case, pj =1, jo = s} + 1.

Now rewrite H; = ToU, where T' = HjoH;, ,o...0oH; andU = Hj,0H},.
In graph H, consider any subgraph H o F' € §(U) with root z° formed as
an intersection of H, with a corresponding inner subgraph of graph H;. Via
the method of Lemma 22 replace subgraph H o F' by graph H' o F', where
H = HJQQ. Lemma 19 provides conditions for an application of Lemma 22.
Do the same with all inner subgraphs of graph H,. Finally, one obtains a
graph of form T" o H' o F, T' € §(T), instead of H,.

Update notation:

H,: =T oHoF, F:=HoF, (p},s),...,0p,5y) = Dy 89, - Dy:Sy)-

ql
Proceed in the same manner, while H. is not from 6(H;) o HY_,.
The above argument restricts us to the case H, = H o H) ;, Hf = H* o

H? |, where H, H* € §(H;). Set

Jj=b

(plla 3,17 e ap:]’ws:]’) = (pT _j2r—173ra -+ Dgs Sq)'
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Recall that [ < s|. Note that either p) > 0 and [ =0 or p| = 1.
Further, consider several cases.

a) Suppose dg(z') < dyo (2°) = Opysr,pys, (Hjot) = 20 P+ Jor1,

where 2° is the root of HY ;. Since Cg?s_ll,_..7pq,sq(zo) = Y~ !'s;, one can
replace edge p by edge p* preserving the cost of graph G. The latter is due
to the fact that replacement preserves the number of connected components,
depths of all vertices and, consequently, costs of all vertices except z and z*.
It remains to note that costs of z and z* are independent of presence of
edges p and p*.

From now on assume dg(2) > 0, s,....py,s, (Hj—1). Next, we consider some
transformations of the fragment of graph G shown on Fig. 6. Transforma-
tions involve edges p, p1, p* and outer subgraphs H and H* of graphs H,
and H}. Additionally, we may remove some edges in a chain beginning in z*
via methods of Lemmas 12 and 13. A change in the cost of graph which
occurs outside the considered fragment, may be estimated by Lemmas 12
and 13. A change inside the fragment is actually determined by a change of
(P}, 815 -+ Py, S )-cost of a graph W represented on Fig. 7a, where we de-
fine formally the depth of vertex 2" as d = dg(2') — Op, s1,....p4,5, (Hj—1) (more
formal explanation see below).

P17 P
a) W b) W+ [l = 0]
Define

A = Cp/hs/lv'“aplq/vs;/ (H) _I_ <C;/y1,5/1,...,p;,,.9;, (Z) - CPIZ,SII,...,]);,,S;, (Z)) : (8)

b) Let p; ¢ G and A > Cp373/17_,_,p;/78;,(5(Hl)) + 1. Then remove edge p and
replace subgraph H by graph H}. Increasing of the number of connected
components as a result of removing an edge is compensated by the subsequent
decreasing of the cost of subgraph.

c) Else, if p; € G and A > Op’l,s’l,m,p;,,s;,(5(Hl)) + 2, then remove edge p;
via the method of Lemma 12, next remove p and replace subgraph H by
graph H}.

30



ON THE COMPLEXITY OF PARALLEL PREFIX CIRCUITS 31

From now on we assume that either p; ¢ G and A = C’pfl,sfp,,,,p;”s;, (0(Hy))
or pp € Gand A < C’pfl,5/17,,,7p;“8;/ (0(Hy)) + 1.

Next, we discuss several ways of transformation of graph G into graph G’
derived via replacement of W by one of graphs shown on Fig. 7b—d. Any

replacement causes a change of the cost of graph G which is a sum of four
summands:

Cp1,51,...,pq,sq (G,) - Cp1,31,...,pq,sq (G) = 01+ 092 + 03 + 04,

where o7 is a change of cost of vertex z together with subgraph H, o5 is
a change of cost of vertex z* together with subgraph H*, o3 is a change of
the number of connected components via possible insertion or removing of
edge p1, 04 is a change of cost of vertices in a chain beginning in z*.

Denote by H. and H!. graphs derived from subgraphs H, and H,. of
graph G after a replacement. Quantities o; and oy satisfy the following
formulae:

! !
o1 = (C;ﬁ,sl,...,pq,sq (Z) - Cgfsl,...,pq,sq (Z)> + Cpl,sl,---anSq(H,;)_

G
- <Cp1,81,...,pq78q (Z) - Cg?sl,...,pq,sq (Z)> - Cp1,817-~-7pq75q (HZ) =
= Cyl st (HT') = 4,

’ H'
02 = (Og751,---7pq78q (Z*) - Cplfglv"'7PQ75q (Z*)> + Cp1,51,...,pq,sq (H;*)_

- <Cpci,sl,..‘,pq,sq(z*) - Cp}%;,...,pq,sq(z*)) - Cpl,sh...,pq,sq(HZ )

By the condition on A we also have o; € {0, —1}. Evidently, o3 €
{0, £1}. Note also that if vertex z* in graph G does not have outgoing
edges, then o4 = 0.

d) Suppose p| > 1 and [ = 0. In this case, graphs H and H* are single
vertices.

Consider graph G’ derived from G via replacement of W by W, see
Fig. 7b.

d.1) Let p; ¢ G. Note that in this case C} , (2) = 0. Remove

1381558,
an edge going out of vertex z*, if the edge is preserilt, “Via the method of
Lemma 12, and replace subgraph W by W*. It does not increase the cost
since possible increasing caused by removing the edge is compensated while
the replacement of W by W*: o1 = 05 = 0 (as costs of vertices z and z*

remain unchanged) and o3 = —1.
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d.2) Let p; € G. In this case, C%V

p17517 7p l7 q/ (Z) S 1 and 03 = 0 It OCCUI‘S
that o1 + 02 < 0 since

w+ _ G’ G W
C’pl,s17 7p ] ,( ) - 07 Opl,sl,...,pq,sq( ) Opl,sl, ,pq,sq( ) + Oplvslv ,p /S ,(Z)‘
d.2.1) If o1 + 09 < 0, then do the same as in item d.1).
d.2.2) Else, that is, if oy + 09 = 0,
G’ * G w
Cpl,sl,...,pq,sq (2 ) = Cp1,51,...,pq,sq( ) + Cfpl,s17 7p /sS /(Z)' (9)

One can check that it implies dg(2*),de(2*) € Mi(p1,s1,...,pq, Sq) for
some t. Indeed, assume the converse. By the construction, dg(z*) — 1 <
der(2*) < dg(z*), hence, dg(2*) = der(2*) +1 = 3.r_, p; for some ¢. But it
follows that

P1,51,---,Pq,8q P1,815--+yPq»Sq

CG/ ( ) CG (Z) St—i_cpﬁ’sl’ ,p,, q/(z)a

which leads us to contradiction.

Consider an arbitrary subgraph U of graph G with root z* containing the
fragment shown on Fig. 6 and which is connected with the rest of graph G
only via vertex z*. Lemma 13 allows us to replace it by graph U’, derived
from U via replacement of W by W not increasing the cost of graph G. The
lemma condition dy(z*) > dy:(2*) holds since p; € G. The last condition
of Lemma 13 holds since costs of graphs U and U’ differ only in costs of
vertices z and Z/, or speaking formally,

CP1,S1, 7Pq’sq(U) - Cphsl, ,Pq,sq(U/) =

! /
= Cgl,sl, 7pq,sq( ) C;lojl,sl, 7pq,sq( )+ Cgl,sl, ,pq,sq(’z*) - CpUl,sl,...,pq,sq<Z*)7

and due to the relation

o (z*)+CY c¢ +cv

P1,51,---,Pq,5q P1,51,-- 7Pq75q( ) P1,515-- 7pq,5q( ) P1,S1;-- :pqysq(Z>

provided by (9).
e) Otherwise, suppose p} = 1.
By Lemma 19 inequality A < Cp’l,s’l,...,p;“ o, (5(H)) + 1 implies either [ >
—lor A=Cy o . P8 q,(é(Hl)) +1 and dy(z) = 0. The second possibility

means d, dy(z) € M, (pl, .-+, Pyy) for some 7.

Indeed, if I < s — 2, then dg(z) = 0. Otherwise, Cy 4 . s o (H) >
Cpr . o /(6(Hl))+2 Therefore, Cp Sl /( z) — C’g,% s, (2) > 1,
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where equality possible only in the case d, dw (2) € M (p}, .. .,p),) for some 7.
At the same time it implies A = Cp’l,sﬁ,..-,p;,,s;,(5(Hl>) + 1.
e.l) Let A = Cop )i, (0(H;))+ 1 and dy(z) = 0. Recall that p; € G.
Consider graph G’ derived from G via replacement of W by W™, see
Fig. 7c. One has 0y = —1, 03 = 1. It follows from what mentioned above
that dg(2'),da(z) € My(p1, ..., p,) for some t. Then o, satisfies the formula

_ G
0-2 - Cp1751)'“7pquq

(Z*) - Og,sl,...,pq,sq (Z*) = _C;C);l,sl,...,pq,sq(z*7t + 1) <0.

e.1.1) In the case oy < 0, remove an edge going out of vertex z*, if the
edge is present, via the method of Lemma 12 and replace W by W~—.

e.1.2) If o9 = 0, then dg(2*),de/(2*) € My(p1,...,p,) for some ¢'. With
the use of Lemma 13 replace W by W™ in graph G in the same manner as
in item d.2.2).

e.2) Suppose [ > s} — 1.

Consider graph G’ derived from G via replacement of W by W* (see
Fig. 7d: graph H} contains a bunch of edges going into the root and all
other vertices being isolated).

In this case, o3 € {0, —1}. To estimate o9, we list few relations. By the
construction,

/ _ 1 *
Corstepgusg (He) = Cprsiopgusg (Hae) = Gttt st (HY) = Cpp s, ()
and, as one can easily check,

Cpllvs/lw"yp;/vs;/ (Hll) = Cp/178117'-~7p:1/75 (Hlo) + (8,1 - l)

!
ql

Let dy-(2*) € My(py, ..., py). By Lemma 19 for ¢t > 1, one has

¢
Cp,1>s/17"'7p:1/75;/ (H*) Z Cpl175,1"“7p;/?s;/ (Hll) + Z 827 (10)
=2
and for t =0 (i.e. dy+(z*) =0),
Cpﬁvslly"'zpélis;/ <H*) Z Cp1178117"'7p:1/7's’q/ (Hll) - (8/1 - l)' (11)

Lemma 19 permits us to conclude the following. If o0y = 0, i.e. A =
Cp’l,s’l,-..,p;,,s;, (6(H;)), then [ = s} and dw(2) € Mi(py,...,p,). In the case
o1 = —1, according to item e.1) we may assume dy(z) > 0. Three situa-
tions are possible: either dy (z) € Mi(p),...,p,), or | = sy and d,dw(z) €
M. (p},...,p}) for some 7, or s) = 1, 1 = s} and dw(z) € Ma(p, ..., py)-

33



ON THE COMPLEXITY OF PARALLEL PREFIX CIRCUITS 34

Comparing summands of the cost of vertex z* in graphs G and G’, we obtain
the following bound valid in all four cases:

r—1 t
G * ! ! G * -
Cpl,sl,‘..,pq,sq (Z ) S Z Si + 81 + Z Si + Z Cp1,317-~~7pq75q (Z ’Z) S
=1 =2 i>r4t

r—1 t
G * H * I /o
S Z Si + Cpl,sl,...7pq,sq(z ) - Cplfsl,...7pq,sq(z ) + Sl + Z Si -
i=1 =2

t
H/
= C])G1,S1,...,pq,sq(z*) - Cgﬁ;h...,pq,sq (Z*) + Oplfglf“'vpmsq (Z*) + Z S;' (12)
=2

Taking into account (10), (11) we deduce from (12) that oo < s — [ in the
former three cases and oo < 0 in the latter case (when o; = —1, s}, = 1,
| = s} and dw(z) € May(py, ..., p,))-

Consequently, o1 +03+03 < 0, with equality possible only if 09 = s} —1 =
—oy and o3 = 0. Latter equalities imply p; € G and either 0y =0 or oy = —1
and 7 = 1.

e.2.1) Let 01 + 09+ 03 < 0. Remove an edge going out of vertex z*, if the
edge is present, via the method of Lemma 12 and replace W by W*.

e.2.2) Let o1 + 09 + 03 = 0, that is, 09 = s} — 1 = —0; and 03 = 0.

Equality oo = ¢ — [ implies that inequality (12) turns into equality and
further that de/(2*) > S20 47" p; and S sy (273 1) = cgv%_._,pq’sq(z*,z’)
for any i > r +t. Thus, dg(z*),de/(2*) € My(py, ..., p,) for some t'.

In this case, replace W by W* in graph G via the method of Lemma 13.
Lemma 13 is applied in the same manner as in item d.2.2). O

The proven lemma together with corollaries 1 and 2 immediately implies
the main Lemma 3.

3.7 Final of the proof
Theorem 1. L(2") > 3.5-2" — (8.5 + 3.5(n mod 2))2l"/2) 4+ n + 5.

Proof. 1t follows from Lemma 1 that a minimal circuit Sa» has a form shown
on Fig. 2. It contains a similar subcircuit S;»-1 which implements a set of
prefix sums of variables xgn-1,1, ..., xon with minimal depth n—1, and it also
contains a subcircuit S%,H which implements a set of prefix sums of variables
x1,...,Tem—1 with depth n, and, in addition, it contains 2"~! output gates.
So,

L(2") > L(2"") + L (Sgnr) + 2"

34



ON THE COMPLEXITY OF PARALLEL PREFIX CIRCUITS 35

Subcircuit S}, contains 2"~' — 1 output gates and 2"~! — n skeleton
gates. It remains to bound the number of extra gates in the subcircuit.
Exploiting Lemma 3 we will show that the number is at least the cardinality
of the set

{(N,R,k) | N <2* Nisodd, R < 2" 2! Risnot a power of 2} N N?.
(13)

We apply Lemma 3 subsequently increasing parameter k. Let & =
Then for an appropriate choice of parameters N = 1 (other values are im-
possible in this case) and R the lemma provides an extra gate with the right
end of label in a suitable interval of two values.

Further, each triple (N = 2N’ + ng, R, k > 1), where ny € {0, 1}, satis-
fying conditions of Lemma 3, informs us about presence of 2N’ extra gates
with right ends of labels from interval Jy g (see (3)) being accounted earlier
via triples with less values of the first parameter, and in the case ng = 1,
it reveals one more extra gate with the right end of label from the con-
sidered interval. Indeed, each of triples (N', R’ = ng2" 22 + 2R k — 1)
and (N',R' 4+ 1,k — 1) counts N’ extra gates in the corresponding inter-
vals Jy/ g -1 and Jy7 gr415—1. The union of these intervals is Jy g k-

Hence, we established a bijection between triples (N, R, k) with odd N’s
and a subset of extra gates of circuit S%n,l. Thus, the problem is reduced to
computation of the cardinality of the set (13).

Clearly, a given k allows 28! choices of an odd N and independently
2n=2k=1 _ n 4 2k choices of the parameter R, where we assume k < |n/2].
As a consequence, the number of extra gates in subcircuit S;n,l is bounded
from below by

[n/2]—1
Z 2k‘—1 (2n—2k—1 —n4+ Qk) —

k=1
[n/2]—1 [n/2]— [n/2]—1

Z k2 Z 2’”+ Z K2k =
(o) (R 1) (2] 22
= 2"2 _ (2.5 4 (nmod 2))2"% 1 pn 12,

Therefore, we are given the following recurrence for L(2"):
L(2") > L2 ) 352" — (254 (nmod 2))2WH + 1. (14)

Evidently, L(1) = 0, so the statement of the theorem holds for n = 0.
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Let us proceed with induction step.

L(2") >3.5-2"1 — (12 — 3.5(n mod 2))2™/21=1 4 n 4 4+
+3.5-2"71 — (2.5 + (nmod 2))2"2 +1 =
=3.5-2" — (12 — 3.5(n mod 2))2"/?1=1 — (2.5 + (n mod 2))2!"/? 4 n + 5.

The identity
(12 — 3.5(n mod 2))2M"/21=1 = (6 + 2.5(n mod 2))2!"/2!

is easy to verify and it completes the proof of the induction step and of the
entire theorem. O

4 Upper bound

Now we show that the bound of Theorem 1 is tight. For this, we propose an
optimal way of constructing of circuits Sj,, which is, in fact, a modification
of method [3].

Denote by Q.+ a minimal (in fact, free of extra gates) 2*-input prefix
circuit of complexity 2¥*' — k — 2 and depth 2k — 2, which implements the
longest prefix x1 o ... 0 xy with depth k. Such circuit is easy to construct,
see [7, 3.

Fori=1,...,[n/2] set {; = 2" — 217" and I}, /2141 = 2". Additionally,
fori=1,...,[n/2] =1, set m; =n —2i and mp,/2) = 1 — (n mod 2). Define
a family of circuits Si. according to Fig. 8-9.

Some comments are required. Circuit S5, (Fig. 8) contains [n/2] sub-
circuits denoted by P, ,,. Subcircuit F;,, contains outputs of circuit Sa. with
right ends of labels from [; + 1 to [;;;. Each subcircuit also implements a
function §; = ;41 0 ... o1y, utilized by subcircuits P;,,, where j > 1.

If © > 1, then the subcircuit F;, takes as inputs functions 3, ..., 3i—1
and v;,_1 = 1 0... 01, not counting variable inputs.

Variable inputs of subcircuit F;,, are divided into groups: each of first
two groups includes 271 inputs each, any other group includes 2¢ inputs (see
Fig. 9). Circuits (9i-1 and Q9 are involved to compute prefix sums in every
group. These sums are denoted by «; ;, where

: i1
. Ty, 492i-141 O ... O Ty 4k, j=1k>2
(2%D) . . ]
T4 (j—1)214+1 O + - O Tyt (j—1)2+k» otherwise

Each function «; j is implemented with the depth at most 2i — 2 < n.

36



ON THE COMPLEXITY OF PARALLEL PREFIX CIRCUITS 37

€y T, Tiyt1 Ty, Ligt1 Xy, xl[n/g]ﬂ Lon
Brern)
Pl,n P2,n P3,n ﬁ3 — ﬁ34" P|—n/2-\,n

gl | -

4 ﬁ2—«
61:71

————————— —_—. - - - - —|— ﬁl—«
Ve | Vs 4
s 2 Vin/21-1

Fig. 8. Structure of circuit Si,

Outputs of gates implementing functions «; ; 2i-1 0 ;1 2 and «; 9, where
j > 1 (all gates have depth i), are connected with inputs of the subcir-
cuit Sim,. The longest prefix output of the subcircuit implements func-
tion ;. Thus, for any i < [n/2], function §; is computed with the depth
at most i +m; = n — i, and function B,/ is computed with the depth

[n/2] + Mp2] =N — ([n/2] = 1).

Output of the gate implementing function a;o = «;12i-1 and outputs
Qi1,...,Q;9m; of the subcircuit Sym, are connected with inputs of subcir-
cuit W;. Subcircuit W; computes sums «;, o 31 o ... o 3;_; including ~;
(when k = 2™) with the depth at most n. Clearly, outputs of subcircuit W;
implement sums z; 0. ..oz, where k € {l; +27 }U{l;+52" | j =1,...,2™}.

Consequently, depth of any subcircuit F;,, is at most n + 1.

Lemma 24. The complexity of circuit S, is
L(SL) =5-2""1— (3.5 — (nmod 2))2/"/?1 4 1.
Proof. Calculate the complexity of P, ,:
L(P; ) = L(Sym;) + 2L(Qqi—1) + (2™ — 1) L(Qq) + 1+
+ (2™ 1) 1) +2027 1)+ (2™ - 1)(2— 1) =
= L(Sym,) +2(2" =i — 1) + (2™ = 1)(2"" —i — 2)+

+ (2™ +1)(i — 1) +2m(2" = 1) =
= L(Spm;) +2™i(3-2" —4) — 1.
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Ly, Lppoi=t Lpqoi=1yy Lpp0t Lpyoigg Lyttt Ly oigg Ly

T LY e e t ...
Q2i1 Q2i1

‘ Qo SR Qo
\ Qo
{ {

Q; 5 gi ‘ Q omy oi
Q1 O qgim1_q| Qg gi=1y Qg 9iy Q2,1 O‘z‘,z,zi—ll O 9mi 1 Ckz’,Qmi,2i—1J
*

041-71’21‘71 hd hd
‘ S,

By T T

.
LN w

Fig. 9. Structure of circuit P,

Regarding values L(S}) = 0 and L(S;) = 1 as a base of induction, let us
prove the induction step.

/2] /2]
L(S3) = > L(Pin) = 3 (L(Sym) +27(3-2' = 4) 1) =
=1 =1
[n/2] |
= (5-2m71 — (3.5 — (m; mod 2))2/™/21 - 2mi(3. 2 — 4)) =
=1
[n/2] |
=Y (3™ —2m7) — (3.5 — (m; mod 2))2m/?)
i=1
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Set m; = n — 2i and calculate the sum of first [n/2] — 1 summands:

[n/2]-1
= Z (3(2mi+i — 2mrl) _ (3.5 _ (ml mod 2))2[mi/2]> _
=1
[n/2]-1 [n/2]-1

= > 3@ =2 = Y (35— (nmod 2))2M/ =
=1

=1
= 3(2" — 2L/t _ (gn71 _ plm(nmed2)) (35 — (nmod 2))(2/"/* —2) =
=5-2""1 — (3.5 — (nmod 2))2/"/2 — 3. 2["/2+1 L 9 _ 3(n mod 2).

Given mr, 21 = 1 — (n mod 2), the latter summand of the initial sum can
be computed as

22 =3 (Q(n/Z]-"—l—(n mod 2) _ 2—(n mod 2)) _ (25 + (n mod 2))21—(71 mod 2) __
=3. 2|_n/2j+1 _ (4 + (n mod 2))217(71 mod 2) __ 3. 2\_n/2j+1 _8+ B(TL mod 2)

Summing up ¥; and ¥, one obtains the required complexity value. [

Theorem 2. L(2") < 3.5-2" — (8.5 + 3.5(n mod 2))2"/2) 4+ n 4+ 5.

Proof. Make use of the corollary of Lemma 1 (see Fig. 2):
L(2") < L(2™Y) + L(Sy-1) + 21
With the above circuits SQIk satisfying Lemma 24, one has a recurrence
L(2") < L(2" 1) +3.5-2""1 — (2.5 4 (n mod 2))2"2 4 1.

It is solved as (14) up to the inequality sign. O

Theorems 1 and 2 together establish tight complexity of a minimal 2"-
input prefix circuit of depth n. Ladner—Fischer circuits [7] appear to be
non-minimal for n > 6. Recently, a sequence of 2"-input prefix circuits
of depth n and complexity L(2") (at least for n < 25) was discovered by
Sheeran [12, 13| via computer programming.

Extracting from the constructed circuit a subcircuit depending on first
m variables, where 2"~1 < m < 2", one obtains

Corollary 3. For any m, L(m) < (3.5 —o(1))m.
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5 Almost minimal depth circuits

Theorem 3. For1 <k <n-—2,
L'@" k)= (2+27%) 2" — (54 2((n — k) mod 2))2F/2 42,

Proof. As follows from Lemma 1, to prove a lower bound it suffices to consider
a subcircuit of circuit Syn+x, depending on first 2™ variables.

In the case k = 1, upper bound is achieved on the circuit Si, described
in §4. Exploiting this circuit and method [7] we obtain minimal circuits S5,

for other values of k (see Fig. 10). O
Sﬁ\ﬂf T\? T\? $2Nn
| | |
l l l
| | |
l Sk l
l l l
| | |
| | |

Fig. 10. Structure of circuit S5,

For an arbitrary m an upper bound can be obtained in a similar way as
in Corollary 3.

Corollary 4. For any m, k, where 1 < k < [log, m| — 2, with m — oo,

L'(m,k) < (2+27% —o(1))m.

6 Modulo 2 prefix circuits

We will show in the present paragraph that under some additional assump-
tions on the operation “o” one can decrease the complexity of a parallel
prefix circuit as compared with the general case. As an example, we consider
an associative operation @ with the axiom x &y &y = z. If @ is a group
operation, then it can be interpreted as addition modulo 2.

The advantage of operation @ is a possibility to compute a sum x;®. . .0z

by the formula

@0, =B ...0%j1) B(Tj1 D ... B Tj4k).
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We construct a 2"-input prefix circuit Ayn of depth n over basis {®}
according to Fig. 2, replacing circuit Si, by a circuit Al,. The structure of
circuit A}, is generally analogous to the structure of circuit Si. described
in §4. Distinction is in the following.

Circuits Q9 are replaced by circuits Wor. Circuit Wor has complexity
2k+1 — 9k — 1 and depth k + [k/2] — 1. It implements sums x; & ... ® x; and
Tok-14; B ... D xor, where i = 1,...,2¥1 and also the sum z; @ ... ®
with the depth k. A way to construct such a circuit is shown on Fig. 11.

g Lok—1 Lok

! ! ! ! ! !
| | | | | |
[ [ [ [ [ [
| | | | | |
[ [ [ \Ijzk—2 [ [ [
| | | | | |
[ [ [ [ [ [
| | | | | |

VNN N

Fig. 11. Structure of circuit o

Fori=1,...,n—[n/3], set \; = 2"—2""1"" ‘and also set A\,_[,/5141 = 2".
Circuit A}, consists of subcircuits II;,,, where i = 1,...,n — [n/3], which
are similar to circuits P, (see Fig. 8), and which are connected similarly.

Subcircuit II;,, contains output gates of circuit AL, with right ends of
labels in the interval from A\; + 1 to A;4;. Subcircuit II;,, also computes a
sum 3 = wy,41 D ... D xy,,. If ¢ > 1, then subcircuit II;,, takes as inputs
functions gy, ..., Bi—1 and v,_1 = 21 ®. .. @ x),, not counting variable inputs.

A structure of subcircuit II; , resembles the structure of subcircuit P,
(see Fig. 9) with minor differences. Variable inputs are divided into groups:
each of first two groups contains 2/%/2! inputs, any other group contains
2112141 inputs. Every group is supplied with a suitable circuit from the
family {Wor}. Outputs of these circuits, which implement longest prefixes,
are connected to inputs of subcircuit Al,,, where u; =n —i — [i/2] — 1 for
i <n—[n/3], and p,_f,3 = 2[n/3] + [n/3] —n.

The last difference between circuits 1I,,, and P;, concerns a final level
where output sums z; & ... @ z; are computed (it corresponds to bunches of
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gates at the bottom of Fig. 9). If variable x; is an input of subcircuit Wor,
then a sum z; @ ... @ z; is computed as (denote r = (j mod 2¥))

(l’l@...@.’ﬂj,r)@(iL‘j,TJrl@...@.ﬂj), T§2k_1
(11D ... ®Tjor ) D(Tj1D ... B Tjyor_,), 7 >2817
where the second “summand” is computed by a subcircuit Wys.

Lemma 25. The complexity of circuit AL, is

L(A}) =22 -2" — 0o,

where g, s determined by a recurrence
Op =203+ 0p4+1

with initial conditions

__ 25 _ 39 __ 56 _ 79
0o =11 01=711, 0O2=77, 03= 17

Remark Clearly, it is possible to write down an explicit analytic formula
for o,, though it should be cumbersome. To do this, one can assign o, =
Xn — 0.5 and determine Y, from the recurrence x,, = 2xn_3 + Xn_4 With
appropriate initial conditions. The solution of the recurrence can be derived
as a linear combination of powers of roots of the polynomial z* — 2z — 1. In
particular, o, ~ cx™, where xy = 1,3953 ... is the maximal root with respect
to absolute value, and ¢ = 2,86. ..

Proof. Let us calculate the complexity of circuit II,,, for ¢ > 1:

L(Mip) = L(Age) + 2L(Wpm) + (2 = DL(Upigoy4n) + 14

+ (24 + 1) — 1) +2 (202 1) 4 (2% — 1) (221 1) =

b)) + 2 (2173 —273/2] — 1) + (2% — 1) (21172 — 2[4/2] — 3) +
+ (28 + 1) (i — 1) 20 (212 1) =

= L(A},) + 2 (320721 — (4 mod 2) — 5) — (i mod 2).

L(A

Complexity of circuit II ,, is the same but less by 1 due to the absence of
gate v @ 7 (bottom-left on Fig. 9).

It is easy to check that L(A),) =0, L(A},) =1, L(A},) =4, L(A);) = 11.
Regarding these relations as a base of induction, let us prove the induction
step.

For convenience of writing, we introduce notation ws(n) for an undetermi-
ned function depending only on (n mod 3). By definition, for any integer k,
one has w3(n) = ws(n + 3k).
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= (L(A3n,) + 24 (320210 — (4 mod 2) — 5) — (imod 2)) — 1 =

(2 (3 - 2021 — (i mod 2) — 28)

— 0, — (imod 2)) — 1.

Set p; =n —1i—[i/2] — 1 and compute the sum of all summands except

the latter:

POFESND SLND 3 D 3D 3 U 3 . U

where

w-[3]

n
n—[2

»h= Z 3. guitli/2]+1 _ g Z gn—i — 3(n — /341y,
i=1 i=1

w=[4] -[5]

|3

¥ = Z (1 mod 2)2" = Z (i mod 2)2n—i=[/21-1 —

i=1 i=1

3 _ 8 i _ o8 n—i—[i/2]—1 _
¥3 = 28 . om =28 gn—i=[i/2]-1 _
=1 =1
n/3) n=[3]-[3]-1
_ 2% Z 2n—3] + Z 211—33—1
j=1 j=1

Ln/3)

= Z "3 = % 22" + w3 (n),
j=1

“2f (32 2 ) = B2 4 e,

i=1

43
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Since fin_n/31 = 2[n/3] + [n/3] — n, the latter summand of the initial
sum is

Sy = 3. Q- rua HO= /SN2 ) — 3 9l ).
We finally obtain

w-[4]-1
L(A;n) = 21+22 :2% 2n_n/3— Z O'n_z‘_[i/g]_l—l-w(n mod 3),

i=1

and consequently,

w3
Oy = Z an,i,(i/21,1+n/3—@/)(n mod 3) =

=1
-9~ 252

n—3
=0p3+0nat+1+ Z O(n—3)—i—[i/2]-11 5
i—1

= 0Onp-—3 + On—4 + 1 - L(Aén—3> + 2% . 2n73 - 20—7173 + On—4 + 1

—1((n—3) mod 3) =

O
The proven lemma leads to the following

Theorem 4. L#(2") < 3% .2" — 7, where

 Oni3+ Oni2+0pp1 —0pn—n—17
Tn 2 .

Remark Taking into account Remark after Lemma 25 we conclude that
T ~ X", where ¢ = 7,235. ..
The proof of the following corollary is analogous to that of Corollary 3.

Corollary 5. For any m, L%(m) < (32 — o(1)) m.

In the case k > [(logy,m)/2] — 1, it can be easily shown that L'®(m, k) =
2m — [logym| — 2. The lower bound follows from the relation between the
complexity and the longest prefix depth in a prefix circuit [3, 15] consid-
ered in §2. To prove an upper bound one divides all inputs in groups of 4,
computes sums in each group and delivers these sums to inputs of analogous
[m/4]-input circuit. Remaining prefixes can be implemented with additional
depth 1 with respect to depths of outputs of the inner subcircuit.

To prove the following corollary, one can exploit Lemma 25 and the
method of [7] with only difference that inputs must be divided into groups
of 4.
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Corollary 6. For any m, k, where 1 < k < [(logy m)/2] — 1, with m — oo,
L'®m,k) < 2+ 2 -4 —o(1)) m.

It is of interest, whether the upper bound of Theorem 2 can be improved
under different assumptions on operation o. Specific operations to attract
more attention are commutative operations, idempotent operations (z o x =
x) and, particularly, Boolean disjunction and conjunction.

7 Notes on bounded fan-out prefix circuits

The problem of synthesis of prefix circuits with bounded fan-out is stimulated
by electronics. (A restriction ¢ on the fan-out of inputs and inner gates of a
circuit is given and fan-out of output gates must not exceed g—1.) To design
such circuits one use functional gates o together with branching gates V.
In the case ¢ = 2, the latter type of gates is generally unavoidable in the
synthesis of parallel prefix circuits.

To denote a complexity of prefix circuits with fan-out bounded by ¢ we
use notation introduced above but supplemented with subscript gq.

Fich [3] investigated the complexity of parallel prefix circuits under vari-
ous restrictions ¢. In the case ¢ > 3, she proposed prefix circuits of minimal
depth and linear complexity O(m). She also proved that in the case ¢ = 2
complexity is superlinear, Ly(m) = ©(mlogm). Specifically, for m = 2" the
following bounds were obtained:

(n+1—0(1))2"" < Ly(2") < (3n — 3.5 —o(1))2" .

Note however, that a better upper bound is known since 1973 and is
due to Kogge and Stone [6]. The complexity of the Kogge—Stone circuit is
(n —0.5)2" (including (n — 1)2" + 1 functional gates o). The 8-input circuit
is shown on Fig. 12.

T ) T3 Ty Ty Tg Ty T

Fig. 12
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Basing on the Kogge—Stone circuit one can design a 2"-input prefix cir-
cuit of depth n + k and complexity (n — k — 3)2" % + 5. 2771 — k via the
method of [7] (as on Fig. 10). Therefore,

Ly(2") < (n—0.5)2", Ly2" k)< (n—k—3)2"F4+5.2" 1 _ k.

The second bound can be slightly improved with the use of modification of
the Kogge—Stone circuit shown on Fig. 13 (its complexity is (n — 0.5)2" as
well, though it can be completed to a circuit with zero fan-out of outputs,
which has lower complexity (n — 0.25)2"). Thus,

Ly(2" k) < (n—k —3.25)2" F 4 5.2 1 _ k. (15)
(Details of the proof are easy to reproduce.)

A X2 X3 Xyq X5 X6 X xrg

Fig. 13

For a small k the bound (15) is approximately 2 times greater than a
lower bound (n — 2)2" k=1 + 2" — O(n(n + k)27%) from [3]. When k < n it
is asymptotically 1.25 times greater than a standard lower bound 2"™!. At
the same time, a slightly modified construction from [15] allows to reach a
bound L)(2",n — 1) < 2.3-2". With the use of it one can design a circuit
of complexity (24 0(1))2" and depth (2 + o(1))n. On the whole, asymptotic
behavior of functions Ly(2") and L4 (2", k) still remains unclear.

The author is grateful to S. B. Gashkov and Stasys Jukna for helpful
comments.
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