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Abstract. A binary sequence x1,...,Z, is called k-tonic if it contains
at most k changes between 0 and 1, i.e., there are at most k indices
such that x; # x;+1. A sequence —x1,..., T, is called an inversion of
ZT1,...,Zn. In this paper, we investigate the size of a negation-limited
circuit, which is a Boolean circuit with a limited number of NOT gates,
that sorts or inverts k-tonic input sequences. We show that if £ = O(1)
and t = O(loglogn), a k-tonic sequence of length n can be sorted by a
circuit with ¢ NOT gates whose size is O((nlogn)/2°") where ¢ > 0 is
some constant. This generalizes a similar upper bound for merging by
Amano, Maruoka and Tarui [4], which corresponds to the case k = 2. We
also show that a k-tonic sequence of length n can be inverted by a circuit
with O(klogn) NOT gates whose size is O(kn) and depth is O(klog? n).
This reduces the size of the negation-limited inverter of size O(nlogn)
by Beals, Nishino and Tanaka [6] when k& = o(logn). If £ = O(1), our
inverter has size O(n) and depth O(log®n) and contains O(logn) NOT
gates. For this case, the size and the number of NOT gates are optimal
up to a constant factor.

1 Introduction

To derive a strong lower bound on the size of a Boolean circuit for a function
in NP is one of the most challenging open problems in theoretical computer
science. But so far, the best known lower bound is only a linear in the number
of input variables. This is quite contrast to the case of monotone circuit, which
consists only of AND and OR gates, no NOT gates. Exponential lower bounds
on the size of monotone circuits for explicit functions have been derived (e.g.,
[2U5I8I13]).

This motivates us to study the complexity of circuits with a limited number of
NOT gates, which are usually called the negation-limited circuits. About a half
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century ago, Markov [I1] proved that r = [log(n+1)] NOT gates are enough to
compute any function on n variables, and that there is a function that requires
r NOT gates to computdl. Beals, Nishino and Tanaka [6] constructed a circuit
with 7 NOT gates that computes the inverter Inv, (z1,...,z,) = (0x1,...,"xy)
whose size is O(nlogn). Thus, for every function f, the size of a smallest circuit
with at most » NOT gates that computes f is at most 2Size(f) + O(nlogn),
where Size(f) is the size of a smallest circuit for f. This shows that restricting
the number of NOT gates in a circuit to O(logn) entails only a small blowup
in circuit size. Recently, several lower bounds on the size of a negation-limited
circuit for an explicit function were obtained [3/4], and the relationship between
the number of NOT gates and circuit size was also studied [9T4]. However, it is
still unclear the effect on circuit complexity of restricting the number of NOT
gates available.

In the first half of the paper (Section 3), we focus on the negation-limited
circuit complexity of the sorting function, which is a function that sorts n bi-
nary inputs. This is motivated by the result of Amano, Maruoka and Tarui [4]
showing that for every ¢ = 0,...,loglogn, the size complexity of the merging
function with ¢ NOT gates is ©((nlogn)/2"). Roughly speaking, the size of a
smallest circuit for merging is halved when the number of available NOT gates
increases by one. The merging function is a function that takes two presorted
binary sequences each of length n as inputs and merges into a sorted sequence of
length 2n. The merging function can be viewed as the special case of the sorting
function in which an input is restricted to the form of the concatenation of two
sorted sequences. Interestingly, it is known that both merging and sorting have
monotone circuit complexity of @(nlogn) and (non-monotone) circuit complex-
ity of ©(n). So it is natural to consider the negation-limited circuit complexity
of sorting, or an intermediate function between merging and sorting.

In this paper, we parameterize a binary sequence with the number of changes
of the values when it is read from left to right. Formally, a binary sequence
Z1,...,Ty is called k-tonic if there are at most k indices ¢ such that z; # ;1.
The k-tonic sorting function is a function that outputs a sorted sequence of
Z1,...,Ty if an input is k-tonic, and arbitrarily otherwise. The merging function
can be regarded as the 2-tonic sorting function since input sequences 1 > --- >
Tn and y; > -+ > y, are 2-tonic if we reorder them to z1,...,Zn, Yn,---,Y1-
We show that if k is a constant, the k-tonic sorting function can be computed
by a circuit with ¢(< logn) NOT gates whose size is O((nlogn)/2) for some
constant 1 > ¢ > 0. This can be viewed as a generalization of a similar upper
bound for the merging function in [4], which corresponds to the case k = 2.

In the second half of the paper (Section 4), we investigate the negation-limited
complexity of the inverter Inv,,. As described before, Beals, Nishino and Tanaka
[6] constructed an inverter of size O(nlogn) and depth O(logn) that contains
[log(n + 1)] negation gates. In the same paper [6], they stated the following
question as an open problem (which is credited to Turén in [6]) : is the size of
any clogn depth inverter using clogn NOT gates superlinear?

L All logarithms in this paper are base 2.
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We give the construction of an inverter for k-tonic sequences whose size is
O(kn) and depth is O(k log® n) that contains O(k logn) NOT gates. If k = O(1),
our inverter has size O(n) and depth O(log?n) and contains O(logn) NOT
gates. This shows that the answer of Turan’s problem is “no” if we relax the
depth requirement from O(logn) to O(log? n) and restrict the inputs to k-tonic
sequence with k being a constant. Both of our results suggest that limiting the
number of changes in an input sequence may boost the power of NOT gates in
a computation of Boolean functions.

2 Preliminaries and Results

A circuit is a combinational circuit that consists of AND gates of fan-in two, OR,
gates of fan-in two and NOT gates. In particular, a circuit without NOT gates
is called monotone circuit. The size of a circuit C' is the number of gates in C.

Let F' be a collection of m Boolean functions f1, fa, ..., fi. The circuit com-
plezity of F', denoted by Size(F'), is the size of a smallest circuit that computes
F'. The monotone circuit complexity of F', denoted by Sizen,on (F), is the size of
a smallest circuit that computes F. Following Beals et al. [6], we call a circuit
including at most t NOT gates a t-circuit. The t-negation limited circuit com-
plexity of F', denoted by Size;(F), is the size of a smallest ¢-circuit that computes
F. If F cannot be computed by a t-circuit, then Size,(F') is undefined.

For a binary sequence z, the length of z is denoted by |z|. For x = (a1, ..., z¢)
€ {0,1}!, (x)2 denotes the integer whose binary representation is  where z; is
the most significant bit, i.e., (z)2 = >.'_, 2;2!"*. The number of 1’s in a binary
sequence z is denoted by #;(z). For two integers a < b, [a,b] denotes the set
{a,a+1,...,b}. The set [1,n] is simply denoted by [n].

Definition 1. The sorting function onn inputs, denoted by Sort,,, is a collection
of Boolean functions that sorts an n-bit binary sequence x1, ..., Ty, i.€.,

Sort, (X1, ..y xn) = (21, -, 2n),

such that z1 > -+ > z, and Y ,x; = Y., 2z;. The merging function Merge,
s a collection of Boolean functions that merges two presorted binary sequences
1> > Ty and yy > -0 > Yy into a Sequence zy > -+ > Zop, G.e., z; = 1 if
and only if the total number of 1’s in the input sequences is at least 7. O

The following results are known for the complexities of sorting and merging.
Theorem 1. [12[1] All of the following are true:

— Size(Sort,,) = O(n) and Sizemon(Sorty,) = O(nlogn).
— Size(Merge,,) = O(n) and Sizeyon(Merge,)) = O(nlogn).

For the merging function, there is a clear tradeoff between the size of a circuit
and the number of NOT gates.



On the Negation-Limited Circuit Complexity 107

Theorem 2. [J] For every 0 < t < loglogn, Size;(Merge,,) = O((nlogn)/2").

So it is interesting to consider whether such a tradeoff exists for more general
functions.

Definition 2. A turning point of a binary sequence x1, ..., Xy is an index i such
that x; # x;+1. A binary sequence is called k-tonic if it has at most k turning
points.

Note that every n-bit binary sequence is (n — 1)-tonic, and that input sequences
to the merging function =1 > -+ > x, and y; > --- > y,, can be regarded as
2-tonic if we reorder the sequences to x1,...,Zn, Yn, .-, y1. Thus, we can define
an “intermediate” function between merging and sorting based on the notion of
k-tonic.

Definition 3. A function {0,1}" to {0,1}"™ whose output is equal to the output
of Sort,, for every k-tonic input is called a k-sorting function and is denoted by
Sortﬁ. Note that the output of Sortfl 1s arbitrary if an input is not k-tonic.

We show in Section 3 that a small number of NOT gates can reduce the size of a
circuit for Sortfl7 which extends the results on the upper bounds in Theorem [2
Precisely, we will show:

Theorem 3. Suppose that k = O(logn) and t < logn. Then there exists a
constant ¢ such that Sizeqy2(Sort”) = O(kn + (nlogn)/2Y). In particular, if
k= O(1) and t = O(loglogn), then Size;(Sort®) = O((nlogn)/2¢*) for some
constant ¢’ > 0.

In Section 4, we give the construction of an inverter for k-tonic sequences.
Definition 4. An inverter with n binary inputs, denoted by Inv,,, is defined by
Inv,(z1,z2,...,2,) = (421, T2, ..., Tp).

A function {0,1}™ to {0,1}"™ whose output is equal to the output of Inv,, for every
k-tonic input is called a k-tonic inverter and is denoted by Invfl. Note that the
output of Inv’fL is arbitrary if an input is not k-tonic.

We will show:

Theorem 4. The function InvZ can be computed by a circuit of size O(kn) and
of depth O(klog®n) that contains O(klogn) NOT gates. In particular, if k =
O(1), then Inv® can be computed by a linear size circuit of depth O(log®n) that
contains O(logn) NOT gates.

We remark that we need £2(logn) NOT gates to compute Inv® even if k = 1.
This can be easily proved by the result of Markov [I1] (see also [6]). Thus, for
the case k = O(1), the size and the number of NOT gates are optimal up to a
constant factor.
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3 Negation-Limited Sorter for k-tonic Sequences

In this section, we describe the construction of a negation-limited circuit for the
k-sorting function to prove Theorem [l

As for the construction of a linear size sorter by Muller and Preparata [12],
the construction is in two stages: the first computes the binary representation of
the number of 1’s in inputs, and the second generates appropriate outputs from
this representation. Throughout this section, we assume that the length n of an
input sequence is n = 2! for some natural number [.

Definition 5. A counter Count,, is a function from {0,1}" to {0,1}1°8"+1 that
outputs the binary representation of the number of 1’s in an input sequence. A de-
coder Decode,, is a function from {0,1}1°6"*! ¢0 {0,1}" such that Decode, (u) =
(1,000, mp) with 11 = -+ = (), = 1 and T(y),41 = -+ = T, = 0.

It is obvious that Sort,, (z) = Decode, (Count, (x)), and thus the size of a circuit
for Sort,, is given by the sum of the sizes of circuits for Decode, and Count,.
The linear sized sorter by Muller and Preparata [12] follows from:

Theorem 5. [I2] Size,(Count,) = O(n) and Sizeyon(Decode,) = O(n).

Since there is a monotone circuit for Decode,, whose size is linear, one may think
that it is sufficient to focus on the construction of a negation-limited circuit for
Count,,. However, the last bit of the output of Count,, is the parity function, and
so we need logn NOT gates to compute it [II]. In order to avoid to use such
a large number of NOT gates, we only compute a limited number of significant
bits of the number of 1’s in inputs at the first stage of the construction.

Definition 6. A t-counter, denoted by Count, ., is a function from {0,1}" to
{0,1}47/2" defined as

County, () = (2, u),

where z € {0,1}" is the t most significant bits of the binary representation of
the number of 1’s in x and u = (u1, ..., Uy /2t) € {0, 1}"/2t is a sorted sequence
Uy > Uy > o0 > Uy such that §1(z) = (2)2 - n/2" + #1(u). A function whose
output coincides with Count, ((z) for every k-tonic sequence x is denoted by
Countfw.

A t-decoder, denoted by Decode, s, is a function from {0,1}77/2" to {0,1}"
defined as: For any binary sequence z of length t and any sorted sequence u of
length n/2¢,

Decode,, ¢(z,u) = (Y1, -, Yn)

such that yy = -+ =y, = 1 and Y1 = -+ = Yo = 0 where w = (2)z - n /2! +
1 (u).
Note that Sort®(z) = Decoden’t(Countﬁ)t(m)). We first construct a negation-

limited circuit for Countfm.
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Theorem 6. Suppose that k = O(logn) and t < logn. Then there exists a
constant ¢ such that Sizectka(CountZ’t) = O(kn + (nlogn)/2").

Proof. We first show an algorithm for computing Countfm7 and then we will
describe a construction of a circuit which follows the algorithm.

A binary sequence is called clean if it consists of 0’s only or 1’s only, otherwise
it is called dirty. Let x be an input sequence for Countfm. The key observation
to the algorithm is the fact that if we divide a k-tonic sequence x into 2k blocks,
then at least half of them are clean. For simplicity, we suppose that |z| = n = 2!
and k = 2% for some natural numbers [ and a with [ > a.

Algorithm C. This algorithm takes a binary sequence x of length n as an input
and outputs (z,u) satisfying Countﬁ)t(m) = (z,u).

Cl. For each i =1,2,...,t, do the following:
1. Divide x into 2k blocks of equal length: By, Bo, ..., Bog.
2. Let p1,pa,...,pr € [2k] be the first k indices of clean blocks.
3. For each j € [k], let ¢; ; = 1if B, is all I’s and ¢; ; = 0 if B, is all 0’s.
4. Let Z be a sequence of length |x|/2 obtained from « by removing By, , Bp,,
..., By, (i-e., the first k clean blocks).
5. Substitute z by Z.

C2. Let zg and zp be two binary sequences of length ¢ and of length a such
that

k k
(ZH)Q = Z(Cl,jCQJ‘ i ‘Ct,j)z div 2a, (ZL)Q = Z(Cl,jCQJ‘ . ‘Ct,j)z mod 2a,
j=1

Jj=1

where “div” and “mod” denote the quotient and remainder of two integers.

(3. Let u' be a sorted sequence of length n/2¢ that contains (zz,)z - 2!7(@F1) 17,
and u? be a sorted sequence of length n/2! obtained by sorting .

C4. If #1(ul) + #1(u?) > n/2¢, then let z be a sequence of length ¢ such that
(2)2 = (zm)2+1 and let u be a sorted sequence of length n/2! that contains
{#1(u') + 81 (u?) — n/2'} 1’s. Otherwise, let 2 = 2z and let u be a sorted
sequence of length n/2! that contains {#1(u') + i1 (u?)} 1’s.

C5. Output (z,u).

In the following we show the correctness of the above algorithm. Consider the
i-th iteration of the for loop at step C1 of the algorithm. Let  and Z be binary
sequences before and after the i-th iteration. Suppose that a sequence z is k-
tonic. This means that there are at most k dirty blocks, or equivalently, at least
k clean blocks in By, ..., Bog. So we can always choose k indices p1,...,pg. It
is easy to check that the sequence Z is also k-tonic. Since each block has length
n/(k - 2%) = 2!=(@+9 it is obvious that

k
fi(e) = eig - 27 10 (3).
j=1
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By summing the above equation over ¢ = 1,... ¢, the number of 1’s in an initial
input sequence is given by

(crjeay - -crg)z - 27 441 (u?) = ()2 - 270 + (21)2 - 27000 1 (u?)
1

k
= (zm)2- 27" + th (u') + th (v?)
= (2)2- 27"+t (u).

This completes the proof of the correctness of the algorithm.

Now we describe the construction of a circuit along the algorithm C starting
from step C1, which is the most complex part of the construction. As for the
above discussion, we first concentrate on the i-th iteration of the for loop, and
so describe the construction of a circuit that takes sequences By, ..., Bog each of
length n/(k - 2%) as an input and outputs ¢; ; for j € [k] and Bs,, ..., Bs, where
(s1,-- -, 88) = [2K]\(p1, .- -, i)

Given (B, ...,Ba), we put B® = (B\”, ... BY)) = (By,...,By). For
each p € [k], define B(P) = (ng)7 R BQIZ) ) as

-p

B —

{ BY¥Y if all of BP™Y . BV are dirty,
q

1
Bé’:ll) there exists a clean block in ngil), e Bépil). M)

In other words, B® is a sequence obtained from B®~1) by removing the first
clean block in it. Then B®) is equal to a sequence obtained from B(® by remov-
ing the first p clean blocks. Hence B*) = (ng), cey B,(ck)) is a desired sequence.

Now we introduce two types of auxiliary Boolean functions. For p € [0, k] and
for q € [2k — p], let Is Cleangp) be a function that outputs 1 if and only if Bép)

is clean and let Exist Cleanflp) be a function that outputs 1 if and only if there

exists a clean block in B%p), e Bl(lp)

in a following way:

1- These functions can be easily computed

Is Cleango) = ( /\ V)V ( \/ v), (for q € [2k]),

veBY veBY
Exist Clean(()p) =0, (forpe][0,k]),
Exist Cleangp) = Exist Clean((zp_)1 Vs Cleangp) (for p € [0, k], q € [2k — p]),

Is Cleanflp) = (Is Cleangfll) A Exist Cleanff"l))

V(ls Cleangp_l) A Exist Cleanff_l))7 (for p € [k],q € [2k — p]).
Thus by Eq. (@), for each I = 1,2, ..., the I-th bit of B{") is given by

(B V1) A Exist Clean ™) v (BP~[I] A Exist Clean(?™"),
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where B[] denotes the {-th bit of the block B. We also have

k1
cij= \/ (Is Clean{ ") A Exist Cleangj:ll) A B((Ij_l)[l]> ,
qg=1

where Béj -1 [1] denotes the first bit of the block BE} -,

Now we estimate the number of gates needed to compute these functions. Let
n; = n/(2°~1), which is the length of an input sequence at the beginning of the
i-th iteration of step C1. We use NOT gates at the computation of Is Cleanl(lo)

for each ¢ € [2k] and Exist Cleangp) for each p € [0,k] and ¢ € [2k — p]. So the
number of NOT gates we need is at most 2k 4 2k? < 3k2. The total number of
gates is easily shown to be O(k? + kn;). Summing these over i = 1,...,t, we
need at most 3tk NOT gates and Y!_, O(k* + kn;) = O(tk® + kn) gates in
total to simulate step C1 of the algorithm.

In step C2, all we have to do is to compute the addition of k integers of ¢ bits.
Since it is well known that the addition of two ¢-bit integers can be computed by
a circuit of linear size (see e.g., [16, Chapter 3]), the number of gates needed to
compute the addition of k integers of ¢ bits is O(k(t +1logk)). The term ¢ + log k
here comes from the fact that the summand has at most t 4+ log k digits. Here
we use kt NOT gates, which is equal to the number of total input variables.

In step C3, we obtain u' as Decode,, o (020"~ (@+1) which can be computed
by a monotone circuit of size O(n) by Theorem [Bl and obtain u? as Sort,, /o (),
which can be computed by a monotone circuit of size O((n/2!)log(n/2")) =
O((nlogn)/2") by using the AKS-sorting network [I].

We can now proceed to step C4. Let 4 be a sorted sequence of the con-
catenation of u' and w2, which can be computed by a monotone circuit of
size O((2n/2%)log(2n/2Y)) = O((nlogn)/2!) by using the AKS-sorting net-
work [1]. Let w € {0,1} be the n/2'-th bit of 4. Then w = 1 if and only if
f1(u') + 1 (u?) > n/2!. Thus, the desired sequence u is obtained by taking the
first half of @ if w = 0 and the last half of @ if w = 1, which can be computed
as u; = wi; V wiljyy /o0 Where u; and u; denote the i-th bit of u and u, respec-
tively. Clearly, z is given by the binary representation of (zg)2 + w which can
be computed by a t-bit adder. All these can be computed by a circuit of size
O((nlogn)/2t) with O(t) NOT gates.

The following table summarizes the number of gates used in each step.

Step NOT gates Total Size
Cl  O(tk?)  O(tk® + kn)
C2 kt O(k(t +logk))
C3 0 O((nlogn)/2%)
C4 O(t)  O((nlogn)/2")

By summing these numbers, we conclude that the number of NOT gates in
our circuit is O(tk?), and the total size is

O(tk* + kn + k(t +logk) + (nlogn)/2") = O(kn + (nlogn)/2").
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Here we use the assumption that £ = O(logn) and ¢ < logn. This completes the
proof of the theorem. O

We can now proceed to the construction of a circuit for Decode, ;.
Theorem 7. Suppose that t <logn. Then Sizemon(Decode, ;) = O(n).

Proof. Let z € {0,1}* and u € {0,1}"/2" be inputs to Decode, ;. For such inputs,
the output of Decode,, ; should be

(z)gln/Zt

VAN
11---llul---un/2t00~--00.

For a binary sequence S, S[i] denotes the i-th bit of S. Let A be an n-bit
binary sequence given by 2! copies of u. Put B = Decode, (020'~*) and C' =
Decode,, (021'=*) Recall that n = 2!. Let D be an n-bit binary sequence given by
D[i] = (A[i] v BJi]) A C[i] for i € [n]. Then the sequence D is

~ ~
11---11u1---un/Qt,IOO---OO,

which is very close to the desired sequence, i.e., it misses the last bit of u. This
discrepancy is fixed by putting D[in/2"] = (D[in/2" — 1] Ay, 9¢) V Dlin/2'] for
each i € [2]. Since Decode,, has a linear size monotone circuit (Theorem [), the
sequence D can also be computed by a monotone circuit of linear size. a

Theorem [3] follows immediately from Theorems [6] and [

4 Negation-Limited Inverter for k-tonic Sequences

In this section, we describe the construction of a negation-limited circuit for the
k-tonic inverter to prove Theorem [l Throughout this section, we suppose that
the length n of an input is 2% — 1 for some natural number a. We first introduce
several auxiliary functions.

Definition 7. Let b € {0,1}. Let Left’ : {0,1}" — {0,1}% be the collection
of Boolean functions defined as Left’ (z) = p if &1 = --- = T(p)y—1 = 1 —b
and (), = b, i.e., p is the binary representation of the smallest index i with
x; = b. If there are no b’s in x, then the output of Leftfl 1s unspecified. Let
Decode? : {0,1}* — {0,1}™ be the collection of Boolean functions defined as
Decode’ (p) = b®P2=1(1 — )=+ [f pis all 0’s then the output of Decode” is
unspecified. Let Or, and And,, denote the functions that output bitwise OR and
AND of two input sequences, respectively.

Lemma 8. For each b€ {0,1}, Left® can be computed by a circuit of size O(n)
and of depth O(log®n) that contains O(logn) NOT gates.
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Proof. We first give an algorithm to compute Left}l.

Algorithm L. This algorithm takes an n-bit binary sequence x = (mh Zn)
as an input and outputs p = (p1,...,p,) which satisfies z; = -- T(p)s—1 =0
and z(,), = 1.

L1. Let 2° = 2 and flago = 1.
L2. Fori=1,...,a — 1 do the following:
20741
L pi = —( \/ ai M)A flagiq,
] 1

2. xz‘,:—.pi v ops J+2a1(for]—1 L2071 1),

3. flag; = —|(pZ /\m2a 1) A flagi—1,
L3. p, = a7~ LA flage—1.
L4. Outputs (p1,...,Da)-

We now consider the correctness of algorithm L. We focus on the i-th iteration of
step L2. In the case p; = 1, since the number of 0-bits before the leftmost 1 in 2!
is at least 247 — 1, we can show (py - p;_110%" %)y < (p)a < (p1 -+ pi_11197%),.
In particular, if p; = 1 and z’,!, = 1 (which implies flag; = 0), then the
number of 0-bits before the leftmost 1 is equal to 2¢~* — 1. Hence (p)2 =
(p1---pi—11097 %), i.e., Pit1, ..., Pa should be all 0’s. This will be satisfied since
flag; = 0. In the case p; = 0, the number of 0-bits before the leftmost 1 in
z'~1 is at most 2077 — 2. Thus( pi—10097 1)y < (p)2 < (p1---pi—10197%),.
Therefore algorithm L outputs p; correctly.

We now estimate the size of a circuit. For the i-th iteration of the for loop at
step L2, p; can be computed by a circuit of size 2¢~% and depth a — i + 2 with
one NOT gate. A sequence ' can be obtained by a circuit of size 3- (27" —1) =
3-297% — 3 with one NOT gate, and flag; can be computed by using three gates
including one NOT gate. For each 4, step L2 can be done by a circuit of size
4-297% + 1 with three NOT gates and depth a — i + 4. We only need one AND
gate at step L3. Therefore, algorithm L can be simulated by a circuit of size
ST 4207 4 1) 41 = 420 — 1) (a—1)+1 = O(n) with 3(a — 1) =
O(logn) NOT gates and of depth Py ( —i+4)+1= O( 2) = O(log®n). The
construction of a circuit for Left is 51m11ar to that for Left and is omitted. 0O

Lemma 9. For each b € {0,1}, Decodez can be computed by a circuit of size
O(n) and of depth O(logn) that contains O(logn) NOT gates.

Proof. Tt is obvious that Decode’ (p) = Decode,(q) with (¢)2 = (p)2 — 1, and
Decode? (p) is equal to the reverse of Decode, (¢') with (¢')2 =n — (p)2 + 1. We
can easily see that each of ¢ and ¢’ can be computed by a circuit of size O(logn)
and of depth O(logn) with O(logn) NOT gates. Since it is well known that
Decode,, has a linear size O(logn) depth monotone circuit [12], we can obtain a
desired circuit for Decode” . O
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Proof. (of Theorem[) As for the proof of Theorem[6, we first show an algorithm
to compute Invﬁ. Suppose that x is a k-tonic sequence starting with “0”.

Algorithm I. This algorithm takes an n-bit binary sequence x = (z1,...,2y)
as an input and outputs z = (z1,. .., z,) where z; = —x; if x is k-tonic.
I1. Let 2° = 2 and 20 = 1™,
12. For i =1,...,k do the following:
If 7 is odd then
1. s' = Decode] (Left} ('~ 1)),
2. 2 = Or, (271, 5%,
3. 28 = And, (271, sY),
else 0 0
1. s' = Decode, (Left, (z'~1)),
2. o' = And, (z'71, s'),
3. 20 = Or, (271, %),
I3. Outputs z = 2*.
The correctness of the algorithm I can be verified as follows: For some non-
negative integers po, ..., pr > 0, we can write 2° as

1‘0 = (QPo1P1(P21P3()P4 ... ()Pk
Then we have

Sl — 1p00p1 0P20P30P4 .. Opk’

rl = 1PoqP1(P21P3()P4 . . . 0Pk

2’1 — 1PoP1(P2()P3()P4 . .. Opk’

82 = (Po(P11P21P3 1P+ ... 1Pk

1,2 — Opoopl 0P2 1P30P4 .. Opk’

2 — |Po()P11P21P31P4 ... Pk,

Note that x! is a k — 1 tonic sequence starting with 1P°*P1 and 22 is a k — 2
tonic sequence starting with 0Po+P1+P2_ Similarly, we can show that z% is a k —i
tonic sequence and that

24— 1PO(QPL ... pPipPi+1 .. . pPk

Hence

Zlc — 1Po(P11P2()P31P4 ... Opk’

which is a desired output.

We now estimate the size of a circuit. For each iteration of the for loop at step
12, a sequence s’ can be computed by a circuit of size O(n) and depth O(log? n)
with O(logn) NOT gates, and sequences z° and 2* can be computed by n gates
and depth 1 without NOT gates. Hence the size and depth of an entire circuit are
O(kn) and O(klog®n), respectively. The total number of NOT gates is clearly
O(klogn). O

We finally remark that if we can improve the depth of our circuit for Leftl,’L to
O(logn), then we will have a negation-limited k-tonic inverter of depth O(k logn)
which gives a negative answer to Turdn’s problem for the case k = O(1).



On the Negation-Limited Circuit Complexity 115

Acknowledgment

The authors would like to thank Eiji Takimoto for helpful discussions and en-
couragement. This work was supported in part by Grant-in-Aid for Scientific
Research on Priority Areas “New Horizons in Computing” from MEXT of Japan.

References

1.

2.

10.

11.

12.

13.

14.

15.

16

M. Ajtal, J. KomOs AND E. SZEMEREDI, An O(nlogn) Sorting Network, Proc.
15th STOC, pp. 1-9, 1983.

N. ALoN AND R.B. BorpPaNA, The Monotone Circuit Complexity of Boolean Func-
tions, Combinatorica, 7(1), pp. 1-22, 1987.

K. AMANO AND A. MARUOKA, A Superpolynomial Lower Bound for a Circuit
Computing the Clique Function with At Most (1/6) log log n Negation Gates, SIAM
J. Comput., 35(1), pp. 201-216, 2005.

. K. AMANO, A. MARUOKA AND J. TARUI, On the Negation-Limited Circuit Com-

plexity of Merging, Discrete Applied Mathematics, 126(1), pp. 3-8, 2003.

A.E. ANDREEV, On a Method for Obtaining Lower Bounds for the Complexity of
Individual Monotone Functions, Sov. Math. Dokl., 31(3), pp. 530-534, 1985.

R. BeEALS, T. NisHINO AND K. TANAKA, More on the Complexity of Negation-
Limited Circuits, Proc. 27th STOC, pp. 585-595, 1995.

M.J. FiscHER, The Complexity of Negation-Limited Network—A Brief Survey,
LNCS, 33, pp. 71-82, 1974.

D. HARrNIK, R. RAz, Higher Lower Bounds on Monotone Size, Proc. 32nd STOC,
pp. 378-387, 2000.

S. JUKNA, On the Minimum Number of Negations Leading to Super-Polynomial
Savings, Inf. Process. Lett., 89(2), pp. 71-74, 2004.

E. A. LamacgNA, The Complexity of Monotone Networks for Certain Bilinear
Forms, Routing Problems, Sorting and Merging, IEEE Trans. of Comput., 28(10),
pp. T73-782, 1979.

A.A. MARKOV, On the Inversion Complexity of a System of Functions, J. ACM,
5, pp. 331-334, 1958.

D. E. MULLER AND F. P. PREPARATA, Bounds to Complexities of Networks for
Sorting and Switching, J. ACM, 22, pp. 195-201, 1975.

A.A. RazBOROV, Lower Bounds on the Monotone Complexity of Some Boolean
Functions, Soviet Math. Dokl., 281, pp. 798-801, 1985.

S. C. SunG AND K. TANAKA, An Exponential Gap with the Removal of One
Negation Gates, Inf. Process. Let., 82(3), pp. 155-157, 2002.

K. TANAKA AND T. NiISHINO, On the Complexity of Negation-Limited Boolean
Networks, STAM J. Comput., 27(5), pp. 1334-1347, 1998.

I. WEGENER, The Complezity of Boolean Functions, Wiley-Teubner, 1987.



	Introduction
	Preliminaries and Results
	Negation-Limited Sorter for $k$-tonic Sequences
	Negation-Limited Inverter for $k$-tonic Sequences


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




