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0 1 00 0 00 O 00 1
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Figure 1: Tables for selected functions.

1 Boolean Functions

Definition 1.1 A Boolean function is a function f :{0,1}" — {0,1}™.

The set of Boolean functions from {0,1}" into {0,1}™ is denoted By, s,.

We may regard f € B, ,, as a vector (fi, fa, -, fm) of m functions f; from B, ;.
For simplicity we will write B, for B,; and B for U,>o B,. A simple way to
describe f € B,, consists in tabulating f (see figure 1).

If 0 and 1 denotes false and true respectively, then the functions in figure 1 are the
well known Boolean functions negation, and, or and implication. For functions
with two variables we will use infix notation, when convenient.

Notation 1.1 We write T for NEG(z), = -y (or zy) for AND(z,y), x +y for
OR(z,y) and z = y for IMP(z,y).

There are 2™*" distinct functions in B,.,m, since each of the 2" table rows can
take any of 2™ distinct values.

In section 5 we will show the (perhaps surprising) result that for most functions
a table is a compact description without much redundancy. However, tables are
impractical, and a lot of functions arising in practice have considerably more
compact representations. The size of representations arising from or related to
methods of computation is a major part of this course. We continue by defining
two special representations.

1.1 Disjunctive and Conjunctive Normal Form

These are restricted formulas over {+,-,” }.
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Example 1.1 IMP(z,9) =Z7+Zy+ay=T+y

Example 1.1 demonstrates that a single function can be described by several
distinct formulas (in principle infinitely many). As a consequence, it may pose
a problem to decide if two formulas describe the same function. We introduce
canonical forms to circumvent this type of problem.

Let z¥ be a description for z - y + Z - . With this notation 2! = z and 2° = 7.

We define the relation < on B,, by:
f<g ifand only if Vz € {0,1}": f(z) < g(z)

Let f € B, and (¢, ¢, -+, ¢,) € {0,1}". We say that z7*x5* - - - ¢ is a minterm
for f, if 2§12 -5 < f(a).

It holds (exercise 1.2) that

f@y= > afay--an (1)

ce{0,1}",f(c)=1

This is called disjunctive normal form (DNF).

Similarly, f may be written as a product of sums denoted conjunctive normal
form (CNF). It holds (exercise 1.2) that

flz) = I @ +a22+-+25) (2)
c€{0,1}™,f(c)=0

The product is taken over precisely those sums (25" + 23 + - - + 2%) for which
fz) < (27" + 25 +---+ %), The function IMP from example 1.1 is only 0 for
(1,0) (see figure 1). So the CNF for IMP is 2! +y° = 2% + ¢! =7 + .

The above normal forms are unique, but they share one problem with tabulation.
They may be unreasonably large. For this reason, we will relax the definition
of normal forms: In the following, DNF means a “sum of products” and CNF
means a “product of sums”. The price of the relaxation is a loss of uniqueness.
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1.2 Bases and Expressions

In the last section, we have used that all Boolean functions (B) can be expressed
in terms of the simple operators (functions) +,- and ~. The existence of the
normal forms CNF and DNF provides an implicit proof of this fact.

As mentioned earlier, there are 22" functions in B,. By is the constant functions
0 and 1. By is the functions, 0, 1, x and . B, consists of the 16 functions listed
in figure 2.

Definition 1.2 A basis B is a subset of functions from B. The fan-in of a
finite basis B is the highest arity of any function in B. The span of a basis B,
span(B), are those functions that can be defined by expressions over B. A basis
B is complete for a class of functions C, if C = span(B). If B is complete for B,
we simple say that B is complete.

Definition 1.3 A B-expression over {x1,---,x,} is defined inductively by:

e (Constants: 0,1 are B-expressions.

e Variables: x1,...,x, are B-expressions.
e Composite expressions: If ey, eq, - - -, e, are B-expressions and f € BN By,
then f(eq,eq,---,ex) is a B-expression.

We have already observed that {+,-,” } is a complete basis. For the rest of the
course, this will be our default basis. {@®,-} is also a complete basis (exercise
1.4). {+,-} is not a complete basis, since the function 7 is not a {+, - }-expression
(why not?).
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1.3 Monotone and symmetric functions

Definition 1.4 A function f € B, is monotone, if z < y (component-wise)
implies that f(z) < f(y). The set of monotone functions (in n variables) is
denoted MON (MON,, ).

It holds that f is monotone, if and only if it is possible to define f by a {+,-}-
expression (exercise 1.6). {+,-} will be our default basis, when dealing with
monotone functions

Definition 1.5 A function f € B, is symmetric, if for all permutations © € S,
and z € {0,1}" it holds that f(z(1), Tr(2) -, Trn)) = f(2). The set of symmetric
functions is denoted SYM (SYM,, ).

The value of f € SYM,, is only dependent on the number of 1’s in the argument
of f (and independent of the actual position of the 1’s). This fact implies a one
to one relation between SYM,, and the set of subsets of {0, 1,---,n}. Therefore
the following definition makes sense:

Definition 1.6 For M C {0,1,---,n}, let EqY denote the symmetric function
given by:

1 if{ilz; =1} e M
0 otherwise

P! (o) = {

If f € MON, N SYM,, then f is given by an M C {0,1,---,n} of the form
{k,k+1,---,n}. We call f a threshold function:

Definition 1.7 The threshold function Thﬁ s given by:

1 if il = 1} > &
0 otherwise

i) = {

Example 1.2 Th(z,y,2) = vy + 12+ y2
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1.4 Representation of problems

So far we have mentioned ways to describe Boolean functions, and introduced a
few properties Boolean functions may possess. We will now sketch how problems
arising in various areas can be represented as Boolean functions.

Problems at the bit level such as adders will be studied in section 3.
We take graph problems as an example.

Let G = (V, E) be a directed graph, where the nodes V' are numbered 1,2, -- -, n.
G may be represented by an incidence matrix {c;;} where ¢;; = 1, if and only
if (4,7) € E. This means that a directed graph can be described by n? Boolean
values. The graph represented by {c;;} (or c) is denoted G|c|.

Any decision problem on graphs, may now be defined by Boolean functions.
Consider a concrete example. Does there exist a path in G' (with n nodes) from
node ¢ to node j7 This problem is defined by the function f, where

1 if graph Gz] has a path from node 7 to node j
0 otherwise

f(z) ={

Since graphs come in all sizes, a graph problem corresponds to a family of func-
tions:

Definition 1.8 A family F' = {F;} of Boolean functions is a sequence of func-
tions indexed by some subset of the natural numbers.

Example 1.3 The path problem for directed graphs may be described by the fol-
lowing family:

DPATH = {DPATH,, DPATH,,---, DPATH,., -}

where

DPATH,:(z) { 1 if graph G|z] has a path from node 1 to node n

0 otherwise

Note that DPAT H,,2 is monotone. (If there is a path from u to v in G, then that
path will remain, when more edges are added to the graph).
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If all functions in a family belong to a certain class, then we will also say that
the family belongs to this class. In the case of the path problem, we write
DPATH € MON, since DPATH,> € MON,,2 for all n.

All formal problems that possess a representation that makes them solvable on
a computer, can also be represented as a family of Boolean functions. Assume
P is a program, that outputs yes or no on any input. By viewing the input as a

binary string, we have a canonical method for associating a family of functions
{fN with P:

f(P) (z) = 1 if P outputs yes on input x
L= 0 otherwise

The precise binary encoding of the input is implicitly defined by P, and it is not
our concern at the moment. We will discuss standard representations for various
problem classes later as the need arises.

Exercises

Exercise 1.1 Show that the following equalities are valid:

1. z2+y=y+z and zy = yx

2. (x4y)+z=a+ (y+2) and (zy)z = z(yz)
z(y+z)=ay+zz and x+yz = (x +y)(z+ 2)

4. x-Z=0z+T=1lzr-z=xzandrz+x==2x

5

.rx-l=x2,2-0=0z+1=1andzx+0=2x

6. (x+y)=77 and (vy) =T+ 7 (DeMorgan’s law)

7. z(z+y)=zandz+ay==x

8. () ==
A Boolean algebra is a structure {M,0,1,4,-,~ } that satisfies 1-8 above.

Exercise 1.2 Show the correctness of equations (1) and (2).
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Exercise 1.3 Let sel € Bz be defined by:

oy ifz=1
sel(z,y, 2) = { 2z otherwise

Find DNF- and CNF -expressions for sel(z,y,u + v).
Exercise 1.4 Show that {&®,-} and {sel} are complete bases.
Exercise 1.5 Show that for f € B, it holds that

f@y, 2, 20) = 20 f (L2, -+, 20) + T1f(0, 72, - -, Tn)
and if in addition f € MON,, then

f@i, 2o, mn) = 21 f (1,29, - -+, 20) + (0, D2, -+, )

Exercise 1.6 Show that f € B,, is monotone, if and only if f can be written as
a {+,-}-expression, i.e. {+,-} is a complete basis for the monotone functions.

Exercise 1.7 Show that {Th%} 15 a complete basis for the monotone functions.

Exercise 1.8 Find a DNF-ezpression for E¢i"> (z).

Exercise 1.9 A Boolean function f € B, is affine if and only if
flx1, 20, ... Zp) =2, ® T, D ... D, D

for some c € {0,1}.

Prove that a basis B C B is complete if and only if (i) B contains a non-monotone
function and (ii) B contains a non-affine function. Hint: Prove the following
subresults:

1. The function NEG is a B-expression if B contains a non-monotone func-
tion.

2. Any non-affine function f € By has the form f(x,y) = (2%°)° for some
constants a,b,c € {0,1}

3. If B contains a non-affine function then there exists a non-affine function
on two variables that is a B-expression.
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2 Circuit Models and Complexity Measures

We have already used expressions for describing Boolean functions. In this sec-
tion, we will concentrate on computing Boolean functions.

2.1 Circuits and Straight Line Programs

Our first model is a straight line program, which describes a sequential method
for computing an expression.

Definition 2.1 Let B be a basis. A straight line program over B with input (or
indeterminates) X = {x1,x9,---, 2.}, is a sequence of s assignments, where the
1’th assignment has the form

Vi < D(yla’yk)

where y; € X U{0,1} U {v1,ve,---,v; 1} and O € B.

If s > 0 then the program computes the value vy, and if s = 0 a special output
statement specifies which value among {0,1,21,Z9, -+, xn} is computed by the
program.

We may draw a straight line program as a circuit (see figure 3). The v’s in the
straight line program correspond to the computation nodes in the circuit.

For a circuit N we will also let V denote the function computed by N.

2.2 Size and Depth

Definition 2.2 Let N be a circuit (straight line program) with s computation
nodes over the basis B. The size, S(N), of N is s. The depth, D(N), of N is
defined in terms of the depth of circuit nodes. The latter is defined inductively as
follows:

1. D(0) = D(1) = 0

2. D(z;) =0 fori=1,2,---.n
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/+
+
Q

v — Y
Vg < T2
vz — Yz X y z
Uy < U1+ Vo
Vs < U4+ Vs

Figure 3: Straight line program and circuit for Th(z, y, 2)

3. vaz — D(y1:y27-"7yk); then

D(v;) = maz {D(yx)} + 1.

D(N) is defined to be D(vy).

The fan-out of a circuit is the marimum number of times a single sub-result
variable is used in the right-hand side of an assignment.

A circuit with fan-out 1 is called a formula. For a formula N we let L(N) denote
the size. L means formula length.

The circuit N in figure 3 is a formula, where S(N) = 5 and D(N) = 3. Intuitively,
the measures size and depth correspond to sequential time (or parallel work) and
parallel time at the bit level, respectively. This intuition will be formalised in
section 4.

Definition 2.3 For a basis B and a function f € B we define Mg(f), where M
18 S, D or L to be

Mg(f) = min {M(N)|N is a circuit over B that computes f}
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For the default basis {-,+,” } we omit a basis specification. The monotone basis
{-,+} is specified by an “m”.

Usually, we are only interested in results about the default basis (or some other
complete basis) and the monotone basis. However, many of the results we prove
can also be shown for arbitrary non-complete bases, but the proofs get rather
technical, and some of them are only published in Russian!

2.3 Upper Bounds

Proposition 2.1  a) For all f € B (f € MON) it holds that

al) S(f) < L(f) < n2" (Sm(f) < Lin(f) < n27)
a2)  D(f) < S(f) (D (f) < Sm(f))
a3) D(f) <n+[logn] +1  (Dn(f) <n+ [logn])

b) For all f € MON it holds that

M(f) < Mu(f) for M € {S, D, L}

One may verify the upper bounds in proposition 2.1 by considering DNF (the
DNF-formula for either f or f will have size bounded by n2").

Formulas are circuits with fan-out at most 1. We have defined a special complex-
ity measure L, based on formula. It is a natural question, whether one obtains
significantly different complexity measures by bounding the fan-out to other con-
stants such as 2 or 3. As we shall see that is not the case.

Theorem 2.2 For all circuits N (over the default basis or the monotone basis)
with unbounded fan-out, there exists an equivalent circuit N' with fan-out 2 such
that S(N') = O(S(N)).

Proof. Figure 4 shows how fan-out can be reduced in a special case. The construc-
tion generalises in the obvious way. For a node with fan-out & the transformation
creates (k — 2) extra AND-nodes.

If N has s nodes with fan-out ky, ko, - - - ks then 7, k; is a bound on the number
of extra nodes. But since each node has fan-in at most two, we also have that
i1 ki < 2s, which implies the theorem. O
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1 v 1

Figure 4: Fan-out 8 reduced to fan-out 2

There is more to be said about the complexity measures and their mutual rela-
tionship than what follows from the inequalities in proposition 2.1. We begin by
improving the universal upper bound on size. Let S, = max{S(f)|f € B,} and

L, = max{L(f)|f € B,}.
Theorem 2.3 L,=0(@2").
Proof. We know that

f(xla s amn) = xnf(xla <oy Tp—1, 1) +ﬁf($1a s ,.Tn,l,O) (3)

This suggests a formula construction for f, where the two occurrences of f on
the right-hand side are expanded recursively, by letting x,_; assume the role of
T

This results in a recurrence
L,<2xL, 1+4
L <1

that gives a bound
L, <5-2"' —4=0(2")

which is an improvement compared to the DNF based bound. O

The construction can be improved by allowing multiple fan-out.
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Theorem 2.4 (Lupanov, 1958) Sp=0(—).

Proof. Note that when the formula in the proof of the previous theorem has been
expanded recursively i steps using equation (3), then we have 2¢ sub-functions of
[ on the right-hand side, each containing n — 4 variables. So for each recursion
step we get more functions and fewer variables. There are only 22" ° distinct
functions of (n —4) variables, and with i increasing towards n, we eventually get
2t > 22"7"_ For such i there are least 2 of the sub-functions that are functionally
identical.

At this point we switch to look at circuits rather than formulas. This allows us
to compute a function with multiple occurrences only once and reuse the result
as appropriate (the dynamic programming technique). To simplify the analysis,
we implement this approach as follows:

1. For j :=1 to n — i we compute all functions in B; on the given input (!)

2. For j := n down-to n—7+1 we expand the formula as described above, but
then, instead of expanding any further, we use the relevant precomputed
function values.

Equation (3) tells us that when we have computed all functions in B;_; then we
may compute all the functions in B; with only O(|B,|) additional gates. Hence,
for the implementation of the lower part of the circuit (item 1.), we need in total

O B, = O(Bu-) = 0

gates. For the upper part of the circuit (item 2.), we need O(2°) gates. In total,
for any choice of 4, it holds that

S, =0(2% +2)

By choosing i = [n —logn + 1] we get S, = O(%). O

We shall later see (section 5) that the above construction is optimal (up to a multi-
plicative constant), i.e. there exists a family of functions { f, } with S(f,) = ©(%).
The bound on L,, can be improved to O( ~), but we omit the construction.
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2.4 Depth and Formula Size

In this section we initiate the study of relations between complexity measures.
The first result shows a tight connection between depth and formula size.

Theorem 2.5 (Spira, 1971) For all f € B it holds that D(f) = O(log L(f)).
If f € MON it holds in addition that D,,(f) = O(log Ly, (f))-

Proof. We will show that we to a given monotone formula N, can construct an
equivalent monotone circuit N’ of depth O(log L(N)). By using DeMorgan’s law
this result translates to non-monotone measures.

If L(N) > 2, then we can for any natural number o < L(N) find a sub-formula
F of N with the property that o < L(F') < 2a (The reader is urged to work out
the details of this argument). In particular, we choose a sub-formula F such that

[3HM)] < L(F) < 2051V)]

Let Ny ( N1 ) be the circuit that results from N by replacing the sub-formula F
witha 0 (1), i.e.

Ni(z) ifF(z)=1
No(z) otherwise

Ve = {

In addition, it holds that Ny(z) < Ni(x), since N is monotone.

Define a new Boolean function monotone selection by MONSEL(z, y, z) = zy+ 2.
It holds that

N(z) = MONSEL(F'(z), Ni(z), No(z))

(see figure 5) When used recursively, the method gives a recurrence for the depth
as a function of the size L

I it L <2
mmS{quD+2ﬁL>2

since L(N;) < L(N) — L(F) < [3L(N)] for i = 0,1. The recurrence gives
D(L) = O(log L). O
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MONSEL
Ny Ny
1 0

Figure 5: Reduction of formula depth.

Note that the size of the constructed formula is O(L(N)?). Using another method
(we omit to do so) it is possible, simultaneously, to obtain circuit depth O(log L(N))
and circuit size linear in L(N).

By expanding a circuit into a formula, we can get a reverse relationship: L(f) =

O(QD(f)). To summarise, we have proven L(f) = 20(D(1) | which means that
depth and formula size are equivalent complexity measures up to a constant
factor for depth and a constant exponent for formula size.

2.5 Depth and circuit size

Since formulas are a special type of circuit, one might naturally ask whether the
result of the last section generalise to circuits with unbounded fan-out. We shall
see a sort of generalised construction in the proof of the following theorem.

Theorem 2.6 (Paterson and Valiant, 1976) For all f € B it holds that

S(f)

D(f) = O(IOgS(f)

).

Proof. Let N be a circuit computing the function f. Similar to the construction of
low depth formulas, we try to divide the circuit in two approximately equally large
parts. In the case of formulas, a division was possible such that only a single value
needed to pass from the lower part of the circuit to the upper part of the circuit
during evaluation. Such a division may not be possible for circuits in general.
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access

b
[\

Figure 6: Reduction of circuit depth

1T I
000 110 11

However, let us assume that we have somehow got a division where values from &
nodes only in the lower part of the circuit are used in the upper part of the circuit
(we describe later, how to obtain a small k, simultaneously with making the parts
almost equally large). This means that there are in principle 2* distinct outcomes
possible when evaluating the lower part. We shall make a construction, which in
the first step evaluates the upper part for all these 2% possible values in parallel,
simultaneously to finding the actual value of the lower part. In the second step
the value of the lower part is used to select the appropriate result for the entire
circuit (see figure 6). For this purpose, we need a generalised select-function,
namely access defined by access(zo, 1, . .., Tor_1, Yb—1, Y—2, - - -, Yo) = T[y], Where
ly] denotes the number represented in binary by y. The function access may be
computed by a {+,-,~ }-circuit of depth k + [logk| + 2 (Exercise 2.2).

In the cases, where k£ cannot be chosen sufficiently small for the construction
using access to reduce depth, it turns out that an appropriate division leads to
small depth by simply first computing the lower part and then afterwards the
upper part.

In either case, the entire method is used recursively on both the lower and upper
parts. The resulting circuit may be enormous in size, but our concern is depth
only.

We will now describe how to find an appropriate division of the circuit. For
technical simplicity, we will assume that the fan-out of any gate is at most 2
(using theorem 2.2), and of course, the fan-in is also at most 2. We need the
concept of an internal wire. An internal wire is simply a wire between two gates
in a given circuit. Let ¢ be the number of internal wires in N. We will look at a
division of NV in two parts A and B such that A can be computed before B. Let
a and b be the number of internal wires in A and B, respectively, and let k£ be
the number of wires between A and B.
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Let us now consider what happens, if we change the A-B division slightly by
moving an arbitrary gate from A to B. The value of a is reduced by at most
2 and the value of b is increased by at most 2, so the value of a — b is reduced
by at most 4. If we start with all gates in A and none in B, and we move all
gates from A to B one by one, then the value of a — b will change from ¢ down
to —c, decreasing no more than 4 in any single step. Therefore, there must be
some intermediate step at which

la —b| < 2.

Let the corresponding A and B be the division we use in the recursive construc-
tion. Let us first argue intuitively for this choice. If we put e = max(a,b) and
use that a + b+ k = ¢, then we get

c<2e+k<c+?2.

This means that if £ is large, then both A and B have few internal wires im-
plying that they can both be computed by low depth circuits and their direct
combination will also have fairly low depth. If & is small, we can use the access-
construction.

For making a formal analysis, we introduce a function

d(c) =
max{D(f)|f may be computed by a circuit with ¢ internal wires}

The construction using the access-circuit leads to an inequality:

d(c) < max (d(e)+k+ [logk] +2) <

c<2e+k<c+2
max (d(e) +2k+2) <
c<2e+k<c+2
max (d(e) + 2(c — 2¢) + 6)
1<e<et?

Since we may compute f by first computing A and then B, we get a second
inequality

d(c) < max 2d(e)

1<e< 2
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When combining the two inequalities, the following recurrence for d results:

d(c) < max min{2d(e),d(e) + 2(c — 2¢) + 6} (4)

1<e<sf?

Containing both min and maz, (4) looks potentially difficult to solve. However,
it is possible.

We will use that f; : e — 2d(e) and fs : e — d(e) +2(c—2e)+6 are increasing and
decreasing functions, respectively (exercise 2.3). For increasing f; and decreasing
fo2 over an interval I, it holds that

max min{ fi(z), fo(z)} < max{fi(y), fo(y)} forallye I

xel

In our case, this implies

d(c) < max{2d(eo), d(eq) + 2(c — 2e9) + 6} for all ey € [1, 2 (5)
At this point, we dare make a qualified guess at a solution:

d(t2? +3) <25 for ¢t>0 (6)

We will show (6) by induction in ¢. The basis ¢t = 0 is obvious. For the induction
step we use (5) with ¢ = (¢ +1)2!™ + 3 and ¢y = #1273 + 3

d((t+1)27* +3) <

max{2d(t2""? + 3),
d(t2"3 4+ 3) + 2((t 4+ 1)27* + 3 — 2(12"3 + 3)) + 6} <

max {2416, 216} = 91+6

(6) implies that d(c) = O(c/logc). Since there are at most two internal wires for
every gate in a circuit, we have proven the theorem. O

The above theorem is the best known result of its type. Since by proposition 2.1
all functions have depth O(n), the theorem is only interesting for a small size
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range. It is unknown, whether the result is optimal. It is consistent with our
present knowledge if in fact D(f) = O(log S(f)) for all f. Such an improvement
would imply that all computations parallelise well. It is also unknown, whether
the size blow-up in the present construction can be avoided.

Surprisingly, it is known that for almost all functions f that D(f) = O(log S(f))
(without a size blow-up) implying that almost all functions parallelise well. Unfor-
tunately, “almost all” is not known to include any of the relatively few functions
that arise from natural problems. This may appear paradoxical and we discuss
the situation further in section 5.

2.6 The Complexity of Function Families

The introduction of complexity measures puts significance to function families
compared to single functions. Some fixed function f of 7 variables has complexity,
say S(f) = 42, which is not very interesting. However, for a family of functions
{f»} it may hold that S(f,) < 3n? + n, which is much more enlightening and
allows comparison with other families to improve understanding of the first family.
In addition, we have the possibility of using asymptotic notation when making
statements about {f,}, e. g. S(fn) = O(n?) or S(f,) = 3n? + o(n?), if we want
greater precision.

We can also form classes of function families by putting restrictions on their
complexity in various complexity measures. Some basic classes are:

e pC, the class of function families that are computed by polynomial size
circuit families. Formally, pC = {{f,}|S(f,) = n°®}.

e pF, the class of function families that are computed by polynomial size
formula families. Formally, pF = {{f,}|L(f,) = n°®}.

e NC', the class of function families that are computed by polynomial size
circuit families of depth O(log’ n).

From section 2.4 it follows that
Theorem 2.7 pF = NC! C pC

We will define more complexity classes as the need arises.
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2.7 Projection

The concept of complexity classes plays an important role in identifying hard
functions. The reader is assumed to be familiar with the theory of NP-comple-
teness (say from dAlg). Recall that every problem in NP reduces to any given
NP-complete problem by a simple reduction such that an efficient solution for the
NP-complete problem implies an efficient solution for all problems in NP. Since
it is widely believed that not all problems in NP are easy, we are lead to believe
that any single NP-complete problem is hard.

Similarly, we do not know whether pC is contained in pF, i.e. whether all func-
tions in pC have good solutions of small depth, but experts in parallel algorithms
would be surprised if that is the case. The full analogy to the NP-completeness
theory could be carried through, if we had a suitable kind of reduction, by which
we could show certain problems to be complete for pC and hence unlikely to
have good parallel solutions (and we have understood why that is so). We need
a reduction that preserves membership of pF.

Definition 2.4 Let f € B, , g € B,, be two Boolean functions. We say that f
s a projection of g, if

f(xlax?, . xn) = g(a(yl)’ U(yZ)a SRR U(ym))a

where
g . {yl,yg,...,ym} — {0,1,.’L‘1,.T2,...,ﬁlﬁn,.’z‘l,.’l_)g,...,fn}.

Example 2.1 + and - are projections of Th:, since x +y = Thi(1,z,y) and
-y = Th(0,2,y).

The function f(z,y,z) = z(J + 2) is a projection of Thi since f(x,y,z) =
Thi(z, 2,7, 2).

Intuitively, the existence of a projection of g onto f expresses that a chip for ¢
can be used for computing f in a simple way (see figure 7).

Definition 2.5 Let {f,},{gn} be families of functions. We say that {f,} is a
projection of {gn}, if for all n there exists an m such that f, is a projection of
9m- The family {g,} is said to be universal for a class of families C, if for all

{fn} € C it holds that { f.} is a projection of {gn}.
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Chip for Th3

A A A A

Projektion

Figure 7: Chip construction by projection

Intuitively, chips for members of universal families are general purpose chips that
are capable of computing many different functions. Consider the example

n n

DNF,:(z) = Z H Lij

i=1j=1

Since every function has a DNF-expression, we see that DNF is universal for B.
However, for most functions occurring in practice, it would be rather inefficient to
use a DNF-chip for their computation. To deal with this problem, we introduce
restricted versions of projection and universality.

Definition 2.6 Let {f,},{g.} be families of functions. We say that {f,} is a
p-projection of {g,} ({fn} <p {9n}), if there exists a polynomial q, such that for
all n there is an m < q(n) such that f, is a projection of g,,. The family {g,}
is said to be p-universal for a class of families C, if for all {f,} € C it holds
that {f.} <, {gn}- If, in addition, it holds that {g,} € C, we say that {g,} is
p-complete for C.

p-projection turns out to be the proper type of reduction, since the class pF is
closed under p-projections (the composition of two polynomials is a polynomial).
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Hence, when a problem is p-complete for pC, it can not be in pF unless pF = pC.
We will see examples of such problems later. The concept of projection was
introduced by Skyum and Valiant (1985).

2.8 Bases with unlimited fan-in

Our favourite basis {+,-,” } and all other bases we have seen so far are finite.
However, an infinite basis is conceivable and for some purposes more appropriate
than a finite one.

Definition 2.7 Let +, be the function in B, that takes the OR of n variables,
ie. +n(T1,-.-,Tn) = T1+To+. .. +xy,. Similarly, let -, be the AND of n variables
and define the basis U = {~, +2, 2, +3,3,---}-

A circuit over I is a circuit of unbounded fan-in. We shall later make a corre-
spondence between such circuits and the CRCW-model of parallel computations
(see section 4).

There are functions (such as OR of n variables) that have size O(n) in the basis
{+,-,7 }, but have size O(1) in Y. However, there is a bound to the possible
discrepancy between the two size measures.

Theorem 2.8 For all f € B, it holds that S(f) < n(Sy(f))?

Proof. Exercise 2.6. O

For depth the situation is different.
Theorem 2.9 For all f, Dy(f) < 3.

Proof. The DNF-expression for f can be implemented as a fan-in 2" OR of fan-in
n AND’s. O

Since the size over U is significantly less than the size over the standard basis, and
the depth measure is trivialised, one might think that the concept of unbounded
fan-in is ill-conceived. However, when one limits depth and size simultaneously,
an interesting complexity measure results. Allowing less than exponential size,
it is not clear how to compute all functions in constant depth. In fact, the best
result known is
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Theorem 2.10 Let f € B, be a function that is computed by an ordinary circuit
of size s and depth d. For every e, f is computed by a U-circuit of size O(sn®)
and depth O([d/loglogn]).

Proof. Partition C' into d layers C1,Cs,...Cy such that no gate in layer j takes
input from a gate in layer k£ if £ > j. Group the layers into blocks with b =
% loglog n consecutive layers in each block. A gate in some block may be regarded
as computing a function of at most 2° gates in previous layers or inputs. Such a
function has a DNF-expression, which is computed by a U-circuit of depth 2 and
size 22 + 1, the latter value being o(n¢) for every e. We may replace the original
gate with this unbounded fan-in circuit. This is done for all gates in the original
circuit. The resulting depth is twice the number of layers. O

In general, this construction is optimal. However, the proof is non-trivial and we
defer it till section 5

We will in the later sections use a few complexity classes defined in terms of
U-circuits.

Definition 2.8 Let AC" be the class of function families that are computed by a
family of U-circuits of polynomial size and depth O(log' n).
Let T be the basis {~}U{Thy " }ns1. Let TC' be the class of function families that

n

are computed by a family of T -circuits of polynomial size and depth O(logi n).

TC? may be regarded as the class of functions that can be computed by artificial

neural networks (of the type currently used). We will later see (exercise 2.7 and
section 3), that NC* C AC* C TC' C NC*,

2.9 Branching Programs

To make a precise combinatorial characterisation of the machine resource space
(in section 4), we will need a new model.

Definition 2.9 Let n be a natural number. A (nondeterministic) branching pro-
gram is a directed graph where edges are labelled either “true”, “x; = 07 or
“2; = 17, for some 1 < ¢ < n, and the graph has two nodes labelled s and t,

respectively.
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The program computes the function f, € B,, defined by

1 if there is a path from s to t labelled
falz) = with true assertions about x, exclusively,
0 otherwise

A branching program is deterministic, if (i) every node has at most two outgoing
edges, and if (ii) there is two outgoing edges from a node v, they must be labelled
x; =0 and x; = 1 (for some i), respectively.

Note that for a deterministic branching program it is possible to decide the ex-
istence of a path without backtracking. A deterministic branching program may
be regarded as a generalisation of decision trees, since a decision tree can be con-
verted into a deterministic branching program by adding edges labelled “true”
from all leaves labelled “true” to a new node designated ¢.

We can define a new complexity measure based on branching programs. It turns
out to be related to a measure defined in terms of projections.

Definition 2.10 We define the complexity measure B(f) to denote the size (num-
ber of nodes) of the smallest branching program computing f € B.

Given a universal family {g,}, let the projection complexity Cy(f) of f with
respect to {gm} be the minimum m such that f is a projection of gp,.

Theorem 2.11 (B(f))? = Cppata(f)

Proof. One may claim that the theorem holds per definition: If f is a projection
of DPATH,:, then we can from the projection directly construct a branching
program with n nodes for f, and conversely. O

Corollary 2.12 A family {f,} of Boolean functions has polynomial size branch-
ing programs if and only if {f,} is a p-projection of DPATH.

If a family {fn,} of Boolean functions has polynomial size branching programs
then {f,} € AC".

Proof. The first part is immediate from the previous theorem. For the second
part, we provide an argument: By exercise 2.8, DPATH € AC', and by exercise
2.9, AC! is closed under p-projections. We conclude that functions with poly-
nomial size branching programs are in AC' (and therefore have small depth).
O
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Exercises

Exercise 2.1 Find S(Eqél’Q}), D(Eqém}) and L(Eqél’Q}),

Exercise 2.2 Show that the access-function can be computed within the asserted
depth.

Exercise 2.3 Show that the functions 2d(e) and d(e) + (¢ — 2¢) + 6 in the proof
of theorem 2.6 are monotone as asserted. (Hint: show that d(e) < d(e +1) <
d(e) +1).

Exercise 2.4 Formulate and prove monotone variants of theorems 2.4 and 2.6.

Exercise 2.5 Let f € B,,. The dual function to f, f*, is defined by

A (z1,29, ..., 20) = f(T1,Ta, .., Tn)
f is called self dual, if f* = f.

1. Find the dual function to Th3(z,vy, 2).

2. Find f*, (fg)* and (f + g)*.

3. Show that f — f* is a bijection on the sets B, MON and SYM.
4

. Let S = {7, Thg}. Show that the set of functions definable by S-expressions
without the use of the constants 0,1 coincides with the set of self dual func-
tions.

5. Let Ss(f) (Ds(f)) denote minimum size (depth) of an S-circuit (that does
not use the constants 0,1) for f. Show that for self dual f it holds that

Ss(f) = O(S(f)) and Ds(f) = O(D(f)).
Exercise 2.6 Prove theorem 2.8.
Exercise 2.7 Show that AC* C TC".

Exercise 2.8 Show that DPATH € AC'.
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Exercise 2.9 Show that AC® is closed under p-projection.

Exercise 2.10 Let brackets be the family of functions, defined by bracketsy,(z) =
1, if and only if x is a correctly balanced string of parentheses, when 0 represents
a left parenthesis and 1 represents a right parenthesis.

Show that brackets € TCO.

Exercise 2.11 For every constant k > 0, let AC% be the class of function families
that can be computed by a U-circuit of depth < k. It holds that AC}, # A02+1
(this may be assumed without proof).

Show that AC® can not have a p-complete family.

Exercise 2.12 Show that pF has a p-complete family.
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3 Constructions 1

In the first part of this section, we describe the construction of efficient circuits
for addition of binary numbers. Such circuits are fundamental — one can hardly
imagine a computer without some hardwired addition function. We will need the
circuits in section 4, when simulating Turing machines and in the present section
they are used for efficient computation of general symmetric functions.

In the second part we look at efficient computation of functions that are both
monotone and symmetric. They can be computed efficiently as any other symmet-
ric function using the standard {+,-,~ }-basis. It is more difficult to find efficient
circuits when we restrict ourselves to use a monotone basis (binary addition is no
longer applicable). We construct monotone solutions based on sorting networks,
and we prove the existence of small monotone formula by a (non-constructive)
probabilistic method. With this knowledge one might conjecture that if a mono-
tone problem has an efficient general solution (using negation) then it also has
an efficient monotone solution, but such a conjecture is known to be false. We
are later going to prove super-polynomial lower bounds for monotone solutions
to some monotone problems (see section 7).

3.1 Addition of two numbers

Let n € {1,2,..}, 2 = (Tn-1,...,21,%0) and ¥ = (Yn-1,---,¥1,%). We define
[z] = Y4 2;2¢, i.e. [z] is the natural number with binary representation .
Conversely, if ¢ < 2" is a natural number then b,(¢) is the n-bit binary represen-
tation of ¢. The addition function add, € Bg, 41 is given by

[addy(z,y)] = [z] +[y], z,y € {0, 1}".

In this section we will determine the complexity of the addition function by
constructing a series of addition circuits.

3.1.1 Method 1

The most obvious construction is perhaps a simulation of the “school” method
for adding numbers. Let z = add,(z,y). We may compute z by the following
algorithm.

2+ addy(z,y) :
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co+— 0
fori:=0ton—1do
Zi —2; DY D
Cit1 < Th§($i,yi,0i)
od
Zn — Cp

Figure 8 illustrates an execution of the algorithm. In the algorithm, ¢; denotes

i [ 5[4[3[2[1]0]
Gl 1]0]0][1[1]0
i |—|1]0]0]1]1
v l=|1|1]0]0]1

[z 1]of1][1]0]0]

Figure 8: The “school” method for addition

the carry at the 7’th position. The program may be unfolded into a straight line
program of size O(n) and depth O(n) over an arbitrarily chosen complete basis.
The size is obviously optimal:

Proposition 3.1 S(add,) = ©(n)

3.1.2 Method 2

In section 2 it was shown that any function of n variables has depth at most
n + [logn], and therefore the depth of the construction in method 1 gives us no
interesting information. We want to improve this depth.

Since ¢; 1 depends on ¢; it seems necessary to compute ¢; before computing ¢; 1,
which inevitably results in depth Q(n). However, we may use the fact that a
carry can take only two distinct values. Let addc, € Bg,11,4+1 be given by

laddcn(z,y,0)] = [z] + [y] +[c], 2,y €{0,1}",c€{0,1}.

An addc, circuit may be projected into an add, circuit by giving ¢ the value 0.
We are going to construct a shallow circuit for addc, using divide and conquer.

We want to compute z = addc,(z,y,c). Let 27" = (Z|n/2)-1,---,%), " =
(Tn—1,---,T|ns2)) and let ys" be y'" defined similarly.
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Deﬁne gright — addcn/Q(Qright’gright’ C), gleft,o — addcn/2(£1eft’gleft’ 0) a/nd
24 = adde, (2%, ', 1). Tt holds that

left,1 left,0

o { P for 0 <i < |n/2]
' Sel(zrfsl/i;y Zi—|n/2| Zi—|_n/2j) for [n/2] <i<n

This suggests a recursive construction of a circuit for adde, (note the similarity
to the proof of theorem 2.5). Let s,, and d,, denote the size and depth respectively
of this circuit. We find that

Sn = 28|n/j2) *+ S[n/2) + O(n),
dy, = max(dtn/gJ,d[nm) + O(l)

These recurrences have the solutions s, = O(n'°¢23) and d,, = O(logn). Since,
obviously, D(add,) = Q(logn) we also have that

Proposition 3.2 D(add,) = O(logn)

By the use of dynamic programming, the construction may be improved to give
a circuit of size O(nlogn) and depth O(logn) (Exercise 3.1).

3.1.3 Method 3 (Carry-look-ahead)

We have determined S(add,) and D(add,), but so far we have not managed
to construct a single family of circuits that are optimal with respect to both
measures. If such a family did not exist, we would say that add, had a size-depth
trade-off. However, such a family does exist as we shall see.

The bottleneck is the computation of the carry bits. Once we know all the ¢;’s we
may compute z by a circuit of size O(n) and depth O(1). In order to understand
how a carry c¢;;; from position 7 is determined, it is helpful to distinguish three
types of positions.

e Both z; and y; are 0. In this case ¢;;1 = 0, independent of the value of ¢;.
We call ¢ a C-position (carry clear).

e Precisely one of x; and y; is 1. In this case ¢;;1 = ¢;, and we call 7 a
P-position (carry propagate).
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[i]|5][4][3[2]1]0]

gl 1]oflo[L]1]0
zi|—|1/0]0]1]1
vil=11[1]0]0]1
u=1S|P|C[P[S
Zl1l0[1][1]0]0

Figure 9: Values of v;

o[ CIP|S]
c[clc|c
P|C|P|S
S|S[S[S

Figure 10: (M, o)

e Both x; and y; are 1. In this case ¢;y1 = 1, independent of the value of c;.
We call ¢ an S-position (carry set).

Let M denote the set of symbols {C, P, S}. To any pair of inputs z,y we attach
a vector v € M™ such that v; denotes the type of position ¢ (see figure 9).

v alone determines all the carry bits and the following theorem is the basis for
the carry-look-ahead method.

Theorem 3.3 Let the composition o : M? — M be given by the table in figure
10. (M, o) is a semi group (i.e. o is associative). Let v be defined as above and
let

m; = (V;_10V;_90v;30---0vy)0C
It holds that

“T11 ifm=S

Proof. Exercise 3.2. O

This means that we have reduced addition to a prefiz computation in a finite
semigroup M: Given vy, ...,v, € M, compute a = prefiz, (v), where a; = [T vj,
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1=1,...,n. In the statement of theorem 3.3 we use suffixes, but it is more usual
to talk about a prefix problem (which is clearly computationally equivalent).
Note that the prefix problem is not a Boolean problem, and a solution consists in
a circuit (using o-gates) that works for all semigroups M. However, for a concrete
semigroup the elements can be represented by bit vectors, and the o-gates can
be represented by small constant size Boolean circuits, giving rise to a Boolean
solution.

By using the abstract semigroup formulation of the prefix problem, we get a
solution that can be used for other problems besides addition (see exercises).

In the sequel it is assumed that n is a power of 2. prefiz,(v) is computed by a
recursive algorithm:

a < prefiz(v) :
2 4 prefiz, 5(v1 © V2, V30 Vs, - -+, VUp1 0 Up)
a; < U1
fori:=1ton/2—1do
Qi < Z;
Q2i+1 € Z; O V2441
od
Qp £ Zp/2

The algorithm may be unfolded into a circuit of size s, and depth d,,, where

Sp =Sp2t+n—1

dn:dn/2+2
8221
dy =1

The recurrences imply that s, = 2n — log,n — 2 and d,, = 2log,(n) — 1, and we
get:

Theorem 3.4 Forn a power of 2, prefiz,, is computed by a circuit of size s, < 2n
and depth d,, < 2logyn.

Corollary 3.5 add, is computed by a circuit of size O(n) and depth O(logn).

Proof. The result follows from theorem 3.4 and the construction of exercise 3.3.
O
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3.2 Addition of many numbers

Let z',...2" be r bit vectors of length n. Define addm,,, € Brnntfogr) by
laddmy (2", .., 2")] = [2']
i=1

Corollary 3.5 and a divide and conquer approach results in a circuit of size O(rn)
and depth O(logrlogn), when n > logr. The size is optimal, but the depth may
be improved by the carry-save construction.

Lemma 3.6 There exists a circuit of size O(n) and depth O(1) that when input
z,y,z € {0,1}" outputs u,v € {0,1}"** such that

[u] + [v] = [z] + [y] + [2]

Proof. The basic idea is the following: When adding 3 bits the result is 0,1, 2 or
3 which can be represented by 2 bits only. Formally:

U =2, DY Pz,0<1<n-1

U, =0

’U():O

Vi1 = Tha(24,vi,2),0<i<n—1

a

The circuit of the lemma reduces a addm, ,-problem to a addmya, /31 n+1-problem.
By iterating this construction, we get a problem of type addms, that may be
solved using corollary 3.5. Let the size and depth of the final solution be s, ,, and
d,n. We get the recurrences

St = S[2r/3],n41 + O(Tn)
So;m = O(n)

dr,n = d[2r/3],n+1 + 0(1)
do., = O(logn)

that leads to

Theorem 3.7 The addm, ,-function may be computed by a circuit of size O(rn)
and depth O(logr + logn).
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3.3 Symmetric functions

Let f = E¢ be a symmetric function. We intend to find an upper bound for
the complexity of f. As noted in section 1 the value of a symmetric function is
determined by the number of 1-bits in the input, i.e. the value is determined by
the function count,, € By, |10gn)+1 defined by

[county(z)] = [{ila; = 1}].

count, is the addition of n 1-bit numbers, and according to theorem 3.7, it is
computed by a circuit of size O(n) and depth O(logn).

Given the binary representation of a number ¢ < n we still have to construct a
circuit that decides whether ¢ € M. Since M can be any subset of {0, 1,2,...,n},
we need a general construction for any function f € B,,, where m = [log, n| + 1.
By theorem 2.4, any function in B,, can be computed by a circuit of size O(2™/m)
and depth O(m).

Theorem 3.8 All functions in SYM,, are computed by circuits of size O(n) and
depth O(logn).

Corollary 3.9 Every function in SYM,, has a formula of size O(n°W).

Binary sorting, SORT,, € B, ,, is a particularly interesting symmetric problem
given by

SORTn(ﬁ) = (ThZ(ﬁ): Thz_l(ﬁ)v T Th}z(i))

Though theorem 3.8 does not apply (SORT, has n outputs) it is the case that
SORT,, is computed by a circuit of size O(n) and depth O(logn) (see exercise
3.19), which is optimal.

Since both threshold functions and binary sorting are monotone, we could also
ask for their complexities over the monotone basis {+,-}. For this purpose, we
introduce comparator networks, which have traditionally been used for describing
solutions to the sorting problem.
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Figure 11: Comparator network computing SORT},
3.4 Comparator Networks

By a comparator network we mean a circuit whose gates are comparators COMP €
By 2, where

COMP(z,y) = (zy,z + y) = (min(z, y), max(z,y)).

The fan-out of each output from a comparator must be one, and we may draw
a comparator network as illustrated in figure 11(a) that shows a network with 4
horizontal wires corresponding to 4 inputs (and 4 outputs). A gate is represented
by a vertical arrow between two wires. The input comes on the wires to the
left of the gate and the output is emitted on the wires to the right with the
minimum value at the point of the arrow and the maximum value at the root of
the arrow. Figure 11(b) shows the equivalent straight line program, where the
notation (7 : j) represents an arrow from wire j to wire i.

Definition 3.1 A sorting network with n inputs is a comparator-network that
computes SORT,.

It holds that:

Proposition 3.10 (0-1 principle) A sorting network can be used to sort ele-
ments from an arbitrary ordered set (S, <), when the COMP-gate is replaced by
a gate, that computes (min(sy, s2), max(sy, s2)) for inputs s1,82 € S.

Proof. Exercise 3.22. O
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The 0-1-principle essentially states that a (straight line) program for sorting over
some ordered set by comparison, is correct if and only if it sorts all (0, 1) sequences
(of the proper length) correctly. Figure 11(c) illustrates sorting of the vector
(4,2,1,3).

We introduce the usual complexity measures:

Definition 3.2 For a function f* : B, — B, Sc(f") and Dc(fI) denotes
the smallest size and depth respectively of any comparator network that computes

fa"

Observe that S,,(f) < 2-Sc(f) and Dy, (f) < De(f).

The usual efficient sorting algorithms have time complexity O(nlogn), and we
could reasonably expect the same bound to hold for sorting networks. In fact it
does, but the result is highly nontrivial. None of the classical sorting algorithms
with time complexity O(nlogn) leads to straight line programs. As an example,
consider insertion sort (using binary search). It leads to a program that branches
dependent on the result of earlier comparisons.

The existence of a sorting network of size O(nlogn) and depth O(logn) was
proven by Ajtai, Komlés and Szemeredi (1983). The constants hidden in the
O(-)-notation are astronomic, so the result is of theoretical interest only. Paterson
(1990) later reduced the constants to be “just” enormous.

We will here present a relatively simple network of size O(nlog®n) and depth
O(log® n).

3.4.1 Merging Networks

The basic idea underlying merge sort is very simple. When given n elements (for
technical simplicity, we will assume that n is a power of 2), we divide the inputs
in two groups, which are sorted recursively (in parallel), and the final result is
computed by a merging network:

Definition 3.3 A merging network is a comparator network that computes SORT,
when the inputs (z,y) are both sorted and |z| = |y| = 7.

Lemma 3.11 (Batcher) There exists a merging network of size 7 log 5 +1 and
depth logn.



3.4 Comparator Networks 35

Proof. For the description of the network we use the notation:

Vodd = (01, U3, Vs, ..., Uzk—1) and Veven — (02, Vg4, Vg, - - -, U2Ic)a

for v = (Ul,’Ug,’U?,, .. 'aUZk)'

The network is based on the following algorithm:

merge(z, y)
{ INVARIANT: z,y are both sorted and |z|, |y| = §}
if n = 2 then return COMP(z1,y1);
else
do in parallel
Zodd = Merge(Zoqq; Qodd)§
Zeyen ‘= merge(z
od;
fori:=1to § —1do in parallel
(Wais Woiy1) 1= COMP(29, 23411);
od;
Wy 1= 215 Wy i= Zp;
{INVARIANT: w = SORT,(z,y)};
return w;
fi;

)

even geven) )

end

We need to prove that the algorithm performs a merge correctly. We may assume
that z = 0%912 727 and y = 0%+<157%~¢ where i,j € {0,1,...,2} and §,¢ €
{0,1}. Let y =30 +€€{0,1,2}.

The result of the recursive calls to merge is z = 02¢+)+717=20+9)-7 if o € {0, 1},
and the result is z = 026+)+11017-2049) -3 if 4 = 2.

The sorted vector w is therefore computed from z by possibly swapping the values
at pOSitiODS ZQ(Z'+j+1) and Z2(i+j+1)+1.

All branching and loops in the algorithm depend on n only, so the algorithm may
be unfolded into a straight line program (merging network) for any given n.

The size of the network satisfies S(n) = 25(%) + % — 1 and S(2) = 1, giving
S(n) = §log % + 1. The depth satisfies D(n) = D(%) + 1 and D(2) = 1, giving
D(n) = logn. O

Batcher’s construction is usually named odd-even-merge and it leads to
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Theorem 3.12 [t is possible to construct a sorting network of size %loan —
2logn+n— 1 and depth 1log’n + Llogn.

Proof. Merge sort based on odd-even-merge leads to recurrences for the size of
a sorting network: S(n) < 25(%) + Flog§ 4+ 1 and S(2) = 1. Similarly for
depth: D(n) < D(%5) +1logn and D(2) = 1. The theorem follows from solving
the recurrences. O

Note that the sorting network in figure 11 is constructed using odd-even-merge.

It is possible to merge n elements using only n—1 comparisons, when branching is
allowed, but for straight line programs odd-even-merge is essentially optimal. Let
M (n) denote the minimum size of a merging network with n inputs. Miltersen,
Paterson and Tarui (1992) have shown that M(n) > %log % — O(n). We present
a slightly weaker result with a simpler proof:

Theorem 3.13 (Floyd) M(n) > %log2n.

n
4

Proof. Let C' be an optimal merging network. Using the result of exercise 3.23,
we may assume that C takes the two sorted input vectors z and y in the following
fixed permutation: z = (x1, y1, T2, Y2, 3, Y3, - - - x%,y%), i.e. Zogg =  and Zopep, =
Y.

We divide the comparators in C' in three groups:
Ci={(:0)|1<ii< T}
Co={(i:) | 5 <ij<n)

Cy={(i:j) [i<5<jor j<5<i)

Consider all possible inputs z,y € {0, 1}41%. On such inputs no comparator in
Cs or C3 makes any swapping, so all the work is done by comparators in C';, which
n

therefore must form a complete merging network on % input, i.e. |Ci| > M(3).

By a symmetric argument we have that [Cy| > M(3).
A correct merge of z = 0% and y = 1% requires that |C3| > 2.

In total, we have shown the recurrence M(n) > 2M(%)+ % and M(2) = 1, which
implies the theorem. O
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Figure 12: (I, m)-values for splitting network (n = 6)
3.4.2 Splitting Networks

One may sort by repeated merging, but it is also possible to sort by repeated
splitting. One starts by dividing the input into two groups containing the 7
smaller elements and the 7 larger elements, respectively. The two groups are

sorted recursively (in parallel).

Definition 3.4 A splitting network us a comparator network that when input
z € {0,1}" computes a permutation (z,y) of z, such that |z| = |y| = § and z; < y;
for alli,j. (The output from a splitting network is not uniquely determined).

By computing the median, we can construct a non straight line program of size
O(n) that splits the input, but for straight line programs, Jimbo and Maruoka (ca.
1993) have the so far best construction of size < 1.9nlogn and depth O(logn).
This is optimal within a constant factor, since:

Theorem 3.14 A splitting network with n inputs has size at least
n n
—[log(= + 1)].
Tog( +1)]
Proof. Given a splitting network, we may label each wire by a pair of numbers

(I,m), as follows (figure 12 shows an example where n = 6):

The [-value of a wire is the minimum possible number of 0’s in an input vector
that can make the wire transport the value 0.

For input wires the [-values are all 1, and for a correct splitting network the lower
5 output wires have [ > % + 1.
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If the [-values of the wires into a given gate (i : j) are [; and [;, respectively, and
the [-values out of the gate are [; and I’, respectively, then

l; = min(li, lj)
and
<l +1;.

The last inequality is proven in exercise 3.24.

The m-value for a wire is defined inductively: The input value of an input wire
is 0. If the m-values before a gate (i : j) are m; and m;, respectively, then
the m-values after the gate are m] = min(m;, m;) and m} = max(m,;, m;) + 1,
respectively.

Note that the sum of the m-values on the output wires is equal to the number of
gates in the network.

By induction one may prove the following connection between [-values and m-
values on any single wire:

[<2m.

For a correct splitting network, we have: At least % of all l-values on output wires
must be > 7 +1, and therefore at least 7 of the m-values on output wires must be
> [log(% +1)], which implies that the network has size at least % [log(5 + 1)].
O

3.4.3 ThE for fixed k

A comparator network for SORT,, includes a comparator network for Thfb for all
k. A better construction is possible for fixed k:

Theorem 3.15 Assume that n and k are powers of two. For fized k it holds that
Sc(ThE) < n(logk + 1) + o(n)

Proof. The first published proof is due to Yao (1980). Compared to this proof, we
are going to use a less efficient construction and be rather careless in our analysis,
but that has only implications for the size of the o(n)-term.
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We will solve a more general problem by constructing a comparator network that
computes SORT® (z) = (ThE (z), ThE™ (2),-- -, Th) (2)).

The construction is described by a recursive algorithm:

function SORTF(z)
if £ =1 then return the largest element in z.
if k = n then return SORT,(z).
if 2<k < 7 then
for i€ {1,2,...,%} do (Y, Yigns2) = COMP(;, Ti1n)2)
return MERGEkk/Q,k(SORTﬁﬁ(yl, Y2, 5 Ynj2),
SORTfL/Q(ynﬂ—l—la Ynj24+2," " ayn))

end
For k = 1, we have that Sc(SORT.) = n — 1, since the result depends on all the
inputs.

For k = n, we use a sorting network, and by theorem 3.12 we have S¢(SORT}) <
nlog® n.

For 1 < k < n, we start by making ¢ comparisons. As a result at least g of
the £ largest elements are placed in (Yn/241, Ynj2+2, - - - > Yn)- Hence, it suffices to
merge the result of the two recursive calls that are specified in the algorithm.
MERGEfl,m finds the k largest elements in two sorted input lists of length n and

m. It holds that SC(MERGEi/Q,k) < klogk (see exercise 3.27).

In total we get a recurrence for s(n, k) = Sc(SORTF)
s(n,1)=n—1

s(n,n) < nlog’n

n n k n n
< — —, = — 1 fi 2< k< —
s(n,k)_2+s(2,2)+3(2,k)-l—k ogk for _k_2

We solve it by guessing a solution

2 logn
s(n, k) < n(logk + 1) + klog k( log k
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and verify the correctness of this guess by induction: The induction basis, i.e.
the values s(n,1) and s(n,n) are obviously correct. For the induction step we
need a calculation:

s(n, k) <

n n k n
— — — — 1 <
5 +s(2,2)+s(2,k)+k ogk

n o n k of logn—1
§+§(logk)+§(logk—1) <logk—1 )

logn —1

n 2
§(logk+1)+klog k( log k

) + klogk <

2 logn
n(logk + 1) + klog k( log k

Since (}ggg) is vanishingly small compared to n (for fixed k£ !) we have proven the
theorem. 0

The lower bound technique for splitting networks can also be used to show the
optimality of the construction in theorem 3.15 (up to a lower order term):

Theorem 3.16 S¢(ThE) > (n — k)[logk + 1].

Proof. Exercise 3.28 O

3.5 Threshold Functions

From sorting networks of depth O(logn) it is possible to construct polynomial
size formulae (over the monotone basis {+,-}) for threshold functions, but the
huge constants hidden under the “O” leads to an equally huge exponent.

Valiant (1984) has proven the existence of much smaller formulae by a proba-
bilistic argument. In this section, we present a simplified (and slighter weaker)
version of his result.



3.5 Threshold Functions 41
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Figure 13: A Th3 formula in A3

We know that { Th3} is a complete basis for MON. We are going to show that the
majority function MAJ = {Thy:t! } has a small formula over this basis, which
implies the existence of small {+, -}-formulae for MA.J, and ThF for all n, k.

Let n = 2m + 1 be fixed in the following.

Let A; be the set of all totally balanced formulae of depth d over Th§ with
input from {z1,xs, -, z,}. Assume that F is a random formula in A, and let
c € {0,1}" be fixed. Let

fa =Pr(F(c) # MAJ(c)).
We have a recurrence for f; (Fy, Fy and Fy are random formulae in Ag):
far1 = Pr(TH(Fi(c), Fa(c), F3(c)) # MAJ(c)) =
fa+3f3(1 = fa) = 315 — 2f3

m 1 1
fo Pr(cz 7 MAJ(Q)) —2m+1 2 2n

The graph of 322 — 222 is drawn in figure 14. It shows that f; — 0 for d — oo,
i.e. for sufficiently large d we have that F' = MAJ, with high probability and
therefore A, contains a formula that computes MAJ,.

and

Being more precise, for f; < 27" we have that

Pr(F = MAJ,) > 1= Pr(F(c) # MAJ.(c)) >1—-2"2"" =0

In the sequel we are going to analyse how large d must be to ensure that f; < 27".
Note that 3z% — 22° has fixed points at 0, 3 and 1.

If fo =% —ethen fou1 =3(3 —€)? —2(3 —€)®* = 3 — 3¢ + O(¢?). This implies

that for all 0 < y < 2 there exists an € > 0 such that

fa<3—€e= fa1 <3 —e
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Figure 14: The function 3z% — 223

for 0 < € < €. This means that f; < { — %5 provided v%5- < ¢ or d <
log, €0 + log, 2n, which implies that fs,m) < & — €o after do(n) = log, n + O(1)
steps. Given an arbitrary constant 0 < o < % — €, we find that fg,(n)4a, < @
after an additional d; = O(1) steps, since 3 — ¢ is a constant (independent of n).
a will be fixed later.

After an additional j steps, we have that fyom)+di+j < 3¥a? since fi1 < 3f2.
We want to obtain fg(n)+4,+; < 27". This holds if (30)? < 27" orif 27 log, (3c) <
—n, which requires that log,(3a) < 0 or 3ax < 1. Therefore, let o = %. For such
choice of « we find that fgym)4+4,+5 < 27", when j > logyn.

Combined we see that log, n+log, n+0(1) = O(logn) iterations suffice to reduce

f to 27™. This implies that there exists a Thi-formula of depth O(logn) and size
nPM that computes MAJ,.

When substituting v = %, we find that the depth is bounded by 2.71log, n and
the size is bounded by O(3%711%627) = Q(n**?).

One may transform this result to the basis {+,-} and prove the existence of a
{+, - }-formula of size O(n®*?) for MAJ,.
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Valiant (1984) builds a proof on the basis (z + y)(z + v) € B, rather than Th.
The analysis is similar to ours, but more complicated. In return, the result
is stronger. Valiant proves the existence of a {+,-}-formula of size O(n®3) for
MAJ,. Boppana (1989) has shown that this result is the best possible for such
proof technique.

Exercises

Exercise 3.1 Improve the construction of the addc,-circuit using dynamic pro-
gramming to get a circuit of size O(nlogn) and depth O(logn).

Exercise 3.2 Prove theorem 3.3 using the observations stated prior to the theo-
rem.

Exercise 3.3 Describe a Boolean representation of the semigroup from theorem
3.3 and show how a solution of the prefix computation problem leads to a solution
of the Boolean add,-problem.

Exercise 3.4 Prove the correctness of the prefiz computation algorithm.
Exercise 3.5 Draw the prefix computation circuit for n = 16.

Exercise 3.6 Due to the general applicability of the prefix circuit, we are in-
terested in reducing the size of the constant factors occurring in the complezity
bound. A possible trade-off between the size constant and the depth constant would
also be interesting. Can you reduce the depth constant (while increasing the size
constant)?

Exercise 3.7 Show that the function less, € By, defined by

lessn(z,y) = { 0 ifle >y’ z,y € {0,1}

is computed by a circuit of size O(n) and depth O(logn).
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Exercise 3.8 Show that the function monus, € Bo, , defined by

[z] — [yl if [z] > [y]

[monus,(z,y)] = { 0 if ] < [y] z,y € {0,1}"

is computed by a circuit of size O(n) and depth O(logn).
Exercise 3.9 Show that addition is in AC’. How much can you reduce the size?

Exercise 3.10 The prefix circuit requires that the operation is associative. A
different construction avoids this condition. Let O be some (not necessarily as-
sociative) binary operator on a finite set M, and assume that the elements of M
have some fized Boolean representation.

1. Show the existence of a Boolean circuit of size O(n) and depth O(logn) that
when input T1,%s,...T, € M computes x1,x10xs, (x10x9)0x3, . ... Hint:
The relevant semigroup is M = {1t : M — M} with composition of func-
tions as the semigroup operation.

2. Let L be a regular language over a finite alphabet ¥ (so the strings over
Y have a natural Boolean representation). Show the ezistence of a family
of circuits of size O(n) and depth O(logn) that decides membership of L.
(This implies that all reqular languages are in NC!. )

Exercise 3.11 Let f € B,, be the function

flxr, 2, ... 2p) = 21(22 + (z3(xs + (z5(. .. 20 .. )

Show that [ is computed by a circuit of size O(n) and depth O(logn).

Exercise 3.12 Show that the function {bracketss,} (see exercise 2.10) is com-
puted by a circuit of depth O(logn) and size O(nlogn).

Exercise 3.13 Show using a simple divide and conquer approach that addm,. , is
computed by a circuit of size O(rn) and depth O(logrlogn) when n > logr.

The multiplication function mult, € Bay oy, is defined by

[multy,(z,y)] = [2][y], z,y € {0,1}".
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Exercise 3.14 The “school” method for multiplication of two numbers x and y
uses the identity

n—1
Ty = ry2' (assuming that x = Y74 £;2°).
i=0

Show using addm, ,, that mult, is computed by a circuit of size O(n?®) and depth
O(logn).

Exercise 3.15 Show using a divide and conquer approach that mult, is computed
by a circuit of size O(n'°%23) and depth O(log® n). Hint: Given the numbers a, b, c
and d one may compute bd, ac and ad + bc using only 3 multiplications.

The techniques of exercises 3.14 and 3.15 are asymptotically inferior to a tech-
nique using fast Fourier Transform:

Theorem 3.17 mult, is computed by a circuit of size O(n -logn -loglogn) and
depth O(logn).

Proof. Omitted 0

It is currently unresolved whether mult, is computed by a circuit of size O(n).

Exercise 3.16 The positional notation for t, (0 < t < n), p,(t) is the binary
string (Zn, - . ., Zo), where

[0 ifi#t
%_{1 ifi=t

Let bp,, € By, om where bp,,(z) = pam([z]) be the function that converts a number

from binary to positional notation. Show that bp,, is computed by a circuit of size
O(2™) and depth O(logn)

Exercise 3.17 Let t be a natural number 0 <t < n. The unary notation fort,
un(t), is the binary string (Yn, - . .,y1), where

fo ift<i
Y=Y 1 ift>i

Let pu,, € B,,,,_1 be the function that converts a number from positional to unary
notation. Show that pu, is computed by a circuit of size O(n) and depth O(logn).
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Exercise 3.18 Let pbyn € Bom ,, be the function that converts a number from
positional notation to binary notation. Show that pbym is computed by a circuit
of size O(2™) and depth O(m).

Exercise 3.19 Show that SORT, is computed by a circuit of size O(n) and depth
O(logn).

Why is this result not inconsistent with the lower bound Q(nlogn) on the sequen-
tial time for sorting (proven in the course dAlg)?

Exercise 3.20 Show by a single argument that the circuits from theorem 3.4,
corollary 3.5, theorem 3.7, exercise 3.16, exercise 3.17, exercise 3.18 and exercise
3.19 all are size and depth optimal (up to a constant factor).

Exercise 3.21 Show that the existence of a (comparator based) sorting network
of size s and depth d implies the existence of a ({+,-}-based) circuit for binary
sorting of size 2s and depth d.

Exercise 3.22 Show proposition 3.10

Exercise 3.23 Show that if there exists a merging network C that sorts the input
vector (z1, T, - - . T2, Y1, Yo, - - .,y%) provided that each of x and y are sorted in
advance, then there also exists a network C' that sorts the input vector
(1, Y1, T2, Y2, T3, Y3, - - - ,av%,y%) provided that each of x and y are sorted in ad-
vance, and C' has the same size and depth as C.

Exercise 3.24 Show that l; <; +1; as asserted in the proof of theorem 3.14.

Exercise 3.25 Show that the existence of a sorting network C implies the exis-
tence of a sorting network C' where all gates (i : j) satisfy that i < j, and C' has
the same size and depth as C'.

Exercise 3.26 Show that a splitting network can be made from only 3 gates, if
the input is known to be in the form (z,y), where z and y are both sorted.

Exercise 3.27 A sequence x1,%o,...,x, is bitonic if there exists j such that
Ty 232232235 and x5 < xjyq <o STy,
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1. Construct a comparator network of size 3 logn and depth logn that com-
putes SORT, assuming that the input x is a bitonic sequence. (Hint: ,qq

and Ty, are also bitonic).

2. Show the bound SC(ME'RGE'“,C/Q,,C) < klogk that was used in the proof of

theorem 3.15.

Exercise 3.28 Prove theorem 3.16.

Exercise 3.29 For fived k, find a bound for S,,(ThE).

Exercise 3.30 Let neg, be the n-fold negation function defined by

neg, (z1,...,x,) = (Z1,. ..

The object of this exercise is to show that neg, can be implemented over the basis

{+, -, } using only |logn| + 1 negation gates.

1. Appreciate for a moment how surprising this result really is.

2. Construct the circuit from the following components:

(a) Binary sorting without the use of negation (exercise 3.21).

(b) Unary to binary conversion of the sorted bits, while computing the

wnwverse binary representation as well.
(¢) Binary to positional conversion of the result.

(d) Binary sorting of the n vectors

(332,.’13'3, Tt axn)a (.’131,.’]3'3,.’11'4, Tt axn)a AR (xlamZa Tt amnfl)-

(e) Combination of the results from pt. 2c and pt. 2d.
3. Find the size and depth of the circuit (in terms of n).

4. Draw the circuit for n = 3.

5. Show that the result implies that every function on n variables can be com-

puted using only |logn| + 1 negation gates.
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Exercise 3.31 The halting problem K takes for input the name of a Turing
machine T with an tnput x and reports whether T stops on x. It is well known
that K 1is not solvable by a Turing machine. Fortunately, in a small village near
Copenhagen, there lives an old man that can solve instances of K using divine
inspiration. You have three instances of the Halting problem for which you want
an answer. You can only afford to pay the old man for two answers. What can
you do ¢
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4 Machine Models and Boolean Circuits

In the first chapters, we presented a model of computation based on Boolean
circuits. From other courses you should be familiar with abstract machines such
as the Turing Machine (TM) and the Random Access Machine (RAM). One
might expect a close relationship between complexity measures defined in terms
of machines and circuits, respectively, since the hardware of existing machines
are based on Boolean circuits and it is possible to simulate a Boolean circuit with
software. Indeed, we shall see that sequential time correspond to circuit size, and
parallel time correspond to circuit depth. More surprisingly, space is related to
depth as well.

To establish the above correspondences, we introduce a nonuniform machine
model. First of all we remind the reader of Turing Machine complexity mea-
sures.

4.1 Turing Machines

The Turing Machine consists of a finite control unit and an infinite tape with a
tape head (for technical simplicity we use a machine with one tape only).

The control unit can be in any state taken from a finite set Q).

The non blank portion of the tape is finite and is described as a string over the
alphabet I' = {0, 1, #}. The Turing Machine can read and write to the tape cell
currently below the tape head.

A configuration is a tuple (g, t, k), where ¢ is a state, t is the contents of the tape,
and h is the position of the tape head. The dynamics of the Turing machine is
described by a partial transition function § : @ xI' — @ x ({L,R} UT). If in
the current configuration the Turing Machine is in state ¢ and the character «
is below the tape head, then 6(¢q, @) decides the next possible configuration of
the machine. The first component specifies the state of the finite control. The
second component either specifies movement of the tape head a single cell to the
left (L) or right (R) or specifies a new symbol (y € I') to be written under the
tape head, which remains on the spot.

The are three special states, the initial state, the accept state and the reject state.
0 is undefined in the accept or reject states.

Let L C {0,1}* be a language. We say that M recognises L, if the machine
reaches an accept state when started in on an input x € L and halts in the reject
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state, when started on an input y ¢ L. The machine is started on an input
z € {0,1}" by letting the tape initially contain #x1xs...x,##F ..., with the
tape head positioned over the blank symbol immediately to the left of x;. The
control unit is placed in the initial state.

A nondeterministic Turing Machine is defined similarly to a deterministic one,
apart from allowing  to be a relation. The machine accepts an input z, if there
exists a possible computation that accepts .

Measuring the time usage of a Turing Machine is fairly straight forward. Mea-
suring the space usage is more subtle. It seems natural to count the number of
tape cells that the Turing Machines touches, but since it has to read all of the
input, it would necessarily use linear space with this measure.

Instead we let the Turing Machine have two tapes.

e A read-only tape, where the input is placed. The machine is not allowed
to write on this tape and the tape head can not leave the part of the tape,
where input is written.

e A work-tape for general use.

The two heads move independently, as specified by the control unit. The space
usage on such an off-line Turing Machine is measured by the number of cells on
the work tape that are scanned by the work tape head during a computation.

Definition 4.1 P (NP) is the class of languages that can be recognised by a
(nondeterministic) Turing Machine using polynomial time.

L (NL) is the class of languages that can be recognised by a (nondeterministic)
Turing Machine using logarithmic space.

4.2 Uniformity and nonuniformity

Usual machine models are uniform in that a single finite program must work for
all input sizes. As a consequence some problems have no programs. They are
undecidable. In contrast every problem ( language L € {0,1}*) can be solved
(decided) by a nonuniform family of Boolean circuits.

It is even possible to construct an undecidable problem with a trivial nonuniform
solution: Let H be an arbitrary undecidable language, and let sg, s1,s9,... be
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an effective enumeration of {0,1}*. Let H* be defined by x € H* if and only if
sz € H. Since H reduces to H* (by an effective though not polynomial time

reduction), H* is undecidable. For every n, H* is constant on {0, 1}" such that
S(H}) and D(H}) are both O(1).

The example shows us that if we want to establish a tight relationship between
circuit based and machine based complexity measures, we must either make a
uniform version of the circuits or a nonuniform version of the machines. Both
approaches have been taken in the literature. We choose a variant of the latter.

Definition 4.2 A nonuniform Turing Machine is a family of Turing Machines
{T,.}, one for each input size such that the number of states in T, is n®W.

P/poly (NP /poly ) is the class of languages that can be recognised by a nonuniform
(and nondeterministic) Turing Machine using polynomial time.

L/poly (NL/poly) is the class of languages that can be recognised by a nonuniform
(and nondeterministic) Turing Machine using logarithmic space.

In general all complexity classes comes in both a uniform version and a nonuni-
form version. However, for technical simplicity, we phrase the relations between
machine complexity measures and circuit complexity measures in the coming
sections in terms of polynomial time and logarithmic space only.

There is quite some disagreement between complexity theorists whether the uni-
form models or the nonuniform models are the more fundamental. Protagonists
of nonuniformity argue that the simplicity of the circuit model will make it easier
to develop new techniques for proving nontrivial lower bounds. As we shall see in
later sections, their has indeed appeared new techniques for proving lower bounds
in nonuniform models in recent year. One should keep in mind, though, that di-
agonalisation, a successful technique for separating complexity classes, works only
for uniform models.

4.3 Time and Size

In this section we shall establish that a machine of polynomial time complexity
corresponds to a polynomial size circuit family, speaking nonuniformly.

We use the Turing Machine. Corresponding results for the Random Access Ma-
chine is contained in exercises 4.6 and 4.7.
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We identify a language L with the family of characteristic functions {L, € B,},
where L,(z) = 1 if and only if z € L. We can ask for the size and depth of L.

Theorem 4.1 Let T be a deterministic Turing Machine that recognises a lan-
guage L. If T stops within t(n) steps on any input of size n then S(L,) =
O(t(n)?).

The theorem was first shown by Savage (1972) and later improved by Pippenger
and Fischer (1979) to S(L,) = O(t(n) logt(n)).

Proof. We start by giving a suitable Boolean encoding of a T'-configuration. The
state of the control unit is represented by a sufficiently large bit vector g. Since
T halts within ¢(n) steps, it can touch no more than ¢(n) cells to the right of
the initial head position. Hence, it suffices to represent the t(n) + 1 first tape
cells. Let the contents of these be a string 7, and represent 7 by the bit vector
t = v(7), where 7 is defined by (0) = (0,0), v(1) = (1,1), v(#) = (0,1) and ~
is extended to strings in the natural manner (by homomorphism). The position
of the head is represented by a vector a holding the binary representation of a
number between 1 and ¢(n) + 1. Combined the three vectors represent a unique
configuration. Let < k > denote the representation of configuration k. We intend
to implement a Boolean function

nea:t(g, L, Q) = (gla tla Ql)

such that next(< k >) =< [ >, if the configuration following & is [. If k is a
halted configuration then nezt(< k >) =< k >. For the implementation of next
we need a few auxiliary functions. Let access, € Bji[iogn],1 as in the proof of
theorem 2.6. In exercise 4.3, it is shown that access, can be computed by a circuit
of size O(n) and depth O(logn). Let modify, € Bniiogni+1,n be defined by

modify, (y,a,b) = z
where

jal = [logn],b € {0,1},
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and

Z:{yz- if i # [a]
' b ifi=][ad]

modify describes writing at a specified address in a store of 1-bit words similar
to the way access describes reading. In exercise 4.3 it is shown that modify, can
be implemented by a circuit of size O(n) and depth O(loglogn).

We sketch a circuit for next:

1. Read the current symbol below the tape head by using 2 copies of the circuit
for access (since each symbol on the tape is represented by two bits).

2. Based on what is read and the current state, compute the following values:

e The new symbol below the tape head.
e The new state.

e The value d € {—1,0,1} that must be added to the address of the
tape head.

3. 2 copies of the circuit for modify compute the new tape value, while an
add-circuit adds d to the head address. (See section 3 for the construction
of an add-circuit).

Point 1 is implemented by a circuit of size O(t(n)), point 2 by a circuit of size
O(1), and point 3 by a circuit of size O(t(n)). next may also be computed by a
circuit of size O(t(n)). In total, we have built the following circuit for L,:

2+ Ly(z) :
v + “Representation of the initial configuration with input z”
for i:=1 to t(n) do
vt < next(v® )
od
2 + “The truth value of: Is v’ an accepting configuration”

Since the first step may be implemented by a circuit of size O(#(n)) and the

last step by a circuit of size O(1), we find, that L, can be computed by a circuit
of size O(t(n)?). 0

Corollary 4.2 P C pC
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By using nonuniform Turing Machines, we can get a reverse inclusion
Theorem 4.3 P/poly = pC

Proof. C is proven similarly to the proof for uniform machines. O is shown by
letting Turing Machine 7}, have a built-in program that simulates the n’th circuit
in a polynomial size family of circuits for {f,}. Such a built-in program (repre-
sented in a finite control of polynomial size) can be constructed using techniques
from dAlg. See exercise 4.5 for details. a

4.4 Space and Depth

This section establishes a close (and perhaps surprising) connection between the
space usage necessary to compute a function and the depth complexity of the
same function. For the proof we use branching programs.

Theorem 4.4 Let T be a (possibly nondeterministic) Turing Machine that recog-
nises a language L. If T uses at most s(n) cells on the work tape for any input of
size n, where s(n) > log(n), then L, is computed by a branching program of size
206()  If the Turing Machine is deterministic, so is the branching program.

Proof. Let n be fixed. A semi-configuration is a 3-tuple containing the contents of
the s(n) cells used on the work tape, the state of the control unit, and the positions
of the two heads. For a fixed input x, the semi-configuration determines a com-
plete configuration. A semi-configuration is described by O(s(n)) + O(logn) =
O(s(n)) bits. Hence, there are at most 2°¢(™) distinct semi-configurations.

Let V be the set of semi-configurations and let v € V. When the machine
is in semi-configuration v, the input head is in a position 4, determined by v.
Combined v and the symbol in input cell 4, determines which semi-configurations
can follow from a single transition step of the machine.

We define a directed graph with nodes V', where edges are marked by subsets of
{0,1,#}: The symbol « is included in the mark on edge (v, w) if and only if the
machine can make the transition from v to w, when the input head reads symbol
.

From this graph and knowledge of the initial semi-configuration s and knowledge
of the set of accepting semi-configurations F', we have sufficient information to
simulate the Turing Machine on all inputs of size n.
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Actually, we do not need the symbol # when marking the edges. On the input
tape, symbol # occurs in positions 1 and n + 1, but nowhere else. Hence, we
know in advance, for which semi-configurations the input head reads a # and for
which it does not. We may therefore assume that all markings are reduced to be
subsets of {0,1}.

We can transform the graph to a branching program. If an edge out of v is
marked {0}, we will write the mark as “z;, = 07”. Similarly, if an edge out of v
is marked {1}, we will write the mark as “z;, = 17”. If an edge is marked {0, 1},
we will write the mark as “true”, but if an edge is marked (), we will remove the
edge from the graph. By possibly adding a single node with incoming edges from
accepting semi-configurations, we can assume that F' consists of a single node t.

The constructed branching program computes L,,. O

To get the reverse inclusion, we need to work with nonuniform Turing Machines:

Theorem 4.5 L € NL/poly if and only if L has polynomial size branching pro-
grammes.

Proof. The proof of = is similar to the proof of 4.4. Concerning <: We may
implement a branching program by a nondeterministic program that uses a sin-
gle variable to hold the current position of the input head. This variable needs
O(logn) bits (space). The finite control unit holds the current node of the branch-
ing program, and guesses nondeterministically which edge of the branching pro-
gram to follow in the next step. The legality of this step is checked by moving
the input head to the appropriate position, and reading the symbol under the
head. O

This theorem characterises space complexity in terms of branching program com-
plexity. Using a result of section 2.9 we can make a direct connection between
space and depth.

Theorem 4.6 NC' C L/poly C NL/poly C AC*

Proof. NC' C L/poly: Let L € NC! be a family of circuits {C,}. The circuit C,,
gives rise to an equivalent polynomial size, logarithmic depth formula in reverse
Polish notation. The program of Turing Machine 7, evaluates this formula by
means of the usual stack algorithm. On the work tape the machine maintains
the current stack and the current position of the input head.

NL/poly C AC': By the previous theorem and corollary 2.12 O
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Combined with the result of the next section theorem 4.6 can be seen as a con-
firming example of the “Parallel Computation Thesis” that asserts the equivalence
of sequential space and parallel time (up to polynomial blowup/shrinking).

4.5 Parallel Time and Depth

As a model for parallel computation, we use the PRAM known from the dAlg
course. As in the case of Turing Machines, we will need a nonuniform version to
state our result:

Theorem 4.7 A language L can be recognised on a nonuniform priority CRCW
PRAM using polynomially many processors in time O(log'n) if and only if L €
AC".

Proof. See exercise 4.8. O

4.6 Probabilistic Machines and non-uniformity

There are problems that we can solve efficiently using a randomised algorithm,
and yet no efficient deterministic solution is known.

In this section, we characterise problems having an efficient probabilistic solution,
and we show that such problems are computed by a (nonuniform) family of small
circuits. One interpretation of this result is that randomisation is a discount
version of nonuniformity.

Definition 4.3 A polynomial time probabilistic Turing Machine (PTM) M that
accepts a language L with error probability € is a nondeterministic TM, where

1. M has precisely two possible transitions from every non-halting configura-
tion.

2. There exists a polynomial p such that every computation on input x has the
same length p(|z|) (and ends in a halted accept or reject configuration).

3. If z € L then at most a fraction € of all the 2PU=D) distinct computations on
nput x leads to a reject. Symmetrically, if © & L then at most a fraction €
of the distinct computations on input x leads to an accept.
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Let BPP (Bounded away from % Probabilistic Polynomial time) denote the class
of languages that are accepted by a PTM with error probability € < %

BPP is our formalisation of the fuzzy concept “problems that have an efficient
randomised solution.

The error probability can be made exponentially small efficiently, also in cases
where the given probabilistic algorithm has an error probability close to %

Lemma 4.8 If L. € BPP is accepted by a PTM M with error probability ¢ < %
in time p(n), then for every k there erists a PTM M' that accepts L with error
probability 6 = 2% in time O(k - p(n)).

Proof. A machine M’ is constructed to simulate M repeatedly, m times, for some
odd number m. Among the m results, accept/reject, M’ selects the most frequent
one. We can bound the error probability for M

Pr(M' fails) <

(4e(1 — €))%

m
2

Finally, (4e(1 —€))?> < 27 provided
2k

> -
log( 46(11—6) )

= O(k)

m

Randomisation is no stronger than nonuniformity:

Theorem 4.9 (Adleman, 1978) BPP C P/poly.
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Proof. Let L € BPP. According to lemma 4.8, for every k, we can find a PTM M
that accepts Ly = LN {0,1}* in time O(k - p(k)) with error probability < 27%L.

There are 2% distinct inputs, z1,%o, ...,z € {0,1}%, of length k. For each
such input of length k, there are 2°9*?() distinct computations in M. These
computations may be represented uniquely (and efficiently) with the 20(%»(k)
distinct bit strings, y1,ya, - - -, Ysowsxy), of length O(k - p(k)).

We can imagine (don’t construct it!) a 0, 1-matrix with a row for each z; and a
column for each y;, where the 7, jth entry contains a 1 if and only if the compu-
tation represented by y; leads to the correct answer for input ;.

Since the error probability of M is at most 27571, the fraction of 0’s in any matrix
row is upper bounded by the same value 27%~!. Hence, by a counting argument,
there exists at least one matrix column (say the cth corresponding to bit string
Y.), where the fraction of 0’s is also upper bounded by 27%~1. However, there are
precisely 2 entries in every column including the cth which implies that the cth
column contains 1’s only. Hence the bit string y. represents a computation that
leads to the correct answer for all the 2* distinct inputs.

We construct a Turing Machine 7}, that has the string y. built into its finite
control, and on any input (of length k) it simulates the single computation of M
represented by ..

This can be done for all input sizes £ and results in a nonuniform Turing Machine
{T}} that accepts L in polynomial time. O

Primality testing is the prototypical example of a problem with a good ran-
domised solution, and no (known) efficient deterministic solution:

Definition 4.4 Let composite, € B,, be defined by

composite, (z) = 1 if [2] is a composite number
POEE =0 if [z] is a prime number

Theorem 4.10 (Rabin,1980) {composite,} € BPP
Proof. The algorithm is based on an algebraic result, which we state without

proof.

Let m > 3 be an odd number. Let k,r be defined by m = 2k .7 +1 and 7 is
odd. Let W(z) be the predicate “z” = 1 mod m or z>" = —1 mod m for some
i€{0,1,2,....k—1}".
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For composite m it holds that

(W(z)) <

1
Pr —
ze{1,2,3,..,m—1} 4

and for prime m it holds

Pr (-W(z)) =0

z€{1,2,3,....m—1}

O

Rabin’s test is used a lot in practice. Lemma 4.8 means that a few independent
tests can reduce the error probability substantially.

The proofs of lemma 4.8 and theorem 4.9 means that for a fixed input length n,
there exists O(n) z-values such that the knowledge of W (z) on these O(n) values
determines the primality of x. The computer algebra system Maple used in an
early version a deterministic “primality test”, based on computing W (zx) for the
5 specific values © = 2,3,5,7,11. Actually, this suffices to decide the primality
of m correctly, for all m less than approximately 10'°, but it does not give the
correct answer for all m.

By putting space restrictions on randomised algorithms one obtains a variant of
theorem 4.9:

Theorem 4.11 If L. € BPP 1is accepted by a PTM with error probability € < %
in space O(logn), then L € L/poly

Proof. See exercise 4.9. O

We will show a space efficient randomised solution to a problem, for which all
known deterministic solutions use super logarithmic space.

Definition 4.5 Let UPATH @) € By be defined by

n
2

1 if the undirected graph with
incidence matrix represented by x
has a path from node 1 to node n.
0  otherwise

UPATH() (z) =
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Theorem 4.12 (Aleliunas, Karp, Lipton, Lovasz, Rackoff, 1979) UPATH
1s accepted by a PTM with error probability € < % in space O(logn).

Proof. The algorithm is based on the following idea: If a random walk starting
from node 1 along the edges of the graph continues for sufficiently many steps
(say s steps), it will with high probability pass through node n, provided nodes
1 and n are in the same connected component.

To implement such a random walk, we would need log s space to count the number
of edges traversed so far and logn space to remember (the number of) the current
node.

To compute the relevant probabilities, we use a Markov chain { Xy, X, ...}, where
X; € {1,2,...,n} denotes the number of the node being visited at time i. For
technical simplicity, we will assume that the random walk starts at a random
node (We return later to the case Xy = 1):

1
PI'(XO = U) =

— forall u
n

The transition probabilities are:

< if (u,v) is an edge in the graph.
Pr(Xjpi=u| X;=v)=¢ 1— dei(”) if u=w.
0 otherwise

By induction, it follows that Pr(X; = u) = + for all u and i:

1
Pr(Xiy1i =u) =) Pr(Xiy1=u | X; =v) -Pr(X; =v) = -

Hence, for every edge (u,v) in the graph:
Pr(X;p1=v,X;=u)=Pr(X;p1=v | X;=u)-Pr(X; =u) = =

i.e. the probability that the random walk uses a given edge at a given time in a
given direction is # Hence, the expected time between two crossings of a given
edge in a given direction is n?. Hence, if we presently stand at one end of the
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edge, the expected time until we stand at the other end of the edge is at most
2
n°:

E(min X;,; = u | X; = v, “there is an edge (u,v)”) < n”
j

Since a shortest path from node 1 to node n has length < n, we get:
E(min X; = n | Xy = 1, “there is a path from 1 to n”) < n®
K3

If a random walk starts at node 1 and continues for 4n® steps with transition
probabilities as above then the following holds:

If there is a path from node 1 to node n, then

A~ =

Pr(The random walk does not pass node n) <

If there is not a path from node 1 to node n, then

Pr(The random walk does pass node n) =0

Corollary 4.13 UPATH € L/poly

4.7 Nondeterministic Circuits

When relating space to depth, we got a quadratic slack that hides the difference
between deterministic and nondeterministic space measures.

For time we suspect that there is much more than quadratic difference between
deterministic and nondeterministic measures. We have so far only related deter-
ministic time to circuit size. By introducing nondeterminism explicitly into the
circuit model, we can formulate a correspondence to nondeterministic time:

Definition 4.6 A nondeterministic circuit N that computes a function f € B,
is a circuit with inputs T1,. .., Tn, Y1, .-, Ym (for some m) such that

Vz € {0,1}".[f(z) =1« Jy € {0,1}".N(z,y) = 1]
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Y1, - - - Ym are called nondeterministic variables.

pD denotes the class of function families {f,} that are computed by nondeter-
ministic circuit families of size n°W.

Theorem 4.14 NP /poly = pD

Proof. Exercise 4.10 O

Exercises

Exercise 4.1 Show that the following problems are in NL: UPATH, UCON,
CYC, 2C, where

e UPATH decides whether there is a path from node 1 to n in an undirected
graph, when the incidence matriz is given as input.

e UCON decides whether an undirected graph is connected, when the incidence
matrix 1S given as input.

e (CYC decides whether a directed graph has a cycle, when the incidence ma-
triz is given as input.

e 2C decides whether an undirected graph can be 2-node-coloured, when the
incidence matric s given as input.

Exercise 4.2 Show that a deterministic Turing Machine using space s(n) can
be simulated by a nondeterministic Turing Machine using space O(s(n)?). Hint:
Use divide and conquer.

Exercise 4.3 Show that modify, is computed by a circuit of size O(n) and depth
O(loglogn), and show that access, is computed by a circuit of size O(n) and
depth O(logn).

Exercise 4.4 Suggest another representation of Turing Machine configurations
that allows the next-function to be computed by circuits of size O(n) and depth
O(1) (compared to depth O(logn)). Hint: Use locality.

Exercise 4.5 Fill in the missing details in the proof of theorem 4.3
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Exercise 4.6 A RAM (random access machine) consists of

o A memory with s cells, each holding log s bits. s depends polynomially on
the size of the input to the RAM.

e Two registers, named the address register and the data register, each holding
log s bits.

e A finite program that consists of a sequence of instructions at the machine
language level. Instructions are elementary arithmetic, indirect addressing
in the memory though the address register, conditional jumps, etc. The
program is placed in ROM (read only memory).

1. Describe how the RAM-model can be formalised so it makes sense to state
and prove properties of it.

2. Argue that the time spent by an optimal RAM to solve a problem corresponds
to the time taken by an optimal algorithm (in the more fuzzy notion of time
measure introduced at first part courses).

3. Show that if a language L is recognised by a RAM in time O(t), then
S(Ly,) = O(tslogt).

4. Show that if a language L is recognised by a RAM in time O(t), then

S(L,) = O(t*log’t). Hint: When s > t, we can reduce memory usage
by accepting a logarithmic slow down.

Exercise 4.7 A RAM is oblivious, if

e The line number (location in the program) of the instruction being executed
at a given time depends only on the size of the input.

e Ifthe RAM at a given time reads or writes to a cell a in the memory, then
the address of a depends on the size of the input (and the given time) only.

1. Gwe natural examples of oblivious RAM’s.

2. Show that if a language L is recognised by an oblivious RAM in time O(t),
then S(L,) = O(tlogt).
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Exercise 4.8 A priority CRCW-PRAM is a RAM with polynomially many num-
bered processors that execute private programs synchronously. Several processors
may read the same cell from memory simultaneously. If several processors write
to the same cell simultaneously, the resulting contents of the cell will be the value
written by the processor with the lowest number. It is not allowed for two proces-
sors to simultaneously read and write in the same cell.

e Show that if a CRCW-PRAM can recognise a language in constant time,

then the language is in AC°.

e Show that if a language is in AC®, then it is recognised by a nonuniform

CRCW-PRAM in constant time.

e Prove theorem 4.7.

Exercise 4.9 Show theorem 4.11.

Exercise 4.10 Show theorem 4.1}
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5 Lower Bounds I

We start by showing exponential lower bounds on the complexity of almost all
Boolean functions using a simple counting argument phrased in terms of Kol-
mogorov complexity.

For specific functions in NP no such bounds are known. The best techniques
give only linear and logarithmic lower bounds on size and depth respectively. We
present Neciporuk’s technique and the substitution technique for the full binary
basis By and Krapchenko’s technique for the basis {~, -, +}.

Since all efforts to prove super logarithmic lower bounds on depth for specific
functions have failed, attention has been given to separate problems within NC'.
We know that AC® C NC!, and a by now classic result states that in fact AC® #
NC!. Several proofs are known, and we present an algebraic one.

Much stronger lower bounds for monotone circuits are presented in section 7.

5.1 Lower bounds for almost all functions

In section 1, we stressed the fact that a description method may often be regarded
as a computation method and conversely. For instance a formula can be regarded
both as the definition of a function and as describing a method for computing the
function. We are going to use this phenomenon for giving lower bounds on the
complexity of almost all Boolean functions. The method dates back to Riordan
and Shannon (1942) and Shannon (1949). Initially, we formalise our notion of a
description method.

Definition 5.1 A description method for the Boolean functions B is a mapping
r:{0,1}* > BU{L}.

An assertion such as 7(0001010001) = OR, means that the binary string 0001010001
encodes the function OR € By with respect to the description method r. If
r(y) =L then y is not a legal encoding of any function.

Example 5.1 Tabulation ¢ is a description method defined by

t(Yoyr-.-Ys-1) = L, if s is not a power 2.
t(Yoy1--.ym—1) € By,
tWoyr - --Yor—1)(Z) = Yas
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and e.g. t(0111) = OR.

Definition 5.2 The Kolmogorov complexity measure K, with respect to a de-
scription method r is defined by

K,(f) = min{|y(|r(y) = f}

The Kolmogorov complexity of a function f with respect to a description method
r is the length of the shortest description of the function. For tabulation ¢ we
have that K;(f) = 2" for all functions f € B,,.

A simple theorem holds the key to all results in this subsection:

Theorem 5.1 For every description method r there are at least 22" — /22" out
of the 22" functions f in B, that have Kolmogorov complexity

K, (f) > 2"

Proof. There are 22" — 1 < /22" strings of length strictly less than 27~ and
hence only this number of functions can have less complexity. O

From this point on, we will refer to 22" — v/22" out of 22" as “almost all”, which
it certainly is.

We may now prove lower bounds for almost all functions with respect to our usual
complexity measures by regarding them as Kolmogorov complexity measures. If
we want to perceive circuit size as a description method then we must provide
a binary encoding of circuits. For this purpose we will assume the existence of
some encoding for the alphabet A = {#,0,1,v,z,+,-,7,«} (this can be done
with 4 bits per letter). There is a natural encoding of circuits over A, and e.g.
the circuit of figure 3 should be encoded as

“UH#vl + 21 -210#0v10 < z1 - 211#v11 < 210-211#v100 < vl +v10#v101 +
v100 4+ v11”.

The number three at the beginning of the string specifies the arity of the function.
This allows us to distinguish the described function from the function in B4 that
ignores its fourth argument, but is computed by the same circuit.

One may observe that the encoding of line 7 has length O(logi + logn) so the
encoding of an entire circuit N has length O(S(N)(log S(N) + logn)).
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If we think of the circuit encoding as a description method s then for any function
f we have:

K(f) = O(S(f)(log S(f) + logn))
and by theorem 5.1:

Corollary 5.2 Almost all functions f in B,, has complexity

27].

In section 2 it was shown that all functions f in B,, have complexity S(f) =
O(2"/n), so the two results combined determine the size complexity of almost all
functions up to a multiplicative constant.

We can argue analogously for formula size. Postfix (reverse Polish) notation
is a very compact description method for formulae. Using the alphabet B =
{#,2,0,1,-,+,” }, the formula in figure 3 may be encoded as

“UNM#21210 - 1211 - +210211 - +7

Such postfix notation for a formula N will have length O(L(N)logn) in a binary
encoding of B, and theorem 5.1 leads to

Corollary 5.3 Almost all functions f in B, have complexity

271

L) = i

)

In section 2, we mentioned the existence of a corresponding upper bound (without
proof), so the result is optimal, and we have

Corollary 5.4 Almost all functions f have depth
D(f) =n —loglogn — O(1)
We may conclude that for almost all functions it holds that

D(f) = ©(log 5(f))-



68 5 LOWER BOUNDS I

As mentioned in section 2 it is unknown whether this statement is in fact true
for all functions, and there is a widespread belief that this is not the case. The
good parallelisation of almost all functions stems from the fact that the general
method of computation from theorem 2.4 is parallel (and size optimal for almost
all functions).

Though we have determined the complexity of almost all functions, it is a frus-
trating fact that we are unable to give non-linear lower bounds on size, non-
logarithmic lower bounds on depth or non-polynomial lower bounds on formula
size for any function family {f,} € NP.

Our last application of theorem 5.1 will be to projection complexity (definition
2.10). In section 2.7, we saw that the universality of the DNF-family is useless
from a practical point of view, since most functions are projections of only very
large instances of DNF. This situation does not change when replacing DNF by
some stronger family, say a pD-complete family. We shall see that most functions
still have high projection complexity.

Given a universal family {g;} we encode a projection of g,, to f € B,, given by

O-:{yl,y%y?n"'aym} _){xla-"amnax_la"':maoal} as

e A binary encoding of n, followed by a separator #.

e For every j, a binary encoding of o(y;) with separators between the o(y;)-
encodings.

There is no reason to explicitly encode m, since the value of m may be found from
the code by counting. The length of a binary version of the code is O(mlogn).

Corollary 5.5 Given a universal family {g;}, for almost all functions f € By, it
holds that

27'L

Gl =g

)

5.2 Lower Bounds for Formula Size

We are going to present two techniques for proving quadratic or almost quadratic
lower bounds on the formula size of many concrete problems.
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5.2.1 Krapchenko’s bound for the basis {+,-,” }.
Definition 5.3 Let A and B be subsets of {0,1}". We define the set
A® B ={(z,y) € Ax B| x and y differ in precisely one bit}

Let f € B, and A C f71(0), B C f!(1). If A® B is large then f will often
change value, when a single bit is flipped. Intuitively, it is difficult to obtain
many such changes with {+, -,"}-formulae. More precisely

Theorem 5.6 (Krapchenko, 1972) Let F be a {+,-,"}-formula for a function
f €By, and let AC f71(0), BC f (1) with A# 0 and B # (. It holds that

L(F) > |AQ BJ?

—_— — 1.
— [AllB]

Proof. The theorem is proved by induction in the formula size L(F).

L(F) = 0: In this case F' is a variable z;. Therefore z; = 0 for all z € A and
x; = 1 for all z € B, which implies that there is at most a single y € B with
(z,y) € A® B for each z € A. We deduce that |[A® B| < |A|, and similarly
|A® B| < |B|. This proves the theorem.

L(F) > 0: There are three cases:

o ' = Fl . FQ. Let Al = {& € A‘Fl(ﬁ) = 0} and Ag = {i € A‘Fl(ﬁ) = 1}
Note that Fy(z) = 0 for x € A,. If A; # () then the triple Fi, A;, B satisfies
the assumption of the theorem and by induction

A @ BIF

L(F,) > ,
F) = a8

and similarly if Ay, # () then the triple F}, Ay, B satisfies the assumption of
the theorem and by induction

A2 ® BI®

1.
A2 B

L(F3) >

Using these inequalities, we calculate:

|A® B|?

L = Craryar —

1)
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B |A® B|?
= L) + L(Fe) + 1 = (g = 1)
|4 ® B |42 ® BI* _ [A® B> _

= s VT g~V Gayer —Y

_ (|A1 ® BJ|A;] — |A; ® B||A4])?
|A1||A2|(|A1] + |A2])| B

>0

If A, =0 then A = A, and we have

|Ay ® B|?
L(F) > L(Fy) > 229710 4
|Az|| B
[A® Bl
|Al|B| '

If Ay = () then the argument is similar.

e ' = Fy + F,. This case is handled in a similar manner (not A, but B is
divided).

e F = F,. We use the induction hypothesis on F; with A and B interchanged.

|

Since |A ® B| < nmin{|A|, |B|}, the theorem can never lead to a better lower
bound than n? — 1 for any function. Andrejev (1987) has proven a lower bound
of n?%¢ on the formula size for a specific function over the basis {+,-,”} using a
different technique. The parity function can make optimal use of Krapchenko’s
theorem:

' [ 0 if [{i]z; = 1}] is even
parity, (1, ..., &n) = { 1 if [{iz; = 1}| is odd

Note that parity,(x) # parity,(y) if z and y differ in precisely one bit. If we

let A = parity,'(0) and B = parity,*(1) then |[A ® B| = n|A| = n|B| and the
theorem tells us that

L(parity,) > n® — 1

There is a matching upper bound (see exercise 5.2). Note that parity, has a
formula of size n —1 over the basis {&, -}, i.e. the formula size is basis dependent.
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5.2.2 Neciporuk’s bound for the full binary basis B,.

By a different technique, we may prove almost quadratic lower bounds for formula
size over the full binary basis Bs.

Definition 5.4 Let f € B, be a function on X = {x1,...,x,}. Let Y C
{@1,..., 2.} satisfy Y # 0. g € By is said to be a sub-function of f on Y,
if g can be defined by substituting constants for the variables in X —Y, and leav-
ing the variables in Y. We let Uy (f) denote the set of non-constant sub-functions
on Y, and their negations.

Consider the example of parity, that has only few distinct sub-functions:

Uy (parity,) = {parityy, parityy }.

Intuitively, it is impossible to express all information about a function in a small
formula, if it has many sub-functions.

Theorem 5.7 (Neciporuk, 1966) Let f € B,, be a function on xy,...,z,. Let
Yi,..., Y, be disjoint subsets of {x1,...,x,}. Then

L, (f) > > _log;(2|Uy.(f)l + 1) — 1

i=1

Proof. For every formula F on zi,...,z,, and Y C {z1,...,2,}, we let |Fly
denote the total number of occurrences in F' of variables from Y. We are going
to show by induction over L(F') that

2|Uy (F)| 4+ 1 < 5lFlY
For L(F) = 0 we have two cases

e [ is a constant or a variable z; ¢ Y. In this case |[Uy(F)| =0 and |F|y = 0.

e [ is a variable z; € Y. In this case |Uy(F)| =2 and |F|y = 1.

If FF = F; % F, for * € By then a non-constant sub-function G of F' can take one
of the following forms (G being defined on Y):
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e G = (G1 * G9, where (G; and (G5 are non-constant sub-functions of F7 and
Fy on Y. Including negated functions we get a contribution of at most
2|Uy (F1)||Uy (F2)| to Uy (F)].

e (G = (G1 *x G4, where (G; is a non-constant sub-function of F; and G, is a
constant sub-function of Fb. If G is non-constant then G = G; or G = G4,

and in any case G, G € Uy (F}), so the contribution to |Uy (F)| is at most
Uy (F1)].

e (G = (G1 * G9, where (51 is a constant sub-function of F; and (G, is a non-
constant sub-function of F,. In this case, the contribution to |Uy (F)| is
similarly at most |Uy (F3)|.

In total we have
Uy (F)| < 2[Uy (F0)[|Uy (F2)| + Uy (£1)[ + [Uy (£3)]
Using the induction hypothesis, we get

21Uy (F)| + 1 < 4|Uy (FY)||Uy (F2)| + 2|Uy (F1)| + 2|Uy (F)| + 1 =

2|Uy (F)| + 1) 2|Uy (Fy)| + 1) < 5lfrlvslfely — slfily+Ely — 5lFly

Note that if Y7, Y5, . .., Y; are disjoint subsets of X, then L(F) > SF_, |F
This implies the theorem. O

v,—1.

For an application of Nec¢iporuk’s technique, we consider the example of indirect
store access. Let p = 22" for some [, let kK =logp — loglogp and let n = 2p + k.
For ISA € B,, the n input are divided in 3 groups.

o = (z9,21,...,%,1) is the actual store.

® y = (y1,¥2 ...,Yp) contains addresses into the store. Each address requires
log p bits, which leaves room for a total of p/logp addresses.

e o = (ag,a1,...,a,1) specifies which of the addresses in y that should be
used. This is well-defined since [a] takes values in the interval from 0 to

p/logp —1].
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Formally, we define
ISA(z,y,a) = z[q,
where
d = (Y(a] og p+1 Yla]log p+2> - - - » Y([a]+1) log)-
For the application of theorem 5.7 we choose
Y; = {Yitogp+1, Yilogp+2s - - - » Y+ 1)logpy for 0<i< p/logp — 1.
The reader should convince herself that Uy, (ISA) = Bjqg, and therefore

p/logp
Ly, (ISA) > > logs(2|Uy,(ISA)[+1) -1 >

=1

P jogy(2- 22" +1)—1>
logp
2 2
P n
log- 2 —1=0Q
(logs )logp logn)

This is in fact the best bound one can prove for any function using theorem 5.7
(see exercise 5.5).

The theorems of Neciporuk and Krapchenko give as corollaries lower bounds of at
most 21ogn on the depth of the function in question. No techniques are known for
proving super logarithmic depth bounds for specific functions. This is somewhat
unsatisfactory in the light of corollary 5.4, which states that almost all functions
have depth Q(n).

5.3 Lower bounds for circuit size

For circuit size the situation is similar. From corollary 5.2 we know that almost
all functions requires size €2(2"/n), but (over the full binary basis By) the best
known lower bound for any function in NP is 3n — o(n) proven by Blum (1984).
We present a slightly weaker result.
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5.3.1 The substitution technique
Theorem 5.8 SBZ(ThfL) >2n—3

Proof. The theorem is proven by induction in n. For n = 2 the theorem is
trivially true. For n > 3, we are going to show that

Sp,(T2)) < S, (TH2) - 2,

which implies the induction step. Let N be a size optimal straight-line program
for Th?. We are going to construct a program N’ for Th? ,, such that N’ is two
lines shorter. Let

Uy <= T3 * X

be the first line of N. Since N is optimal, we have ¢ # j. We will argue that
at least one of z; and z; occurs in some other line of the program. Assume,
contrarily, that the two variables occur in the first line only. In that case all
available information about z; and z; are concentrated in the variable v;, and
since v; can hold only two distinct values, there must be two of the following
assignments to z; and z; that results in identical v; values.

e 1;,=0,z; =0.

e 1, =0,z; =1

e r;=1,2;=1.
However, for any two of the three cases it is possible to assign values to the
remaining inputs such that the output from the function differs depending on the
case. This is a contradiction, and we deduce that at least one of z; and z; occurs
in another right hand side. Assume z; occurs at least twice. We construct N’
from N by a transformation:

e Replace all occurrences of x; with 0.

e Some assignments contain constants now. These assignments are eliminated
by either modifying the operation that uses the result (we are allowed to
use all of By), or by modifying the operation that created the non-constant
argument.

This transformation eliminates at least two lines. d
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Boolean function | Equivalent polynomial
over GF(3) over Q
0 0 0
1 1 1
T l1—-2z l—-2x
-y Ty Y
rT+y r+y—xy | T+y—2Y
TDY r+y+ay | z+y—2xy
Figure 15:

5.4 Lower bounds for unbounded fan-in circuits

It is unknown whether all functions in NP parallelise well, but we shall prove in
this section that not all functions in NP parallelise extremely well. parity, € NC!
since it can be computed in depth O(logn), but parity, ¢ AC®, i.e. parity requires
super polynomial circuit size over the basis U = {~, +9, 2, +3, 3, ..}, when the
depth is bounded by a constant. This result was first proven by Furst, Saxe and
Sipser (1984). We present a proof due to Beigel, Reingold and Spielman (1991).

The essence of the proof is a concept of approrimator satisfying that every func-
tion in AC? has a good approximator but parity has no good approximator.

Approximators are polynomials. We will mostly use polynomials over the field of
rational numbers, but occasionally we need polynomials over GF(3), the field with
3 elements. We represent GF(3) by the set {—1,0,1} with modulo 3 arithmetic.

Notation 5.1 0,1 denote both arithmetic constants and Boolean constants. We
do not distinguish the two cases.

Definition 5.5 A polynomial p with variables x1,x,...,x, s equivalent to a
Boolean function f € B, if p(z) = f(z) for all z € {0,1}™.

Figure 15 shows a selection of Boolean functions with equivalent polynomials. In
general we have

Lemma 5.9 FEvery function in B, has an equivalent polynomial of degree at most
n.
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Proof. Exercise 5.6. O

We are interested in polynomials of degree less than those we can find using
lemma 5.9. In return, we are willing to relax the notion of equivalence.

Definition 5.6 A (d, €)-L-approzimator (or simply a (d,€)-approximator) for
a Boolean function f € B, is a polynomial g over the field L with variables
1, To,...,T, Such that

1. degree(g) < d.

2. g(z) = f(x) for all x € {0,1}" except for a fraction < .

When a Boolean function is given by composition such as

f(@) = g(hl(ﬁ)a SR hn(g))a

it may happen that good approximators for g, h, ..., h, result in a bad approx-
imator for f when composed (see exercise 5.8). To deal with this problem we
need another notion of approximation.

Definition 5.7 A probabilistic (d, €)-approximator for a function f € B, is a
polynomial g with variables x1, ..., x,, w1, ..., W, for some m such that

1. degree(g) < d.

2. Prycqom(9(z, w) # f(z)) <€ for all z € {0,1}".

w1, - .., Wy, are hidden variables.
Composition now preserves good approximation:

Lemma 5.10 Ifg € B, and hy, ..., h, € B, all have probabilistic (d, €)-approz-
imators then f € B, defined by

fz) = g(h(z), ..., ha(2))

has a probabilistic (d*, (m + 1)€)-approzimator.
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Proof. Let pr be a probabilistic (d, €)-approximator for F' € {g, h1,...,hy} by
the assumption of the lemma. We may assume that no two hidden variables
from distinct pr’s have identical names (if necessary change names). This means
that an approximator will answer correctly/wrongly independent of the other
approximators, and we may form a probabilistic approximator ps as required
simply by substituting pj, for x; in p,. The degree of p; is at most d* and the
probability of error is bounded by (m + 1) - € for input z € {0,1}". O

It is possible to remove randomisation from an approximator:

Lemma 5.11 If f € B has a probabilistic (d, €)-approzimator then there also
exists a (non-probabilistic) (d, €)-approzimator for f.

Proof. Exercise 5.9 O

At this point, we are ready to describe in more detail our strategy for finding a
lower bound on parity.

1. Show that OR(z1,...,z,) has a good probabilistic approximator of low
degree.

2. Show that every function in AC® has a good probabilistic approximator of
low degree using lemma 5.10.

3. Show that parity does not have a GF(3)-approximator of low degree.

4. Combine the results using lemma 5.11.

For the construction of the probabilistic OR-approximator we need a lemma, that
regards {0,1}" as an n-dimensional vector space over GF(2), the field with 2
elements. We represent GF(2) by the set {0,1} with arithmetic modulo 2.

Let V = {0,1}* be the k-dimensional vector space over GF(2). For z,y € V we
let -y = >%  2; (mod 2) denote the inner product on V.

Lemma 5.12 (Valiant and Vazirani, 1986) For S CV and wy,...,w, € V
we define the hyperplanes

Hi={veV|v-w=0} fori=1,...,k
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and the sets
Si:SﬂHlﬂHzﬂ"'ﬂHi fOTiZO,...,k.

It holds that

1
Pr V( |S;| =1 forsomeiE{O,l,...,k})ZZ

wla-'wwke

for all S # 0.

Proof. We argue separately in the two cases 0 € Sand 0 € S.

The case 0 € S: Clearly |Si| > 1 since 0 € H; for all . Let W denote the matrix
with row vectors w;, ..., ws. |Sk| = 1 when the equation Wz = 0 has only the
trivial solution x = 0, i.e. wy,...,w; are linearly independent. To calculate
the probability of such event, we assume that the w;’s are selected one by one
(randomly and independently).

wPErV(wi ¢ span{w,...,w;_1} | wy,...,w;_; are lin. indep. ) =
2k _ i1 1
ok 1- ok—it+1’

In total for the case 0 € S we have:

Pr V( |Si| =1 for some i€ {0,1,...,k}) >

Qla“wwke

Pr  (w,...,w, are linearly independent) =
Wy yeens W, EV
k
1 1
1——)>-.
ICEESEE

=1

For the last inequality see exercise 5.10.
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The case 0 ¢ S: Let

A(r)= Pr (Fie{0,1,...,r}. |Si|=1 | rank(S) =r).

Wyseey W, ev

The following inequality (combined with exercise 5.10) implies the lemma.

A(r) = TIA = 5)- (7)

Note that when S # () and 0 ¢ S then rank(S) > 1. Hence it suffices to prove
(7) for r > 1. We use induction

Basis of induction (r = 1): We have |S| =1 since rank(S) =1and 0 € S.

Induction step (assume (7) for 1 < r < 7): Let rank(S) = ' and let ¢; =
(0i=110%~%) be the 4’th unit vector. Without loss of generality (if necessary apply a
linear transformation) we may assume that {e;,..., e} € S C span{e;,..., e}

If Sy =0 thenw,-e,=---=w;-ev=1,1.e. w; € IT'{O, 1}’“‘”. The probability
of this event is < 2%

If Sy = Sthenw,-e; = =w, -e. =0, i.e w, €0 {0,1}* . The probability

of this event is < 2%

I

If ) #S; # S then 1 < rank(S;) < rank(S) — 1. We have

A(ry= Pr  (Fie{0,1,...,r"} |Si| =1 | rank(S)=7r") >

Wy Wt ev

Pr (1 <rank(S;) <r'—1|rank(S) =r')-

w, €V

min Pr (3 e{0,1,...,r}. [Si|=1 | rank(S)=r)>

1<r<r! — 1w, w, €V
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Lemma 5.13 For every € > 0, there exists a probabilistic (O(log(e 1) log®n), €)-
approzimator for OR(z1, ..., xy)-

Proof. Let k = logn. We begin by constructing a (O(log® n), 3)-approximator P
that makes one-sided error only and has k? hidden variables, i.e. for allz € {0,1}"
we want P to satisfy

L. If OR(z) = 0 then Pr 2 (P(z,w) # 0) = 0.

2. If OR(z) =1 then Pr 0,102 (P(z,w) #1) < 2.

To prepare the application of lemma 5.12 we define for an input z the set S =
{v € {0,1}* | ) = 1}, and therefore OR(z1, ..., z,) = (S # 0). The k? hidden
variables are structured in k vectors: w = (wy, ..., wy), where w; = (w1, . . ., W)-
Define ortho € By, by

1 ifz-y =0 (in the vector space V !)
0 otherwise

ortho(z, y) = {

Let p 45,0 De some polynomial of degree < 2k that is equivalent to ortho (using
lemma 5.9), and let for 0 < i < k, P; be the polynomial

b= Z Lly] * portho(ﬂa wy) ... ‘portho(ﬂa w;)
ve{0,1}F

If we use the definition of S; from lemma 5.12, then |S;| = P;. According to the
same lemma

Pr (there exists i such that Pj(z,w)=1) >
weVk

B |

when OR(z) = 1. In addition we have that P;(z,w) = 0 for all 4 and all w, when
OR(z) = 0.

This one-sided error is used in the construction of the approximator:
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P has degree at most (k+ 1)(1 + k - 2k) = O(k?®) and P makes only one-sided
€error:

Pr (P(z,w)=1) >

1
i 1 when OR(z) =1,

and P(z,w) = 0 if OR(z) = 0 (independent of w).

The error probability can be made arbitrarily small by using several (indepen-
dent) versions of P.

Given € > 0, let d be minimal such that (%)d <€ and let Q1, @o, ..., Q4 be copies
of P. We assume (if necessary change variable names) that no pair of @;’s have
hidden variables in common. Let

d

Q=1-J[1-Q)

i=1
The degree of Q is O(d - log® n) = O(log(¢~!) log® n) and

Pr (Q(z,w') # OR(z)) < ¢

w' eVkd

The approximator () satisfies the assertion of the lemma. O

Lemma 5.14 If f € B, is computed by a U-circuit of size s (> n) and depth
d then f has a probabilistic (O((log(s - € ) log® s)%), €)-approzimator for every
e> 0.

Proof. Without loss of generality we may assume that the circuit for f uses
negation and OR only, and an OR~gate has at most s input. Lemma 5.13 supplies
us with a probabilistic (O(log(s-¢ 1) log® 5), €/s)-approximator for OR(yy, . . ., ys),
and the polynomial 1 — y is equivalent to 7. By repeated use of (the proof of)
lemma 5.10 we get a probabilistic (O((log(s-€~1) log® 5)¢), €)-approximator for f.
O

Lemma 5.15 Every (d, €)-GF(3)-approzimator for parity(z:, . .., x,) satisfies that

d>(53—¢-vn-1
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Proof. In GF(3) we have

1= 0 forxz=1
x 11 forz=-1

This equation implies that

n
Hmi :parityn(.Il — 1,152 — 1,...,.’L'n— 1)+1
i=1

for x1,x9,..., 2, € {—1,1}.

We see that an approximator of low degree for parity leads to an approximator
of low degree for an arbitrary monomial of high degree. A polynomial is simply
a sum of monomials, so we can easily form an approximator of low degree for an
arbitrary polynomial. Unfortunately, the error from the single monomials will
accumulate, if we use that approach blindly. We can get around the problem by
using parity only once.

In the sequel assume that x1,zs,...,2, € {—1,1}. Let I C {1,2,...,n} and let
my = [lze; xi- We have

n
my =mg - [[ #: = mz- (parity, (z1 — 1,20 — 1,...,2, — 1) + 1).
i=1

Let p be a (d, €)-GF(3)-approximator for parity and let m; = mz- (p(x1 — 1,22 —
1,...,2, — 1)+ 1). We have

1. For at least a fraction (1—¢) of all z € {—1,1}" it holds that m;(z) = m/(z)
for all 1.

2. One of m; and m} has degree < 7 + d.

Let f € {—1,1}" — {—1,0,1} be represented by the polynomial p;. Since z? =1
for v € {—1,1} we may assume that all monomials in p; has the form m; for
some I. We construct p; from p; by replacing all monomials m; of degree larger
than % by m}. We have

1. For at least a fraction (1 —€) of all z € {—1,1}" it holds for all f that
ps(z) = ps(2).
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2. py has degree at most § + d.
We may now deduce that

1. For every f it holds that [{g | p; = p,}| < 3°%".

S+d ., 1,d+lyon | . .
2. There are at most 32i=1 () < 36T distinct Py- (see exercise 5.11 for
the inequality).

3 . . . l ﬁ 2™ n
There are 32" distinct f, meaning that 3 TR TIT 5 32 o g > (:—€)-yn—1.
O

Theorem 5.16 If parity,, is computed by a U-circuit of size s and depth d, then

B logn
~ loglogs”

Proof. Assume that parity, is computed by a U-circuit of size s and depth
d. Using lemma 5.14 combined with lemma 5.11, we see that parity has an
(O((log(s - € ) log® 5)%), €)-approximator. This approximator is in particular a
GF(3)-approximator (if necessary use a modulo 3 operation on the coefficients).
According to lemma 5.15 we have that

¢- (log(s - € 1) log® s)* > (% — V-1

for some constant c. The theorem follows by substituting € = i and taking the
logarithm on both sides. O

Corollary 5.17 parity & AC?

Exercises

Exercise 5.1 Let {g,} be a universal family of functions and let M be a com-
plezity measure (say S or L). As usual Cy(f) denotes the smallest i such that f
s a projection of g;. We define g to characterise M up to a constant, if
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Show that no family characterises S up to a constant. Is L characterised up to a
constant by any family ¢

Exercise 5.2 Show that L(parity,) = O(n*®) over the basis {+,-,"}.

Exercise 5.3 Show that over the basis {+,-,”} we have

1. L(ThE) = Q(k(n — k)).

2. L(qulw) = .Q(maneM@k_IgM k(n - k))

Exercise 5.4 Let p be a power of 2, let n = 2plogp and let distinct, € B,, be
defined by

distinct, (z1, ..., xp) = ;

{1 if x; # x; for all 1 # j

0 otherwise

where |z;| = 2logp.

Show that Ly, (distinct,) = 2(n?/logn). Find an upper bound for comparison.

Exercise 5.5 Show that Neciporuk’s theorem can never give a lower bound better
than Q(n?/logn).

Exercise 5.6 1. Prove lemma 5.9

2. Find a polynomial of degree 3 equivalent to Thg.

Exercise 5.7 How well do the following polynomials approzimate OR(z1, ..., x,):

11111 — z)

Exercise 5.8 Why is the proof of lemma 5.10 not valid for (non-probabilistic)
approximators ¢

Exercise 5.9 Prove lemma 5.11
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Exercise 5.10 1. Show that log,x > x — 1 for % <z <l.

2. Show that T[22, (1— ) > 1.

Exercise 5.11 Prove that for n sufficiently large, we have

Hint: By Stirling approzimation we have that n! = v2mn - (2)" - (1+ O(;))

1
n

Exercise 5.12 Show that the depth @(%gtg—n) s necessary and sufficient for a

polynomial size family of U-circuits to compute parity.

What does this mean for the complezity of parity on a CRCW-PRAM ?

Exercise 5.13 For a given constant d construct a family of U-circuits that com-
putes parity in depth d and has the smallest possible size.

Exercise 5.14 Show that binary sorting {SORT,} is not in ACP.

Show that binary merging {MERGE?L” } is in ACP.

s

Exercise 5.15 Let MAJ denote the function family {Thy, , | n > 2}. Show
that every function in SYM, is computed by a circuit over the basis {~} U MAJ
of size O(n) and depth 4.

Show that MAJ ¢ AC°.
Exercise 5.16 Show that binary multiplication is in TC® — ACP.

Exercise 5.17 Let MOD-3 be the family of Boolean functions defined by

1 if [{ai | 2= 1}/ =0 (mod 3)

MOD-3,(x1,%2,...,2Tn) = { 0 otherwise
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1. Find a GF(3)-polynomial p of degree at most 2 satisfying that

1 ifx=0
p(w)_{o ifr=1,-1

2. Show that MOD-3, has an equivalent GF(3)-polynomial of degree at most
2.

3. Show that any polynomial size family of circuits over the basis U U MOD-3

computing parity must have depth Q(log’ﬁ)gn)

Exercise 5.18 Let p # 2 be a prime number. GF(p) is the finite field with p
elements. We represent GF(p) by the set {—’%1, el ’%1} with arithmetic modulo

p-

Formulate and prove a variant of lemma 5.15, where the constant 3 is replaced
by p.

Exercise 5.19 1. Given a prime number p # 2, show that any polynomial

size family of circuits over the basis U U MOD-p computing parity, must

have depth Q(%golgo’gl—n).

Hint: use the result of exercise 5.18 and redo exercise 5.17 in a generalised
Version.

2. What happens if you try to do the first part of this exercise with a number
p that is not prime, e.g. p=15 ¢
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6 Constructions II

We start by switching attention from Boolean circuits to arithmetic circuits, i.e.
circuits where the domain is a semiring, ring or field and the circuit computes a
polynomial or rational function using arithmetic gates.

We present the power of subtraction in the form of Strassen’s technique for effi-
cient matrix multiplication and we show an upper bound on the additional power
that division can provide.

We present a technique for constructing small size and low depth circuits for any
polynomial of low degree that is computed by small size circuits. This implies
the existence of circuits for efficient parallel computation of determinants.

The above technique works over any semiring, and in particular it can be applied
for the parallelisation of Boolean circuits. This leads to nontrivial parallelisation
results for specific problems including context free language recognition.

When regarding the Booleans as a semiring, one might expect different results
depending on whether AND or OR is identified with the semiring multiplication
(both are possible). We prove that in a certain sense it does not matter: The
classes SAC! are closed under complement for i > 1.

6.1 Arithmetic circuits

An arithmetic circuit is defined analogously to a Boolean circuit, but the opera-
tors are {+, —, -, /}, and the Boolean values {0, 1} are replaced by the values of
the underlying domain, which is at least a semiring (e.g. (N,+,-,0,1) or {0,1}
with AND, OR). If the circuit uses subtraction then the domain must be at least
a ring (e.g. (Z,+,—,-,0,1)), and if the circuit uses division then the domain
must be a field (e.g. (Q,+,—,-,/,0,1)). Unless stated otherwise, we assume
that rings (semirings) are commutative. An arithmetic circuit over the domain @
with input x4, z, . . . , £, computes a polynomial in Q[z1, z, - - ., Z,] (or a rational
function in Q(x1, za, ..., x,), if the circuit uses /).

6.2 The power of subtraction

We begin our study of arithmetic circuits by presenting a perhaps surprising
result that uses subtraction and therefore the domain must be at least a ring. It
is a simple way of multiplying n X n matrices, which is faster than the obvious
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direct method requiring n® multiplications and (n — 1) - n? additions.

Note that the multiplication of n x n matrices consists in the computation of n?

polynomials of degree 2, i.e. for n = 2:

C11 _
Co1
c11 = a1 - by + aig - bay,
Co1 = Qg1 - by1 + agg - bay,

C12 a1

C22 a2

where

bll
621

Q12 | | bia
a22 bao
C12 = a1 - big + a1z - by
Co2 = Qg1 - big + a9 - by

Strassen (1969) discovered a computational method using only 7 multiplications

but 18 additions, namely

my = (012 — Q92) * (521 + b22)
mz = ( - (b1 + b12)
my = (a1 + a12) - bay

me = Qo2 - (b21 - 511)

— —

ai; — Q21

and
C11 :m1+m2—m4+m6

Co1 = Mg +m7

= (011 + 022) . (b11 + 522)
ms = ap - (b12 - 1322)

my = (ag1 + ag) - by

Cig = My + M5
Coo = Mg — M3 + M5 — My

Since n X n matrices may be perceived as 2 X 2 matrices, where the elements
are n/2 X n/2 matrices, and k x k matrices with multiplication and addition
is a ring, the method can be used recursively (the underlying ring need not be
commutative)

Cu Ci | _ [ An Awp | | Bu B
Ca Cy Ag1 Ag By B
This leads to
Theorem 6.1 Two n x n matrices can be multiplied by O(n'®") = O(n?8!)

operations

Proof. The method sketched above leads to a recurrence for the total number of
operations used:

An)=7-A(n/2)+ 18 -n*/4 forn > 2

with the solution A(n) = O(n'°¢7). 0
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A method for multiplying n x n matrices using only O(n®) operations, where
a < 2,38 is known (Coppersmith and Winograd, 1990). It is of theoretical
interest only, since the involved constants are very large, but Strassen’s technic
is practical (see exercise 6.1).

6.3 Elimination of division

If some techniques require the domain to be a ring (subtraction is available),
one might imagine that even smarter constructions are possible in a field (using
the division operation). Though the use of Gaussian elimination for determinant
computation provides an example of the latter, it is possible to eliminate all
division gates with only moderate increase in circuit size, when computing a
polynomial. This result is also due to Strassen (1973).

We will assume that the underlying field () is infinite.

Definition 6.1 For N being a (+,—, -, /)-circuit, let fun(v) denote the polyno-
maual or rational function computed in the node v.

Equality (or equivalence) between rational functions pi/q1 = p2/q2 (q1,92 # 0)
means that p1(z) - g2(z) = q1(z) - p2(z) for all z, where q1(z)gz(z) # 0.

Theorem 6.2 If f : Q" — Q is a rational function computed by a {+,—,-, /}-
circuit N then f is computed by an equivalent circuit N' using only a single
division (in the root node r) and S(N') < 4S(N).

Proof. N'is constructed inductively. For each node v in N, N’ has two nodes v;
and vy such that fun(vy) and fun(v,) are polynomials and fun(v) = fun(vy)/fun(vs).
For describing the construction, we let v range over constants and variables in
addition to gates:

Construction:

v is a constant or variable. v; ~ v and vy ~ 1

v U+ w. V1 < Uy - Wo + Ug - Wy and vy <— Ug + Wy
V< u—w. U1<—u1-w2—u2-w1and1)2<—u2-w2
V4= U w. V1 < U1 - wyp and vy < Ug - Wy
v u/w. v < U - Wy and vy < Uy - Wy

The root of N’ is a new node ' computing r1/ry. For each node v with label +
or — we need two extra nodes (in addition to v; and vy) for computing v;. Since
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the construction is only needed, when N contains at least one division gate, we
have proven the theorem. O

Definition 6.2 A {+,—,-}-circuit N is homogeneous, if we for all nodes v in
N have that fun(v) is a homogeneous polynomial, i.e. all terms in fun(v) have
the same degree, which we denote deg(v).

Theorem 6.3 If f is a polynomial of degree d, computed by a {+, —, - }-circuit N
then there is a homogeneous circuit N' computing fo, f1,+ -+, fq such that f; is a
(homogeneous) polynomial of degree i and f = %, f; and S(N') < (d+1)2S(N).

Proof. N'is constructed by induction. For each node v in N there will be d + 1
nodes vg, v1, - - -, vg in N’ such that fun(v;) is a homogeneous polynomial of degree
i and fun(v) = ¢, + X%, fun(v;), where g, is a polynomial with all monomials
of degree at least d + 1. The resulting circuit will have the stated properties.
For describing the construction, we let v range over constants and variables in
addition to gates:

Construction:
v is a constant. vg~wvand v; ~0fori=1,2,---,d.
v is a variable. vy ~wv,v; ~0fori=20,2,3,---,d.
V4 u+w. v; —u; +w; fori =0,1,---,d.
V4 u—w. v — u; —w; fori=0,1,---,d.
V4= u-w. Vi &= i guj - wij fori=0,1,---,d.
A multiplication node v needs extra nodes in addition to the nodes vy, vy, - -, vq

for computing the v;’s. each v; is computed by a homogeneous circuit of size
(i+1)+4 = 2i+1, i.e. for each node in N we need at most d+1+3% ,2i = (d+1)?
nodes in N'. O

Lemma 6.4 Let p = Z;jio p; and g = Efio q; be polynomials over QQ, where p;, g;
are homogeneous polynomials of degree i. Assume that qo # 0 and p/q = f =
¢ o fi (d=dy,—d,). Thereis a {+,—, }-circuit of size (d+ 1)? that computes
[ from {po,---,pa,} and {qo,- -, qq,} alone.

Proof. Let gy = 1/qo. This is a constant in (. Since p = ¢ - f we have for
1=0,1,---,d:

i i
pi=_ 4 ficjand fi = q4(pi — Y_ ¢; - firy)
j=0 7j=1

using ¢; = 0 for 2 > d,. The lemma follows. a
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Theorem 6.5 If f is a polynomial of degree d computed by a {+, —, -, /}-circuit
N then there is {+, —, - }-circuit N' computing f such that S(N') = O(d*S(N)).

Proof. Let Ny be the circuit originating from /N by the construction in the proof
of theorem 6.2. Removing the root node from N; leaves a {+, —, - }-circuit of size
at most 45(N) computing p and ¢ such that f = p/q.

Since ¢ is not the 0-polynomial there exists an o € Q™ such that ¢(a1, g, -, ) #
0. Use this o to define p(@(z) = p(x1 + a1, T2 + g, -+, T, + ) and ¢'¥(z) =

q(z1+ o1, 20+, -, Ty +0). It must hold that ¢(@(0) = g(ou, ag, -+ -, an) # 0.

Let p® = E?io p; and ¢@ = E?io g;, where p; and ¢; are homogeneous polynomi-

als of degree i. p@ and ¢® is computed by N; when the input z; is replaced by

u; < x;i+a; fori =12, --- n. We homogenise this circuit using the construction

from the proof of theorem 6.3. The resulting homogeneous circuit N, satisfies

o S(Ns) < (d+1)*(S(N1) +n)

e N, computes p; and ¢; for e =0,1,---,d
Using lemma 6.4 we see that £ (z) = f(z1+ a1, 22+ a9, -+, Tn+an) = %, f;
is computed by a circuit N3 using N, plus d? + 3d + 1 extra nodes. Since f(z) =
f@ (2 — ay, 29 — g, -, T, — a,), Wwe may compute f by a {+, —, - }-circuit N,

of size S(N3) + n when replacing an input z; of N3 by a new node w; + z; — .
In total, we have that

S(Ny) < S(N3) +n < S(No) +n+ (d+1)> <

(d+1)’S(N) +n+ (d+1)*> < (d+1)*4S(N) +n+ (d+ 1)* = O(d®S(N))

|

6.4 Parallel computation of low degree functions

When the circuit computing a function is a formula, we have a result similar to
the Boolean case:

Theorem 6.6 If a rational function f is computed by an arithmetic formula of
size s then f is also computed by an arithmetic circuit of depth O(logs) and size

O(s).
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Proof. Omitted. O

We are going to prove a theorem that relies on a property of the computed
function (low degree polynomial) rather than the computing circuit (formula or
not):

Theorem 6.7 Ifp is a polynomial of degree d computed by a circuit over (+,—, -, /)
of size s and arbitrary depth then p is also computed by a circuit over (+,—,-) of
depth O((log s + logd) - log d) and size O((d?s)?).

Note the strength of the theorem, e.g. let det,2(z) denote the determinant of
a n X n matrix. det,2 is a polynomial of degree n that can be computed by an
arithmetic circuit over {+, —, -, /} of size n® (Gaussian elimination). The theorem
implies that det,2 is also computed by an arithmetic circuit over {+,—,-} of
polynomial size and depth log® n. The result is due to Valiant and Skyum (1981),
but we present a simpler proof by Valiant, Skyum, Berkowitz and Rackoff (1983).

Theorem 6.7 is a corollary to theorems 6.3, 6.5, and the following lemma.

Lemma 6.8 If p is a polynomial of degree d computed by a homogeneous circuit
over (+,-) of size s then there ezists a circuit of depth O(logs -logd) and size
O(s) computing p.

The proof of this lemma is extensive and we divide it into a number of lemmas.
The construction is based on a nonstandard way of evaluating an expression. We
begin by introducing some underlying concepts through an example.

Without loss of generality, we may assume that each input occurs once only.
Therefore, in the sequel we assume that N is a minimal homogeneous (+, -)-circuit
where each input occurs only once, and if v <— v - vy then deg(vy) > deg(vs).

The circuit F in figure 16 will be our example in the sequel.

If (uq,us, - -, ug) is a path in N directed towards the root then prod((uy, us, - -, ug))
denotes the product of the arguments “hanging” at the --nodes of the path, e.g.
in E,

prod((y, ve, vs)) = fun(vy) - fun(vy) = (z + y)(z - 2 + 2°)
and

prod((vs, v4)) = 2
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* vh
v2 * * y4

vl + v3 +
X y 7

Figure 16: Homogeneous circuit £

Let a -—left path (towards the root) be a path that does not enter any -—node
from the right. In E, (vs3, v4) is such a path, but (y,ve, v5) is not.

con(u,v) (short for context of u seen from v) denotes the sum of prod(s) for all
-—left paths s from u up to v. In E we have

con(x,vs) =

prod(x, v, ve,vs) = y - fun(vy) = y(z - 2 + 2*) = con(y, vs)

We make a formal definition of con by induction for use in later proofs:

Definition 6.3 Let u and v be two nodes (or inputs). con(u,v) is defined by

If u=v then con(u,v) =1

If v # u and v is a constant or input then con(u,v) =0

If v # u and v < vy + vy then con(u,v) = con(u,v1) + con(u, v7)
If v # u and v < vy - vy then con(u,v) = con(u,vy) - fun(vy)

Lemma 6.9 If con(u,v) # 0 then it is a homogeneous polynomial of degree
deg(v) — deg(u).
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Proof. Structural induction in v:
If u = v then deg(con(u,v)) = deg(1) = deg(v) — deg(u) =0

If v < vy + vy then deg(con(u,v)) = deg(con(u,v1)) = deg(con(u,ve)) = deg(vy)—
deg(u) = deg(vy) — deg(u) = deg(v) — deg(u), since deg(v) = deg(v1) = deg(vs).

If v < vy - vo then deg(con(u,v)) = deg(con(u, v1))+deg(vy) = deg(vy) —deg(u)+
deg(vy) = deg(v) — deg(u). O

Definition 6.4 Ift is a positive integer then V; denotes the set of nodes
Vi = {v|deg(v) > t, v+ vy - vy and deg(vy) <t}
Lemma 6.10 Let 0 < t. If deg(u) < t < deg(v) then it holds that

fun(v) = > fun(w) - con(w,v)
weV,

and

con(u,v) = > con(u,w) - con(w,v)
wEVt

Proof. Again we use structural induction in v. We consider only con(u,v). The
identity for fun(v) is shown in a similar manner.
Since 0 < t < deg(v), v is not a constant or an input variable.
If v < v1 + vy then
con(u,v) =

con(u,v1) + con(u, vy) =
> confu,w) - con(w,v1) + Y con(u,w) - con(w, vs) =

wEVt wEVt
> con(u, w) - (con(w,v1) + con(w, vs)) =
wEVt

> con(u, w) - con(w,v)
wEVt
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Assume that v < vy -ve and v € Vy. If w # v and w € V; then con(w,v) =
con(w,vy) - fun(ve) = 0, since deg(w) > t > deg(v;) and therefore con(w,v,) = 0.
Le.

con(u,v) =
con(u,v) - con(v,v) =

> con(u, w) - con(w,v)
wEVt

If v < vy - vy and v € V; then t < d(v1) and

con(u,v) =

con(u,v1) - fun(ve) =

> con(u, w) - con(w, v1) | fun(ve) =
wEVt
> con(u,w) - (con(w, v1) - fun(vs)) =
wEVt
Z con(u, w) + con(w, v)
wEVt

|

Proof of lemma 6.8. Let N of size s be a minimal homogeneous circuit computing
the polynomial p of degree d. We will use the notation introduced before the
proof. Using lemma 6.10 one may construct a low depth circuit computing fun(v)
and con(u,v) for all nodes v and v in N.

We construct a circuit divided in [logd]| layers. Each layer i is composed of
two sub-layers, namely a fun-layer computing fun(v) for the v satisfying 27! <
deg(v) < 2' and a con-layer computing con(u,v) for the nodes u,v satisfying
2071 < deg(v) — deg(u) < 2°. The fun-sub-layer is below (computed before) the
con-sub-layer.

In the first layer, we compute all fun(v) and con(u,v) of degree at most 1 = 2°.
Since these polynomials are homogeneous linear forms in the input variables, this
can be done in depth [logn| + 1, with the upper [logn]| levels using + only. The
size is at most O(n - s?).
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The i + 1’st fun-sub-layer computes fun(v) as follows:
Let v satisfy 2¢ < deg(v) < 2¢*1. For t = 2 we have by lemma 6.10 that

fun(v) = Y fun(w) - con(w,v) = Y fun(w:) - fun(ws) - con(w,v)
wth wth

For w € V, it holds that deg(ws) < deg(w;) < 2° and deg(con(w,v)) = deg(v) —
deg(w) < 2! — 2%, Therefore fun(v) is a sum of no more than s terms each of
which is a product of three factors, all computed in lower layers.

Hence fun(v) may be computed in size O(s) and depth [logs + 2] by a circuit
using only + in the upper [log s] levels.

The i + 1’st con-sub-layer is built on top of fun-sub-layer:
Let u,v satisfy 2! < deg(v) — deg(u) = deg(con(u,v)) < 271, For t = deg(u) + 2°
we have by lemma 6.10 that

con(u,v) = Y con(u,w) - con(w,v) = > con(u,w) - fun(ws) - con(w,v)
wth wth

For w € V; we have deg(con(u,w:)) = deg(w;) —deg(u) < deg(u) +2° —deg(u) =
2" and deg(con(w,v)) = deg(v) — deg(w) < deg(v) — deg(u) — 2° < 2¢, implying
that con(u,w;) and con(w,v) are both computed in lower layers.

We have no similar upper limit for deg(ws). If deg(ws) < 2¢ then fun(w,) is
computed in a lower layer, and if 2° < deg(w,) < 2¢*! then it is computed in the
fun-sub-layer.

Consider the remaining case of deg(wq) > 2"'. In fact we do not need the
value of fun(ws) in this case, because con(u,w;) - con(w,v) = 0. Why does the
latter condition hold ? Assume hypothetically that con(u,w:) - con(w,v) # 0.
Then deg(w;) > deg(u) and deg(v) > deg(w) and we have deg(v) > deg(w) =
deg(w)+deg(wsy) > deg(u)+2"! in conflict with deg(v)—deg(u) = deg(con(u,v)) <
9i+1

Thus con(u,v) is computed in size O(s) and depth [log s + 2] by a circuit using
only +’s in the upper [logs]| levels.

The total depth of the constructed circuit is O(logd - log s) and the total size is
O((s+n) - s?) = O(s?). O

6.5 Degree bounded Boolean circuits

The proof of theorem 6.7 works over any semiring, and since {0, 1} with OR and
AND is a semiring, the parallelisation result is also true for Boolean circuits,
provided all negations are applied directly to inputs.
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Assumption 6.1 In the sequel, we assume that negation gates are applied to
inputs only.

When phrasing the result, we must use the term degree with care. In the Boolean
algebra where x - x = x, polynomials of distinct degrees may be functionally
identical, so when we speak about the polynomial computed by a circuit we
really mean the (unique) formal polynomial computed by that circuit.

Definition 6.5 The degree of a node in a {+,-,” }-circuit (or straight line pro-
gram) is defined inductively by

deg(0) = deg(1) =0

For a variable x: deg(z) = deg(T) =1

If v; < vj + vy then deg(v;) = max{deg(v;), deg(vr)}.

If v; <= vj - vy, then deg(v;) = deg(v;) + deg(vg).

The degree of a circuit, is the degree of the output node.

Definition 6.6 pdC is the class of Boolean function families F = {F,}, com-
puted by circuits of polynomial size and polynomial degree.

We can make a stronger Boolean version of theorem 6.7 when using unbounded
fan-in gates

Definition 6.7 An SU-circuit is a circuit over the basis {~, -, +o,+3, ...}, where
negation is used on inputs only. Negations are not counted when calculating the
size and depth of an SU-circuit.

SAC' is the class of Boolean function families computed by SU-circuits of poly-
nomial size and depth O(log' n)

Note that SAC* C NC'*! (exercise 6.7).

Theorem 6.11 pdC = SAC'.
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Proof. pdC C SAC! by the construction in the proof of theorem 6.7. SAC! C pdC
by exercise 6.8. O

When regarding the Booleans as a semiring, we let AND take the roll of mul-
tiplication and we let OR take the roll of addition. This is supported by the
notation we are using, but what happens if we reverse the rolls of AND and OR?
— Essentially Nothing: the class pdC is invariant under interchange of + and - in
the definition of degree. We prove a more general result for which we need the
concept of co-classes.

Definition 6.8 For a class C of Boolean function families the class co-C consists
of the families F' = {F,,} satisfying that F = {F,} is in C.

The definitions of pdC and SAC'’ do not indicate that these classes are closed un-
der complement, but Borodin, Cook, Dymond, Ruzzo and Tompa (1989) showed
that SAC’ = co-SAC’ (and therefore also pdC = co-pdC). The key to this re-
sult is the proper use of a counter, and the authors state in the original paper
that they were inspired by the proof of Immerman (1988) that nondeterministic
space is closed under complement. The proof has also some similarity to the
construction in exercise 3.30.

Theorem 6.12 If f € B,, is computed by an SU-circuit of size s > n and depth
d then f is computed by an SU-circuit of size O(s3dlog s) and depth O(d+logs).

Proof. We are going to modify N in 4 steps, ending up with a circuit N, that
computes the negated value of N’s output in addition to computing all the sub-
results computed by N.

We start by constructing a layered circuit /Ny, where a gate in layer ¢ takes input
from layer ¢ — 1 only.

The circuit N uses the division into layers for computing a conditional negation
of every value computed in N;. If v is a Y -gate in layer ¢ and we know the total
number of computed 1-values in layer ¢ — 1 (denote this number by P, ;) then
the negation of v is computed by the function Th*-! applied to those gates in
layer ¢ — 1 that are not inputs to v. Therefore the correct computation of the
negations is conditional to knowing the number of 1’s computed in each layer.

The P,’s are computed inductively by the circuits N3, and N, computes the
negated output.

Let us describe the construction of the circuit /NVy.
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Let J ={x1,...,%n,T1,---,Tn}, let G be the set of --gates and Y -gates in N and
let V=JUG,ie. |V|=2n+s=0(s). For v e G let I(v) CV denote the set
of inputs to v.

N has d layers of gates (|V| gates in each layer), and in addition a bottom layer
with |V/| input/neg-input/constants.

For each v € V and each layer t = 1,2,...,d, N; has a gate v;, and for each
v € V, Ny has an input/neg-input/constant vy.

If v < u-w then vg =0 and v; < w1 - wy—; for ¢t > 1.
Ifv+ Yuet(v) U then vy = 0 and v; 2 uel(v) Ut—1 for ¢t > 1.

If v € J then vg = v and for ¢ > 1, v; computes the same value as v;_1, which
could be realised by letting v; <— v;_1 - v4_1.

Let V; = {v; | v € V'}. N; satisfies the following:

1. layering: A gate in V; takes input from V;_; only, and |V;| = |V/|.

2. equivalence to N : If a gate v € G has depth [ then val(v;) = val(v) for t > I.
(Use induction in [ for a proof).

3. depth: D(N,) =d

4. size S(N1) = |V|-d = O(sd)
The circuit Ny will contain N; as a sub-circuit and in addition N, has gates
(inputs/constants) v;,,, where m =0,1,2,...,|V| for each gate (input/constant)

vy in N;. We intend v ,,, to compute v; negated when m is the precise number of
1-values computed in the prior layer (V;_1), i.e.

| wal(vy) ifm=P_,
val(vym) = { arbitrary value  otherwise
where

P,y = |{u—1 | ug—1 € Vs—1 and wal(us—1) = 1}

The v;,,’s are constructed:

Vo,m = Vg for all m.
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If vy ¢ ug—q - wy—q then vy, < Th™ ' (Vi—y — {ws_1, w1 }) for all m.
If vy < Yuerw) U1 then vy, < TH™ (Vi y —{ug 1 | u € I(v)}) for all m.

Each Th-function is computed by an SU-circuit of size O(slogs) and depth
O(logs) (A monotone circuit over the basis {+,-} is also an SU-circuit, and
monotone circuits are constructed from sorting networks).

The circuit N, contains the circuit /V; and satisfies

1. conditional negation: val(vym,) = val(vy) for m = P,_;.

2. depth: D(Ny) = O(d+logs). (All inputs to a Th-function are gates/inputs/
constants from Np).

3. size: S(No) = O(S(N,) - |V|- slogs) = O(sdlog s).

The circuit N3 computes the P;-values in a positional representation, i.e. N3
contains gates/constants ¢, for t =0,1,...,d and m =0, 1,...,|V| such that

1 ifm=PF
0 otherwise

val(cym) = {

We have that Py = n, since precisely n of {x1,...,Z,, T1,..., T, have value 1.
We therefore let ¢y, = 1 and ¢, = 0 for m # n.

For t > 1 we may express P, = m in the following way:

i) P, > m, i.e. at least m of the v,’s compute the value 1, and
ii) P, <m,ie. if P,_; = r then at least |V| —m of the v;,’s compute the value

1.

This implies the correctness of the following computation of ¢, ,, (by induction in
t):
Vi
= TH' (V) - 3 ctmre - TRV ({urs | v € V)

r=0

The Th-functions are computed as in N,.

The circuit N3 contains Ny and satisfies
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Figure 17:

1. correct counting: ci,, = 1 if and only if the v;’s have m 1-values.

2. depth: D(N3) = O(D(N3) +d+logs) = O(d+logs) (All inputs to the new
Th-functions are gates/inputs/constants from Ns).

3. size: S(N3) = O(S(No) + d|V|*slog s) = O(s*dlog s)

N, contains a special output gate v'. If v is the output gate in N then v «+
M Cd—1,m * Va,m satisfies that val(v') = val(v). O

Corollary 6.13 SAC® = co-SAC' fori > 1.

Exercises

Exercise 6.1 1) Decide for which m, 2™ x 2™ matriz multiplication based on
Strassen’s technique uses fewer operations than the standard technique.

2) What method should be used in practice, if + and - are equally fast ?

Exercise 6.2 Assume that we base matriz multiplication on a method for mul-
tiplication of 3 x 3 matrices. How many multiplications is allowed if we want to
beat Strassen based matriz multiplication (asymptotically)?
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Exercise 6.3 Use the method of theorem 6.5 to find the polynomial (of degree 1)
computed by the circuit in figure 17 (a)

Exercise 6.4 State and prove an arithmetic version of Theorem 2.5.

Exercise 6.5 Compute con(u,v) for all nodes in the circuit of figure 17 (b),
where deg(v) = 6 and u € V;

Exercise 6.6 Show that C C D = co-C C co-D
Exercise 6.7 Show that SAC* C NC**!,
Exercise 6.8 Show that SAC! C pdC.

Exercise 6.9 1) Show that PATH (Example 1.3) is in pdC.

2) Find some graph problems in pdC.

Exercise 6.10 Show that recognition of a context free language is in pdC.
Hint: use the following algorithm (based on dynamic programming).

Let G = (N,X%, P, S) be a context free grammar in Chomsky normal form.

N is the set of nonterminals, 3 is the set of input symbols, S is the start symbol
and P 1is the set of production rules being in the form A — BC or A — a
(A,B,C € N,a€X).

For a string w = ajas - - - a,, the following algorithm decides whether w € L(G).
The M;;’s are sets of nonterminals satisfying (A € M;;) < (A =* a;ai11 -+ - q; ).

w € L(Q)
for ::=1 ton do
od
fori:=1tondo
for j:=4%4+1 tondo
Mij<_®
od
od
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fork:=1ton—1do

od

fori:=1ton—kdo
for j:=itoi+k—1do
Mi,i+k — {A eEN ‘ A— BC Be€ MZ’]’,C € Mj+1,i+k} U Mi,i—l—k
od
od

output S € My,

Exercise 6.11 Show that the problem of computing the determinant of an integer
matriz is in NC2. Improve your upperbound by showing that the problem is in

TC!.

Exercise 6.12 Show that the size of the circuit constructed in the proof of theo-
rem 6.12 can be reduced to O(s*dlogs).
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7 Lower Bounds 11

We start this section by introducing communication complexity, which is a rich
subject on its own in addition to providing a technique for proving lower bounds
on circuit depth. We prove a lower bound on the probabilistic communication
complexity of deciding disjointness and apply this result to prove a linear depth
lower bound for monotone solutions to a matching problem (which have low depth
general solutions).

Finally, we present Razborov’s original super-polynomial size lower bound for
monotone solutions to the NP-complete k-clique problem.

7.1 Communication Complexity

Just as time, space and hardware size are fundamental resources, when comput-
ing a function, one may consider communication a resource, i.e. if the input is
distributed between several agents, how much communication is needed for the
agents to agree on a function value?

Results from communication complexity theory applies directly to distributed
systems. There are also less obvious applications, e.g. trade off results in VLSI
theory (see exercise 7.2), lower bounds on depth (see section 7.3), and most
recently lower bounds on data type implementation.

The study of communication complexity was initiated by Yao (1979).

Definition 7.1 Let X,Y, Z be finite sets. A deterministic communication pro-
tocol A over X,Y,Z specifies the exchange of information between two players
I and II who initially receive inputs x € X and y € Y respectively, and finally
agree on a value A(x,y) € Z. Let Ca(x,y) denote the number of bits exchanged
between the two players using protocol A on input x,y.

A computes the function f : X xY w— Z defined by f(z,y) = A(x,y) for all
(z,y) € X x Y, and we let Ca(f) = max(y)exxy Cal,y). The communication
complexity of f is

C(f) = min{C4(f) | A computes f}
More generally, A is said to compute a (non-unique) relation R C X xY x Z,

if (z,y,A(z,y)) € R for all (x,y) € X xY. Cu(R) and C(R) is defined in the
obvious way.
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Definition 7.2 For a Boolean function f € Ba,, we let Cxoy(f) denote the
communication complexity of f with respect to a specific division X C {x1,...,Zon}
andY ={x1,...,29,} — X.

We have a default division: C(f) = Cla,,...zn}r{nitsmmon} (f)-

We also need Cpogi(f) = min{Cxeoy(f) | |X| =|Y| =n, and XUY =
{.’El,...,ZEQn} }

Proposition 7.1 For all f € By, C(f) <n+1.

Proof. We may assume that player I and II initially have inputs z € {0,1}" and
y € {0, 1}" respectively. Player I sends all of z to player II that computes f(z,y)
and returns the result bit to player I. O

Example 7.1 Ezamples of problems having nontrivial deterministic communi-
cation complexity — in class only.

Definition 7.3 The communication matriz My of f € By, is the 2" x 2" 0, 1-
matriz {m;;} defined by

M = f(2,y)-

Proposition 7.2 C(f) > logrank(M).

Proof. A communication protocol A for computing f specifies who sends the first
bit, say player I does. This bit is determined by the input z to player /. In
other words the protocol divides the rows of M; in two classes and the bit sent
tells player II in which of the two classes x belongs. The rows in this class forms
a submatrix M; of M;. The ith bit exchanged between player I and player II
chooses either a subset of the rows or the columns in the previous matrix M;
resulting in a submatrix M; of M; ;.

When the protocol ends, say after the exchange of k bits, the rows of M, cor-
respond to the set of z’s consistent with player II's knowledge and similarly the
columns of M}, correspond to the set of y’s consistent with player I's knowledge.
Since player I knows that player II knows the value of f(z,y), each column of M
must be all 1’s or all 0’s. By a symmetric argument, each row of M must also
be all 1’s or all 0’s, i.e. Mj, is monochromatic (all 1’s or all 0’s), and therefore
rank(Mj) < 1.
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There exists an input such that rank(M;) > srank(M;_,) for all ¢, and therefore
A uses at least log rank (M) bits of communication in the worst case. O

Definition 7.4 Define EQUAL,,, DISJs, € Ba, by

1, dfz=y
EQUAL(z,y) = { 0, otherwise

1, ifx;y; =0 for all i

DISJ(z, ):{ 0, otherwise

S

Proposition 7.3 n < C(EQUAL),C(DISJ) <n+1

Proof. The communication matrices for both problems have rank 2" (exercise
7.3). Thus the lower bound follows from proposition 7.2. The upper bound
follows from the trivial communication protocol, proposition 7.1. O

Less communication may suffice when coin tossing is allowed:

Definition 7.5 A probabilistic communication protocol A is a probability dis-
tribution over deterministic protocols. Ca(x,y) is the expected number of bits
exchanged by the two players on an input ,y.

A probabilistic protocol e-computes a function f, if for all (x,y) in the domain
of f, Pr(A(z,y) # f(z,y)) < € and we let C4(f) = maxy, Ca(x,y). The e-error
probabilistic communication complexity of f s

Ce(f) =min{C4(f) | protocol A e-computes f}.

For a relation R, C.(R) is defined similarly.
Proposition 7.4 C.(EQUAL,,) < logn + log(e™) + O(1)

Proof. For each prime p, we have a deterministic protocol A, that works as
follows: player I sends the value [z] mod p (log p bits) to player II. If [z] mod p =
[y] mod p then the result of the protocol is 1 and otherwise 0. Player II notifies
player I of the result, using a single bit.
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If x =y then Ay(z,y) = EQUALy,(z,y) for all p. If z # y then A,(z,y) =
EQUAL,,(z,y) except when p divides |[z] — [y]| < 2". Define Chebyshev’s ¥-
function by

I(z)=> Inp
p<z
A version of the prime number theorem states that lim,_, . @ =1 (see Apostol,

Introduction to Analytic Number Theory, Springer-Verlag, 1976). In particular
this means that there is a constant ¢ such that J(cx) > x for all x > 2. Let

m= “7“271 The probabilistic protocol A, will use the protocol A, with probability
191?75) for p < m and

Pr(A(z,y) # EQUAL(z, y)) <

Pr(p divides [z] — [y] | z #y) <

The number of bits transfered in the protocol is

logp+1<logm+1=1logn+log(e™") + O(1)

7.2 Lower bound on probabilistic communication com-
plexity

The last result has no analogue for the disjointness problem. In fact it holds that

Proposition 7.5 (Kalyanasundaram and Schnitger, 1987)

€1 (DIST) = Q(n)
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Proof. Omitted. A relatively short proof is given by Razborov (1992). O

We give the details of a weaker result with a simpler proof, namely C’% (DISJT) =

We need some definitions and lemmas.

Lemma 7.6 Let f € B and let €,0 be fired constants such that 0 < 6 < € < %
It holds that Cs(f) = O(C.(f)).

Proof. see exercise 7.6. O

Notation 7.1 We will when convenient regard x as the subset of {1,2,...,n}
defined by x = {i | z; = 1}, and accordingly we use set notation such as

Ny =2z where z; = x;y;

e ={i |z =1}

Definition 7.6 Let Q@ = {z € {0,1}* | F#xz = /n} and define DISJ-Q =
DISJ|gxq-

Lemma 7.7 C.(DISJ) > C(DISJ-Q) for all e.
Proof. Any probabilistic protocol for DISJ will also work for DISJ-Q. O

Definition 7.7 For f : X xY +— Z and € > 0 let d.(f) be the minimum of
Ca(f), where the minimum is taken over all possible deterministic protocols A
that compute f correctly on all inputs except for a fraction e.

Lemma 7.8 2C.(f) > da(f).
Proof. See exercise 7.7. O

Definition 7.8 Let M denote the |Q| X |Q| communication matriz for DISJ-Q).
A submatriz R = F x G of M is an e-error 1-rectangle if xt Ny = 0 except for a
fraction € of all (z,y) € F x G.
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Lemma 7.9 There exists ¢¢ > 0 and cog > 0 such that for all 0 < € < € and
0 < ¢ < ¢ the following holds.

Let R = F x G be an e-error 1-rectangle.
Let i ={z e F | #{yeGlzny#0} <2G| }.

(i) If |F1| > %|Q\2_c\/ﬁ then we may choose Ty, Ty, ..., 2 /m/3 € F1 such that
Vn/3
n
i=1

provided n s sufficiently large.

(ii) |R| < |Q|?27°Y™ provided n is sufficiently large.

Proof. part (i): Tt suffices to choose z; such that |z; — UlZiz;| > 4 Since
Uil a] < @\/_ = %, the number of choices for z, is at least

vn o /n 2n
Bl- 3 ()( 3 .)z
=¥ 41 1) \Vn—i

l\DLr—t
L)
[N}
4
S
|
o[
VN
Sgyers
N——
VN
[§ ey
N——
AV

1 n 2_0\/5_77, n(2\/§)\/ﬁ n
2\v/n 2 3 N
which is strictly positive for n sufficiently large provided that 27¢ > %, i.e.

c < log % ~ 0.09.

part (ii): If |[F| < |Q[27°V™ then |R| = |F x G| < |Q[?27¢V", and therefore we
will assume that |F| > |Q|27¢V". By a counting argument, we also have that
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|Fy| > |F|/2 > 3|Q|27¢V", and therefore we can use part (i) of the lemma. In
the following let zy, ...,z /3 be given (and fixed) such that |Ui‘i—"1/3 z;| > %. Let

Gi={yeC | #lilmny#01<i< L) <ael ),

By a counting argument, we also have that |G;| > |G|/2. For S being some
subset of the x;’s with |S| = 46@, let GY be those y € G; that intersect no z;

not contained in S. For a fixed S there must be at least § — 46@\/5 > § (for
€< 3) elsements in {1,...,n} that are not included in any y € G7, and therefore
£

IGP| < (\/7_) Combined we get

vn 8n
<2|Gh| <2 ] 9
1< 260 <2060 <2( %) )

€ n
3

By exercise 7.8 this expression is < 27°V?|Q| for ¢, ¢ sufficiently small and n
sufficiently large. a

Theorem 7.10 (Babai, Frankl and Simon, 1986)
C1(DISJzn) = Q(y/n)

Proof. By lemmas 7.6, 7.7 and 7.8 it suffices to prove that d.(DISJ-@,,) = Q(y/n)

for some € < %

Remember that in the communication matrix M for DISJ-@Q,, a 1 corresponds
to an input pair z,y with z Ny = 0, and a 0 corresponds to an input pair z,y
with z Ny # 0

Given a deterministic communication protocol A, all inputs z,y that lead to
the same communication (i.e. same bit sequence) between the two players as
a given input (go,go) corresponds to a submatrix M@O%) of M. M@o’ﬁo) may
contain both 0’s and 1’s, but the protocol will give the same answer to all the
corresponding inputs, either always 0 or always 1.

The fraction of 1’s in the communication matrix M for DISJ-(),,, is

(V)2 20 G
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which is greater than + for n sufficiently large.
g 3

If A is a deterministic protocol erring on no more than a fraction € of inputs then
at least (5 — €)|Q|? of all the I’s in M must also lead to the answer 1 by A.

If more than (3 —€)|Q|? of the I’s in M lead to 1-answers based on submatrices
with more than a fraction 6e of 0’s, then the total number of 0’s leading to a
wrong l-answer is at least £(3 — €)7°-|Q[?> > €|Q[*. This is a contradiction, so at
least (5 — €)|Q|? of the 1’s in M lead to a 1-answer based on submatrices that
are Ge-error 1-rectangles. Each such submatrix has size < |Q|?27°V" for some
¢ > 0 (if € is sufficiently small) according to lemma 7.9(ii). Hence there are at

least

171
§(§ - 6)‘Q|2 _ 20\/771(1 . 6)
|Q22—<vn 2°3

distinct submatrices M(; ,). Therefore the protocol must take at least log(2¢VmL(

€)) = Q(y/n) steps. |3ZI

7.3 Lower bound on monotone depth

Definition 7.9 MATCH(g) € B(Z) s defined by

n

1, if G[z] has a matching of size §

0, otherwise

Mulmuley, Vazirani and Vazirani (1987) constructs a randomised parallel algo-
rithm for MATCH using n°®) processors and logO(l) n time with error probability
< i. By the techniques of section 4.6 this means that MATCH € NC¥. See also
exercise 7.14.

MATCH is a monotone problem, and one might expect that a good parallel and
monotone solution also exists. However, Raz and Wigderson (1992) proved that
D (MATCH) = Q(n).

Definition 7.10 Let f € MON,,.

z is a minterm for f if f(y) =1 for ally >z and f(y) =0 for ally < z.

z is a masterm for f if f(y) =1 for ally > z and f(y) =0 for all y < z.
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Let MIN(f), MAX(f) C {0,1}" be the set of minterms and mazxterms, respec-
tively, for f. Define the relation R(f) C MIN(f) x MAX(f) x {1,2,...,n} by

(z,y,i) € R(f) iff ;=1 and y; =0
Lemma 7.11 D, (f) > C(R(f)) for all f € MON.

Proof. A (+,-)-formula F' of depth d is known to both players. Player I has an
input z such that F(z) = 1 and player II has an input y such that F(y) = 0.
If F' = Fy- Fy then one of Fy(y) and F(y) must be 0. Assume that Fi(y) = 0
then player II sends the bit ¢ to player I and since F;(z) = 1, the protocol may
continue recursively on F; that has depth < d — 1. In case F' = Fy + F; the roles
of the two players are reversed. After at most d steps the formula is reduced to

a single variable, the index of which is known to both players. O

Definition 7.11 Let P, be the set of all 5-matchings over n vertices (Each mem-
ber of P, is a graph with § disjoint edges). Let Qy be the set of all (§ —1)-subsets
of n wvertices (Each member of Q,, is § — 1 vertices). Let E, be all edges in the
complete graph on n vertices. Define MATCH, C P, x Qn X E, by

(p,q,e) € MATCH, iff e€p and eng=0.

Lemma 7.12 Dy (MATCH x)) > C(MATCH,)

Proof. This follows from lemma 7.11, since p € P, is a minterm for MATCH and
q € @, induces a maxterm r (all the edges in ¢ x {1,2,...,n}). For any edge e,
we have that e € pand eNg=0 if and only ife € p — . O

Definition 7.12 Define DISTz : {a,b,c}5 x {a,b,c}5 + {0,1} by

3

DIST%”(LQ):I iff xiFy forall 1<i<

w|3

Proposition 7.13 C(MATCH,) > Cy(DIST=)

3

Proof. We first design a deterministic protocol for every triple (S, p, k), where
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S =1(5,52,...,5n ) is a partition of the vertex set {1,2,...,n} into triples,
ie. |S;| =3, and|SﬂS|—(Z)forz;éj,and
p=(p1,p2,---, p%) is a sequence of bijections, p; : {a,b,c} — S;, and
ke{l,2,...,3}.

For each p;, we define a complementary mapping, by 7;(7) = S; — {pi(7)}-

To a triple (S, p, k), we associate two mappings o7 : {a,b,c}3 — P, and oy :
{a,b,c}s — Q, defined by

)}

Uf(i) = {ﬁl(xl):ﬁZ(:%)a Y4 (:1:

w3
w3

or(y) = {p1(¥1), p2(y2), - - -, p2 (y2)} — {pk(yk)}

The deterministic protocol B(g, ) works as follows. On input (z,y), player I
computes p = o;(z) and player II computes ¢ = o,(y). Next they apply a

deterministic protocol A for MATCH to find an e such that (p,q,e) € MATCH.
The result of the protocol is 1 if pi(yx) € e and otherwise it is 0.

The probabilistic protocol B for DIST is defined as follows. With probability %
the result is 0 (without any communication) and with probability % it chooses
some protocol Bg, ) uniformly at random, and uses the result of this protocol.

If DIST(z,y) = 1, then p;(y;) € p;(w;) for all 1 <4 < %, and therefore the value
returned by protocol A must be e = 7, () satisfying that p(yx) € e, i.e. we
have

If DIST(z,y) = 0, then for some j, p;(y;) ¢ p;(x;)- If k happens to be equal
to such a j, then we necessarily have that p(yx) € e, resulting in a 0 from the
protocol. If in stead px(yx) € pr(zk) then there is probability > % that protocol
A returns an e = p;(x;) with j # k, resulting in a 0, i.e. we have:

Pr(B(z,y) =0 | DIST(z,y) = 0) >

2
3

wl N
N | —

-1+

wlr—t
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Proposition 7.14 C.(DIST,) > C.(DISJ,,)

Proof. Define two mappings 77, 77 : {0,1} — {a,b,c} by 77(0) = a, 777(0) = b
and 77(1) = 777(1) = c¢. Both maps are extended to {0,1}" in the natural way.
Clearly, (z,y) € DISJoy, iff (17(z), 711(y)) € DIST,,. A probabilistic protocol D
for DISJ may be constructed by letting player I and player II compute 7;(z) and
711(y), respectively, and use a probabilistic protocol for DIST. O

Theorem 7.15 Dm(MATCH(n)) = Q(n)

Proof. Combine the above propositions and proposition 7.5. O

7.4 Lower bound on Monotone Size

We have so far encountered a number of monotone problems, e.g. threshold
functions, binary sorting and Boolean matrix multiplication. We know that the
monotone basis {+, -} is complete for MON (exercise 1.6). Obviously, S,,(f) =
Q(S(f)) for all f € MON, but is it also true that S,,(f) = O(S(f)) ? The
question came into focus, when Razborov (1985) gave a super-polynomial lower
bound on the size of a monotone circuit for a specific (monotone) NP-complete
function (This result is shown in the following subsection).

Already Lamagna and Savage (1974) had proven the following result:
Theorem 7.16 S,,(SORT,) = Q(nlogn)

Proof. We will use the substitution technique to show that S,,(SORT,) >
[logn] 4+ S (SORT, 1), which implies the theorem.

Let C be an optimal circuit over {+, -} for computing SORT,,. Since SORT,(z) =
(Th*(z), ..., Th(z)), we denote the n outputs from C by Th!,..., Th". Since
Th; depends on all inputs, C' must contain a path from each input to Th;,. Each
gate has fan-in 2, and we can therefore find an input x;, satisfying that a shortest
path from z; to Th; passes at least [logn| gates. Let C' be the circuit arising
from C when substituting 0 for x; and eliminating all gates that have one or
more constant inputs. Since the Th)-output is now constantly 0, we must have
eliminated all gates on a path from z; to Th;,, implying that

Sm(C) > Sm(C") + [logn].
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Since C' computes SORT,_1(x1,- .., Ti—1,Tit1,---,Tn) on the last n — 1 outputs,
we have that

S(SORT,) > S,(SORT, 1) + [lognl,

which implies the theorem. O

Since binary sorting is computed by a circuit of size O(n), when allowing negation
(exercise 3.19), there is at least a factor logn slack between S, and S.

The following result makes the situation even worse:

Theorem 7.17 Let MM € MONgy2 2 denote Boolean matriz multiplication,
i.e. MM2n2,n2 (i, g)” = 22’21 ‘/Lli,k'yk,j-
Then Sy (M Mays n2) = Q(n?) and S(M Moy p2) = O(n?3Y).

Proof. The upper bound is shown in exercise 7.18. We omit a proof of the lower
bound. O

Any hope of a polynomial relation between S,, and S was eventually terminated
by Razborov (1985) who proved a super-polynomial lower bound for the size of
any monotone circuit deciding the existence of a perfect matching in a bipartite
graph, a problem in P and even in NC? (exercise 7.14).

7.4.1 The k-clique problem

We are now going to prove Razborovs first lower bound.

Let k be a fixed integer. k-CLIQUEE€ MON(H) is the function that when input

2
an undirected graph with n nodes (represented by a bit for each possible edge)
returns the value 1, if the graph contains a complete subgraph (clique) on &
nodes.

We are going to prove that any family of monotone circuits computing k-CLIQUE
has size n?V®). The proof follows Boppana and Sipser (1990).

The basic idea of the proof is the following. For every monotone circuit C we
describe an approximator circuit C disagreeing with C on few inputs only provided
C is small. However, all approximators will disagree with the k-CLIQUE function
on many inputs, implying that C' must be large in order to compute k-CLIQUE
correctly.
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When judging how well C approximates C, we will not directly count the inputs
where the two circuits disagree, rather we count the number of positive and
negative test graphs giving rise to different output from the circuits.

A positive test graph has k distinguished nodes forming a clique. There are no
edges apart from the clique. In total, there are () = ©(n*) distinct positive test
graphs.

In a negative test graph each node has a single colour out of (k — 1) possible
colours. Two nodes are connected by an edge, precisely when they have distinct
colours. In total there are (k — 1) distinct negative test graphs, since graphs
with permuted colours are not regarded as identical.

Note that

1 if G is a positive test graph

k-CLIQUE(G) = { 0 if G is a negative test graph

We need some notation. If X # ) is a set of nodes, then let [ X] denote a clique
indicator, i.e. a circuit detecting whether X forms a clique:

1 if X spans a clique in the graph G
0 otherwise

X16) - {

E.g. 3 xj=x[X| computes k-CLIQUE.

An approzimator is a circuit computing a sum of clique indicators: Y7 ;[ X;],
where s < m and |X;| < 1. If m < (}) and | < k, then it seems intuitively
reasonable that any approximator will deviate from k-CLIQUE on many test
graphs. The following values turn out to be appropriate:

l=|VEk] (8)

m=(p—1)' Ul 9)
where

p=Vklogn (10)

We are going to motivate these choices in connection with the upcoming proofs,
of which the first one formalises our intuition that an approximator is really poor
at computing k-CLIQUE.
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Lemma 7.18 An approzimator is either identically 0, or it returns 1 on at least

$(k—1)" of all negative test graphs.

Proof. Let the approximator C' compute 3%, [X;], where s < m and |X;| < [.
If C is not identically 0, then we must have s > 1. We are going to argue that
[X1] alone accepts sufficiently many negative test graphs. For this we use a
probabilistic technique:

PI‘ X G =1) =
G is negat. test graph([ (@) )

1- Pr (2 nodes from X; have same colours in G) >
G is negat. test graph

(A L
2 Jk—17

1

if | X3 < Vk.

(8) is chosen carefully to satisfy this condition. Since we have (k — 1) negative
test graphs in total, the lemma follows. O

We need to describe for every monotone circuit C' the construction of an approx-
imator C' such that C' and C' deviates on a number of test graphs proportional
to the size of C only.

Without loss of generality, we can assume that C' does not use constants. C is
constructed from C' in the following way:
1. Every input z; is preserved. (If z; represents an edge between the nodes u
and v, then z; is identical to the clique indicator [{u,v}]).
2. Every +-operation is replaced by a new operator LI
3. Every --operation is replaced by a new operator 1.
The remaining problem consists in defining the binary operators LI and M on

approximators such that a L b (respectively @M b) deviates very little from a + b
(respectively @ - b). We start by L:
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Z, Z,

Figure 18: Sunflower

Lemma 7.19 Given two approzimators a and B, we can find an approximator
a b such that

S

1. aUb>a+b for all positive test graphs.

j=]

2. aub<a+b forall (apart from m27P(k — 1)™) negative test graphs.

Proof. If @ = Y7 ,[X,] and b = i-11Y;] then a + b is not necessarily an
approximator, since it may hold up to 2m clique indicators.

We are going to form aLib from d+b by decreasing the number of clique indicators
while only changing the output on test graphs within the limits stated in the
lemma. We need a definition:

A class of distinct sets Z2 = {Z1,...,Z,} is called a sunflower if for all i # j it
holds that Z;NZ; = Z, where Z = N!_, Z;. Figure 18 shows a sunflower. Z is
the centre of the sunflower, while the Z;’s are the petals. If a class of sets W
contains the sunflower Z, we say that we pick Z from W when we in W replace
the petals of Z with the centre of Z. The following result guarantees that if
[W| > m then it is possible to pick a sunflower with p petals from W and this
result is the reason for fixing m as in (9).

Lemma 7.20 (Erdos and Rado, 1960) If W is a class of distinct sets, where
each set has at most | elements and [W| > (p — 1)! - I! then there is a subclass
Z C W satisfying that Z is a sunflower with p petals.
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Proof. We use induction on [. If [ = 1 then W is a sunflower with centre () and
[W| > p — 1 petals.

If I > 2 we let M C W be a maximal class of disjoint sets. If [M| > p then M
is a sufficiently large sunflower.

Otherwise we form the set S = Jyren M that satisfies
S| <i(p—1)
SNW #( for every W e W (11)

(11) means that we can find an s € S such that s € W for many (at least 21

) 5]
W € W. We choose such an s and define
W={W—-{s}|seW and WeW}
It holds that

wiz D8 Bl oy -y

Since every set in W' has at most [ — 1 elements, we can (by induction) find a
subclass 2’ C W' that forms a sunflower with p petals. If this sunflower has
centre C' then

Z={2'U{s}| 2 € 2}

is a sunflower with centre C'U {s} also having p petals. O

Proof of lemma 7.19 continued. We can now define aUb. Let W := {X1,..., X,
Yi,..., Y} If [W| > m then pick sunflowers (with p petals) from W until
IW| < m. Then a Ub= Y ey [W] is an approximator.

We still need to analyse the deviation of a L b from @ + b.

The deviation for positive test graphs is analysed in exercise 7.20. For negative
test graphs we use a probability theoretic argument similar to what we did in the
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proof of lemma 7.18. If Z = {Z,,...,Z,} is a sunflower with centre Z then we
have:

P
_ Pr (Z[ZZ] (G)=0 and [Z](G)=1)<
G is negat. test graph ;=

4

Pr OC1Z1(G) =0 | [2](G)=1)="

G is negat. test graph ;=

izl—IlG is negat}.)ycest graph([zﬂ G)=0 | [Z](G)=1)<?

II . Pr (1Z1(G) =0) <?
i—1 G 1s negat. test graph

— 9P

.E’t‘
N | —

~
Il
—

We make no more than 2m — m = m pickings. Therefore

, Pr (@UD(G)=1 and @+ b(G)=0) <
G is negat. test graph

m27?

Since we have (k — 1)" negative test graphs in total, there at most m27?(k — 1)"
negative test graphs with alU b > a + b. O

Lemma 7.21 Giwen two approximators a and l;, there exists an approxrimator
a b such that

1This identity uses that the events ([Z;](G) =0 | [Z](G) =1) (i =1,...,p) are indepen-
dent, because the Z;’s form a sunflower with centre Z. The identity is the reason for introducing
sunflowers.

2Since [Z](G) = 0 implies that [Z;](G) =0

3This inequality is implied by the reasoning in the proof of lemma 7.18
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R

n

kjj)) positive test graphs.

1. anb>a-b for all (apart from at most m2(

l

2. aMb < a@-b for all (apart from at most m?*27P(k —1)") negative test graphs.

Proof. The --case is apparently worse than the +-case, since @ = >7_, [ X;] and
b=35_,1Y;], implies a-b= 37, >25_, [ Xi] - [Y;] and the latter expression does

not look like an approximator.

We start by describing, how a - b is transformed into an approximator, and later
we analyse the error made by the approximator.

We start by replacing [ X]-[Y'] with [X U Y] obtaining ¢; = 337_, 37, [ X; U Yj].
It is possible that |X; UYj| > [, but all clique indicators that are too large are
thrown away from c; resulting in ¢, = 3t _ [Z;], where |Z;| < I. There could
still be up to m? clique indicators, since t < rs < m?. To decrease this number
we pick sunflowers as in the proof of lemma 7.19 resulting in the approximator

anb=yr  [W].

We first analyse the error of the approximator on positive test graphs. If G is a
positive test graph then @- b(G) = ¢1(G) > 2(G) < @M b(G) (see exercise 7.21),
so the error has the proper bias except when transforming ¢; into co. If ¢1(G) =1
and c3(G) = 0, then during the transition from ¢; to ¢, we have deleted a clique
indicator [Z], where |Z| > [ + 1 and the nodes in Z form a clique in G. Since

Z:fj) distinct such G’s for a given

Z. Since ¢; contains at most m? clique indicators, we see that @Mb > - b for all

apart from at most m? (Z:fj) positive test graphs.

G is a clique on k£ nodes, there are at most (

Finally, we consider the case of G being a negative test graph. It holds that
i-b(GQ) > ¢1(G) > c2(G) < anb(G) (see exercise 7.21), i.e. the error has the
proper bias except in the transition from ¢, to @b, where we pick up to m?2
sunflowers. By an argument similar to the one in the proof of lemma 7.19, we
have that @M b < @- b for all apart from at most m?27?(k — 1)" negative test
graphs. O

Theorem 7.22 For a fized k it holds that

Su(k-CLIQUE|y) = nVh)

n
2

Proof. Let C' be a monotone circuit computing k—CLIQUE(n), i,e. C' =1 for all
2

(Z) positive test graphs, and C' = 0 for all (kK — 1)" negative test graphs.
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We have so far described the construction of an approximator C over the basis
{u, M} for a given C. The lemmas 7.19 and 7.21 combined bounds the error of
the approximator:

C > C for all positive test graphs, apart from at most S(C)-m? - (ij), and

C < C for all negative test graphs, apart from at most S(C)-m?-27P . (k— 1)~
We also know, by lemma 7.18 that the error is large:

Either C' = 0 on all positive test graphs or C' = 1 for at least 3 (k — 1)™ negative
test graphs.

When combining this information, we get:
1. Either
o (n—1-1 n
. . >
sermt (121002 ()
and with substitutions using (8) and (9) we get

S(C) = Qp 2VF - nVF)

since k is a constant!

2. Or

S(C)-m*- 2P (k—1)">—(k—1)"

DN | —

and similarly with substitutions using (8) and (9) we get

S(C) = Qp 2k 2)

The two lower bounds are identical, when nVk = 2P, which happens to hold
according to (10). By substitution, using (10) we get
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Exercises
Exercise 7.1 Let k = logn, and define SHIFT-EQUAL € By, by

SHIFT-EQUAL(%1, . - ., Try Y1y -« s Yny Z1y -« -5 2k) =

L, ifx;= Yi+[z] mod n Joralll1<i:<n
0, otherwise

Show that Cyooy(SHIFT-EQUALy, ;) = Q(n).

Hint: Show that Cp,gy(SHIFT-EQUALy,, ) > C(EQUALy,,) form = 7 —logn+
0(1).

Exercise 7.2 Area-Time trade-off in VLSI.

We consider a chip to be a rectangular grid with processors at selected nodes.
Processors are connected by wires along grid edges. Wires may cross, but each
grid edge carry at most one wire. In one step (systolic: synchronised globally), a
processor can read the bits sent to it in the last step, make some local computation
and sent at most one bit out on each connecting wire.

The chip has n special input wires and an output wire. The chip computes a
function f € B,, in time T if the chip when presented with x1,...,x, on the input
wires renders f(z1,...,x,) on the output wire after T steps. The area A of the
chip is the number of grid squares (or the total length of wires).

Assume that a chip of area A computes a function f € B in time T. Prove that

AT? = Q((Cpegs(£))?)

Exercise 7.3 Show that the communication matrices for EQUAL,, and DISJy,
both have full rank 2".

Exercise 7.4 Find O(logn) bounds for the following communication problems.

(i) The two players have initially bit vectors  and y, respectively, with the prop-
erty that the parity of the number of 1’s in x s different from the parity of the
number of 1’s in y. The two players must agree on an index “4” such that x; # y;.

(ii) The two players have initially bit vectors z and y, respectively, with the
property that the number of 1’s in z is different from the number of 1’s in y. The
two players must agree on an index 4”7 such that x; # y;.
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Exercise 7.5 Prove a linear lower bound on the communication complexity for
the problem of computing the inner product (modulo 2) of two binary vectors.

Exercise 7.6 Prove lemma 7.6.
Exercise 7.7 Prove lemma 7.8.

Exercise 7.8 Show that

() () <>

for €,¢ > 0 sufficiently small and n sufficiently large.

Hint: Use Stirling approzimation to show that (m"/‘k) < (ke)™*,

Exercise 7.9 Show that the reverse inequality of the one in lemma 7.11 also
holds, 1i.e.

Dy (f) = C(R(f)) forall fe€ MON

Exercise 7.10 State and prove a non-monotone version of lemma 7.11 (and
definition 7.10)

Exercise 7.11 Define PM € MON by

2

PMy (2) = 1, f the g?"aph G|[z] has a perfect matching
) 0, otherwise

Show that D,,(PM) = Q(n).
Exercise 7.12 Define BPM € MON by

1, if the bipartite graph BPG|z| has a perfect matching

BPMy:(z) = { 0, otherwise

Show that D,,,(BPM) = §)(n).



126 7 LOWER BOUNDS II

Exercise 7.13 Define CL(k) € MON by

2

| 1, if the graph G[z] has a clique of size k
CL(k) (3) (z) = { 0, otherwise
Show that D (CL(K)) = Q(k).

Hint: Show that Dy, (CL(% + 1)) = Q(n).
Exercise 7.14 Define BPM € MON by

1, if the bipartite graph BPG|z] has a perfect matching

BPMya(z) = { 0, otherwise

For a bipartite graph G on vertices {1,2,...,n} U{1,2,...,n} define a matriz
TC(z) with indeterminates z = {211, ..., Zun} at the entries by

N _ | g, if (i,7) is an edge in G
T (2l _{ 0, otherwise

1. Show that if G has a perfect matching then det(T%(2)) is a nontrivial poly-
nomial of degree n, and if G has no perfect matching then det(T%(z)) is
the 0-polynomial.

2. Choose some prime p > 2n. Show that

Pr (det(T%(a)) # 0mod p | det(T%(z)) £ 0) >

a€e{0,1,...,2n}"?

DN | —

Hint: observe that det(T¢(2)) = poij(2) + 2ijp1i;(2) where pyi; does not

contain z;; and use the inequality (1 — 2n1+1)" > %

3. Show that there exists aj,ay,... 0,2 € {0,1,...,2n}"" such that for all
bipartite graphs G on n + n nodes,

det(T%(2)) is the 0-polynomial
iof and only of

det(T%(g;)) =0 for alli=1,...,n?
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4. Show that D(BPM) = O(log® n)

Hint: See exercise 6.11

Exercise 7.15 Given any two functions g, h with g(n) < y/n and h(n) = o(g(n)),
construct a monotone function f such that D, (f) ¢ O(h(n)) and D, (f) =

O(g(n)).
Exercise 7.16 Given any function g with g(n) < \/n, construct a monotone
function f such that D,,(f) = Q(g(n)) and D(f) = O(log?g(n)).

Hint: Use exercises 7.12 and 7.14.

Exercise 7.17 Let S} (f) denote the minimum number of --gates a correct mono-
tone circuit for f can possibly have. Similarly, let SY,(f) denote the minimum
number of +-gates in any correct monotone circuit for f.

1. Show that SY(Th) > 2n — 4. (Hint: modify the proof of theorem 5.8)

2. Show that SY,(Th2) = SA(TH'™Y). (Hint: duality)

3. Show that Sy, (f) > 4n — 12 for the function

f(.’,El,.. CUn) =
T 2(z1,. .oy Tne1) + (T - TH2 (21, ..., Tn1))

Exercise 7.18 Show that S(M Ma,z ,2) = O(n'°%27log” n).
Exercise 7.19 Show the following modified version of lemma 7.20, where the

assumption of the sets being distinct is remouved:

If Wy, Wy, ..., W, is a collection of sets (not necessarily distinct) with at most
elements in a single set and n > (p — 1)V - [! then there exists a sub-collection
Wiy Wiy, - - o, Wi, such that N,_ Wy, = Wi, N Wy, for all i # j.

Exercise 7.20 Show that the construction of a U b in lemma 7.19 satisfies that
aUb(G) > a+ b(G) for all positive test graphs G.

Exercise 7.21 In the proof of lemma 7.21 we named some sub-results ¢; and co
when constructing the approximator anl b for a - b. Show that
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a-b(G) = c1(G) > e(G) < anb(G) for every positive test graph G.

i-b(GQ) > c1(G) > ¢o(G) < anb(G) for every negative test graph G.

Exercise 7.22 What fails, if you try to generalise the proof of theorem 7.22 to
obtain a lower bound for S(k—CLIQUE(n)) g
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Class | Exists | Example (if exists)

ACY no

TC® ?

NC! yes | a specific regular language
NL/poly | yes | PATH

SAC! yes | a specific context free language
P /poly yes | linear programming
NP/poly | yes | SAT

B no

Table 1: The existence (and examples) of p-complete problems for selected classes

8 Overview

8.1 Class Overview

In figure 19 we present known inclusion relations between some of the non-uniform
classes that we have seen. We know that AC® # TCP, but it would be consistent
with our present knowledge if TC® = NP /poly.

In figure 20 we, similarly, present known inclusion relations between some uniform
classes. The space hierarchy theorem (presented in dAlg) implies that NL #
PSPACE. It is, however, consistent with our present knowledge if L = PH. En
route we have seen some relations between uniform and nonuniform complexity
classes. In particular, we know that BPP C P /poly in addition to C C C/poly.

In table 1 we have indicated the existence of p-complete problems for selected
classes. Completeness in the class NP is a property indicating that it is hard to
find an efficient solution at all to the problem in question, and similarly com-
pleteness in the class P is a property indicating that it is hard to find an efficient
parallel solution to the problem in question. It is perhaps surprising that such
a large number of classes (as it happens) do possess p-complete problems. The
existence of a p-complete problem for a class means that all the difficult problems
in the class are quite similar. They can all be solved by p-projection to a single
family of circuits.

Johnson (1990) presents a comprehensive class overview and Skyum and Valiant
(1985) show the existence of p-complete problems for pF, pdC, pC and pD.
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NP /poly = pD

NC
Néi+1

TC

AC!

SAC! = co-SAC?

SAC! = co—SEAC1 = pdC
NL/poly = co-NL/poly
L/poly
NC! = pF

TC

AC®

Figure 19: Non-uniform Classes
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DSPACE(¢2) DTIME(c!)

\/

NSPACE(t) = co-NSPACE({)

DSPACE(#)
/ \
NTIME(?) co-NTIME(t)
\ /
DTIME()
PSPEQCE
|
= >< U
\
21 = NP co NP =TI
P
NL = co-NL
L

Figure 20: Uniform Classes
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8.2 General Literature

There exist several encyclopedic treatises covering most of the existing knowledge
(with extensive bibliographies) within a restricted subject area at the time of
publishing:

1. Handbook of Theoretical Computer Science, Vol A Algorithms and Com-
plezity (ed. van Leeuwen). Elsevier, 1990.

Each chapter of the book presents a thorough overview within a selected
(narrow) subject. Among the chapters are: Machine Models and Simula-
tion, A Catalog of Complexity Classes, Machine-Independent Complexity
Theory, Kolmogorov Complexity and its Applications, Algebraic Complex-
ity Theory, The Complexity of Finite Functions, Communication Networks,
VLSI Theory.

2. Wagner, K. and Wechsung, G., Computational Complexity. Reidel, 1986.
The book is concerned with classic (Turing Machine based) complexity
theory. A nonstandard notation impedes browsing.

3. Wegener, 1., The Complexity of Boolean Functions. Wiley, 1987.

4. Kushilevitz, E. and Nisan, N., Communication Complerity. Cambridge
University Press, 1996.

5. Biirgisser, P., Clausen, M. and Shokrollahi, M.A., Algebraic Complexity
Theory. Volume 315 of Grundlehren der Mathematischen Wissenschaften.
Springer, 1997.

Compared to encyclopaedia the text books present selected bits of a broader
subject. Usually, problems and exercises are provided to support the students
work with the subject.

1. Balcazar, J. L., Diaz, J. and Gabarro, J., Structural Complexity. Springer
Verlag, 1988 (Vol. 1), 1990 (Vol. 2).

These volumes have a machine based perspective on complexity theory, but
they do also describe nonuniform complexity measures.

2. Papadimitriou, C. H., Computational Complexity. Addison Wesley, 1994.

New results are published at conferences and/or in journals. The following jour-
nals are particularly rich with results from complexity theory:
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1. Computational Complexity

2. J. of the Assoc. Comput. Mach.

3. SIAM J. Comput.

4. Mathematical Systems Theory

5. Information and Computation

6. J. of Complexity

7. SIAM J. Discr. Math.

8. Theoretical Computer Science
One should keep an eye on proceedings from the following conferences (among
others):

1. “STOC”: ACM Symposium on Theory of Computing.

2. “FOCS”: IEEE Symposium on Foundations of Computer Science.

3. “Structures”: IEEE Structure in Complexity Theory.

4. “STACS”: Symposium on Theoretical Aspects of Computer Science.

Recently, electronic publications have become an increasingly important source
of both new and old results.

1. Electronic Colloquium on Computational Complexity.
http://www.eccc.uni-trier.de/eccc/

This www-page contains access to tech reports, lecture notes, text books,
email addresses of complexity theoreticians, conference lists and much more.
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