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1.1 Introduction and Preliminaries

1.1.1 Introduction

We give an introduction to the design of parallel algorithms with the probabilistic method.
Algorithms of this kind usually possess a randomized sequential counterpart. Parallelization
of such algorithms is inherently linked with derandomization, either with the Erdés-Spencer
method of conditional probabilities, or exhaustive search in a polynomial sized sample space.

The key notation is the treatment of random variables with various concepts of only lim-
ited independence, leading to polynomial sized sample spaces with time and space efficient
implementations of the conditional probability method.

Starting with the definition of limited independence in Section 1.2, we discuss in Section
1.3 algorithms using limited independence in a more or less direct way: the maximal in-
dependent set algorithms of Luby (1986) [Lub86], which marks the begin of the subject,
and the algorithms due to Berger, Rompel (1989) [BR91] and Motwani, Naor, Naor (1989,
1994) [MNN94] for parallel computation of low discrepancy colorings of hypergraphs and
its extension to the lattice approximation problem. Although the lattice approximation
problem can be viewed as a packing problem, the direct application of limited indepen-
dence could not achieve parallel counterparts of well-known approximation algorithms for
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integer programs of packing type. An important step broadening the range of applicabil-
ity has been the introduction of efficient parallelization by so called fooling of automata
by Karger and Koller [KK97]!, which is presented in Section 1.4. The idea is to simulate
a randomized algorithm by deterministic finite automata on a probability distribution for
which the number of strings with nonzero probability is polynomial in the input size, while
the original probability distributions for the randomized algorithm typically lead to an ex-
ponential number of such strings. A similar approach giving a little stronger results for
the lattice approximation problem has been presented by Mahajan, Ramos, and Subrah-
manyam [MRS97]. Finally, in Section 1.5 we first show the impact of limited independence
to a packing type problem, the multidimensional bin packing due to Srivastav and Stang-
ier [SS97a, SS97b] and then proceed to Srinivasan’s [Sri0la] parallel algorithm for general
packing integer problems, which is based on the automata fooling and a nice compression
of the (exponential) state space to polynomial size. A comprehensive treatment of all ap-
plications of the probabilistic method in parallelizing algorithms is beyond the scope of this
chapter. Though, we have tried to include many topics in the bibliography and remarks
at the end of the specific sections. The intention of this paper is to show the development
of the method of k-wise independence in a straightforward way, starting with applications
where constant independence is sufficient, passing applications of log n-wise independence
like discrepancy problems and reaching the applications to integer programming. We give
the proofs in the first three sections in full detail so that also non-experts can find a self-
contained introduction to the subject with detailed proofs of processor and time bounds
without tracing a list of papers with sometimes varying notations. The examinations of so
far presented proofs lead to the revision of some processor and time bounds. The Sections
1.4 and 1.5 contain some state-of-the-art results on parallel algorithms via the probabilistic
method. Our emphasis there is on methodical aspects rather than completeness. There are
numerous open problems in the area. In Section 1.6 we give a selection of them which we
find not only appealing, but important beyond the scope of parallelization.

1.1.2 Preliminaries
Vectors and Matrices

For every n € IN denote [n] := {1,...,n}. The logarithm log is always taken to basis 2.
Given a (m x n) matrix A over some field IF, denote by range A its range {Az; z € F"} C
F™ and set rank A := dimrange A. The kernel, i.e., elements in " that are mapped to
zero, is denoted by ker A. For a vector x € F™ and an index set I C [n] denote by z; the
vector of entries from x with indices in I. We choose the same notation, x, for vectors of
indices, i.e., a € [n]k for some k € N. For a matrix A, the submatrix with rows from A
according to I is A; (according to a vector a, it is A,). For two vectors z,y € F™ denote
the scalar (or inner) product x+y := ;1) Ziy;-

The ith component of a vector v € ™ as usually is denoted by v;, and if a family of
vectors v1, ...,V is given, v;; denotes the ith coordinate of vector v;, i € [n], j € [k].

1We note that a close inspection and analysis of the lattice approximation algorithms of [MNN94] gives
error bounds leading to weaker bounds for the support size in the basis crashing algorithm of [KK97].
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Binary Representations

We use two different ways for the binary representation of natural and rational numbers.
Given a set  := {0,...,d — 1} for some d € N which is a power of 2, and a vector = € Q"

nlogd

(or a sequence x1,...,x, € ) we write x € {0,1} for the binary representation of x.

More precisely, x is chosen such that

ilogd
T = > x; 20~ 1=(i=Dlogd  for all 4 € [n). (1.1)
j=(i—1) log(d)+1

Given a number z € [0, 1] with L + 1 bits of precision, bit;(x) denotes the Ith bit, i.e., we
have

L
z =" 27" bity(x).
=0

Given a vector p € [0,1]™, where each of the n entries is given with L+ 1 bits of precision, we
sometimes need the Ith bit of each of the entries. We write bit;(p) = (bit;(p1), ..., biti(ps))
for this.

Logarithmic Terms

Given parameters aq,...,a; and a function f depending on them, we write f(a,...,ag) =
0] (log(*)(al, coosap)) i flar,...,a;) = O (log(g(ay,...,a)), and g depends polynomially
on ay,...,ay. For example, log(ay log? (aslog(ad) + as)) = O (log ™ (ay, ..., as)). We drop
the parameters (ag,...,a) in some cases, if they are polynomially bounded in the input
length of the given problem. This will be used to simplify the statement of some results.

Graphs and Hypergraphs

We use the standard notation of finite graphs and hypergraphs [Ber73]. A graph G = (V, E)
is a pair of a finite set V' (the set of vertices or nodes) and a subset F C (‘2/), where (‘2/)
denotes the set of all 2-element subsets of V. The elements of E are called edges. Denote
the neighbors of a vertex v € V by N(v) :== {w € V; IF{v,w} € E}. For a subset S CV
of vertices denote their neighbors by N(S) :={w eV \S; Fve S: {v,w} € E}.

A hypergraph or set system H = (V,€) is a pair of a finite set V and a subset £ C P(V)
of the powerset P(V). The elements of £ are called hyperedges. The degree of a vertex
v € V in H, denoted by deg(v) or d(v), is the number of hyperedges containing v, and
deg(H) = max d(v) is the (vertex-)degree of H. For a pair of vertices u,v € V, codeg(u,v)

is the co-degree of u and v, and is the number of edges containing both « and v, and
codeg(H) is the maximum over all codeg(u,v). H is called r-regular if deg(v) = r for all
v € V. It is called s-uniform if |[E| = s for all E € £. It is convenient to order the vertices
and hyperedges, V = {v1,...,v,} and £ = {E,..., E,;}, and to identify vertices and edges
with their indices. The vertez-hyperedge incidence matriz of a hypergraph H = (V,£), with
V={vi,...,v,} and & = {FEs,...,E,}, is a matrix A = (a;;) € {0,1}"*™, where a;; = 1
if v; € Ej;, and 0 else.

For a modern treatment of graph theory, we refer to the books of Bollobés [Bol98], Diestel
[Die97], and West [Wes96].
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Probabilistic Tools

Throughout this chapter we consider only finite probability spaces (2,P), where Q is a
finite set, usually a product of finite sets, and P is a probability measure with respect
to the powerset P(Q) as the sigma field. Let uq,...,u, and vy,...,v, be integers, and
let X4,..., X, be mutually independent (briefly independent) random variables, where X;
takes the values u; and v;, j € [n] and

PX; =u;]=p;, P[X;=v;]=1-p;

for p; € [0,1] for all j € [n]. For all j € [n] let w; denote rational weights with

0<w; <1 andlet o := ijXj
i=1
be the weighted sum. For u; = 1, v; = 0, w; = 1 and p; = p for all j € [n], the sum
P = 2?21 X is the well-known binomially distributed random variable with mean np. The
first large deviation inequality is implicitly given in Chernoff [Che52] in the binomial case.

In explicit form it can be found in Okamoto [Oka58]. Its generalization to arbitrary weights
is due to Hoeffding [Hoe63]:

THEOREM 1.1 (Hoeffding 1963)
Letu; =1, v; =0 for all j € [n] and let A > 0. Then

(i). P> E[¢] + A] < exp(—22)
(ii). Pl <E ] - \] < exp(—2"

p( )-

ex
ex

3

In the literature Theorem 1.1 is well known as the Chernoff bound. A proof of a stronger
version of it can be found in the Book of Habib, McDiarmid, Ramirez-Alfonsin, and Reed
[HMRAR9S8]. The following theorem is also known as Chernoff bound. Its proof for the
unweighted case can be found at several places, e.g., in the book of Motwani and Raghavan
[MR95]. For convenience, we give a proof for the general case.

THEOREM 1.2 Letu; =1, v; =0. Then

B[]
(i) P> (1+BE[] < (2205)  for all 0 < 5, and

(ii). P < (1 - B)E [p]] < (%)W for all0< B <1.

Proof Fix some t > 0, which will be specified precisely later. By the Markov inequality
and independence we have

Plg > (1+ B)E [¢]] = P [exp(t) > exp(t(1 + S)E [¢])]
E [exp(t)]
~ exp(t(1 + B)E [¢]) (1.2)
[T} E [exp(tw; X;)]
exp(t(L+ B)E[¢]) -
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For all j € [n] we can bound the expectation E [exp(tw;X;)] = pjexp(tw;) + (1 — p;) <
exp(p; exp(tw;) — p;), because 1+ < exp(x) holds for all > 0. Plugging in ¢ = In(1 + 3)
yields E [exp(tw; X;)] < exp(p; exp(In(1 + B)w;) — p;) = exp(p;(1 + B)*7 — p;). Because
for all # > 0 and y € [0,1] we have (1 + 2)¥ < 1+ 2y, we find exp(p;(1 + B)* —p;) <
exp(p;(1 + Bw;) — p;) = exp(Bp;jw;). So we have

H [exp(tw; X H exp(fpjw;) = exp( Z Bpjw;) = exp(BE [¢]).

Jj=1 Jj=1

Using this in (1.2) and further simplifying with ¢ = In(1 + /) yields the assertion (i) of the
theorem. The assertion (i) can be proven along the same lines, using that (1—-z)¥ < 1—xzy
for all z,y € [0,1]. ]

The right-hand-sides of these bounds are known as functions G and H resp. in the
literature:

xp(B)  \*
G(:U/vﬂ) = ((:I-?’_ZW) ’ 0 S ;uaﬂv

H(p,B) = ((fipﬁ()_(lﬁ_)my, 0<pu, 0<B<I.

By real analysis, one can show that for 0 < g < 1 we have G(u, ) < exp(—’gz‘T”) and

H(p,B) < exp(— i 5#). This gives the following bound, originally due to Angluin and
Valiant [AVT79).

THEOREM 1.3 (Angluin, Valiant 1979)
Letu; =1, v; =0 for all j € [n] and let 0 < B < 1. Then

(i). P[> (1+ B)E[$]] < exp(~224),
(ii). P[$ < (1—HE[$] < exp(~ LML),

For random variables with zero expectation there are several inequalities which can be
found in the book of Alon, Spencer, and Erd6s [ASE92], and Alon and Spencer [AS00].

THEOREM 1.4 (Hoeffding 1963)
Letu; =1, v; = =1, w; =1 for all j € [n]. For A > 0 we have

(i) Pl 2 Al < exp(=37),
(ii). P [ < =] < exp(=3y).

The following, for the unweighted case (i.e., w; = 1 for all j € [n]), is [AS00, Th. A.1.6,
A.1.7]. Their proof can be extended in a straight-forward way to the general case.
THEOREM 1.5 Letu; =1—p;, v; = —p; for all j € [n] and let A > 0. Then

(i). P[> \] < exp(—525),

(it). B[ < A < exp(— 520,




1-6

Hence P[] > A] < 2exp(— ED\ZZ)

Proof Assertion (#) follows from (i) via symmetry (apply (i) to —) and the assertion
about |9 clearly is a direct consequence of (i) and (%i).

We show (7). The idea is the same as in the proof of Theorem 1.2. Fix ¢t > 0 to be
specified later. By the Markov inequality and by independence we have

E [exp(ty)] H;'z:1 E [exp(tw; X;)]

Py > Al = P [exp(ty)) > exp(tA)] < exp(th) exp(tA)

(1.3)

For all j € [n] we have E [exp(tw;X;)] = pjexp(tw;(1 — pj)) (1 — p;) exp(—tw;p;) <

exp( T 1), because zexp(t(1 — x)) + (1 — z) exp(—tz) < exp(L ) holds for all z € [0, 1], see
[ASOO Lem. A.1.6]. So we have

n
H [exp tw]

Jj=1 Jj=1

With (1.3), we see

Py > A] < exp(— Zw —tA).

Choosing t := Z" T yields the bound in (). Note that we may assume that not all
weights are zero, since "otherwise the statement of the theorem is trivial. n

Alon and Spencer improved the Hoeffding bound to exp(—%) replacing n by pn =
p1+...+Dpn.

THEOREM 1.6 (Alon, Spencer 1992)

Letuj =1—pj, v; = —p;, w; =1 for all j € [n] and let A > 0. Seth%(pl—f—...—f—pn),
Then

(i). P[> N < exp(—35: + 50p),
(ii). P < —A] <exp(—

2pn)
Computational Model

In this chapter we consider the synchronous parallel random access machine model, the
PRAM model. The various specifications for the PRAM are EREW, ERCW, CREW, and
CRCW, indicating exclusive read/exclusive write, exclusive read/common write, common
read /exclusive write, and common read/common write into the global memory, respectively.
We consider in this chapter only the EREW PRAM model, thus do not specify in the state-
ments of processor bounds and running times the parallel model explicitly. We sometimes
write N'C algorithm instead of parallel algorithm, refering to the class A'C (for a definition
see [Pap94, Chapter 15]). For model details we refer the reader to standard text books,
e.g., Papadimitriou [Pap94]. A quick introduction is given in the book of Motwani and
Raghavan [MR95] in the chapter on parallel and distributed computing.
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1.2 Limited Independence

1.2.1 The Method of Conditional Probabilities

The method of conditional probabilities has been invented by P. Erdés and J.L. Selfridge
[ES73]. Further developments were given by Beck and Fiala [BF81], Beck and Spencer
[BS83], Spencer [Spe87], and introduced as a derandomization technique in integer pro-
gramming by Raghavan [Rag88]. With Raghavan’s paper the technique became a common
and popular tool in the design of derandomized algorithms.
n
We consider the probability space (Q,P) where Q = ] Q;, Q; = [N], the powerset P(£2)
i=1

n
is the o-field and P is a product, i.e., P = @ P;, where P; is a probability measure on
i=1
Q;. Let E C Q be an event with P[E] > 0 and let E¢ denote the complement of E. For
w1, ..., w € [N], I € [n] denote

PIEN{yeQ i =wi,....,5 = wi}]
Py [{wi}] - Py [{wi}]

The following simple procedure constructs a vector in E.

P[EC|wi,...,w] =

Algorithm 1: CONDPROB

Input: An event E C 2 with P[E] > 0.
Output: A vector z € E.

choose 1 as a miminizer of the function [N] — [0,1], w — P[E° | w];
for [ < 2 ton do

choose z; as a miminizer of the function [N] = [0,1], w = P[E° | x1,...,21_1,w];
end

A similar algorithm works for conditional expectations.

Algorithm 2: CONDEXP

Input: A function F' : Q — Q.
Output: A vector z € ) with F(z) > E[F].

choose #; as a miminizer of the function [N] — [0,1], w = E [F | w];
for | + 2 to n do

choose z; as a miminizer of the function [N] — [0,1], w = E[F | &1, ..., %1, w];
end

PROPOSITION 1.1 The algorithms CONDPROB and CONDEXP are correct.

Proof The argument is due to Erd6s and Selfridge [ES73]. Let x1,...,z;—1 € [N], 1 € [n].
Conditional probabilities can be written as a convex combination:

PIE |21, om-1] = Y Bi[{w}] PIE |2, @m,0].
wE[N]

By the choice of the z1,...,z, and the assumption P[E] > 0,

1>P[E]>P[E |21]>...>P[E°|2,...,2,] € {0,1},



1-8
soP[E°| z1,...,2,] =0 and x € E. The proof for the algorithm CONDEXP is similar. g

Efficiency of these algorithms depends on the efficient computation of the conditional
probabilities and expectations, respectively. In general, it seems to be hopeless to compute
conditional probabilities directly. But for the purpose of derandomization it suffices to
compute upper bounds for the conditional probabilities, which then play the role of the
conditional probabilities. Such upper bounds have been introduced by Spencer [Spe87] in
the hyperbolic cosine algorithm, and later defined in a rigorous way as so-called pessimistic
estimators by Raghavan [Rag88]. Comprehensive treatment of sequential derandomization
in combinatorial optimization can be found in the handbook of randomized computing
[Sri01b].

1.2.2 k-Wise Independence and Small Sample Spaces

The conditional probability method can be viewed as a binary search for a “good” vector
in the sample space ). If the size of {2 is polynomial in N and n, an exhaustive search is
already a polynomial-time algorithm. Small sample spaces correspond to random variables
with limited rather than full independence. Limited independence is applicable not only for
derandomization, but also for parallelization.

Let (2, X,P) be a probability space. In this chapter we consider only random variables
Xi,..., X, with finite ranges D1, ..., D,.

DEFINITION 1.1 (k-Wise Independence)

Xi,...,X,, are k-wise independent if for any J C [n] with |J| < k and any choice of
aj € Dj,j € J we have

P[X; =aj;foraljeJ=]][P[X;=q]. (1.4)
JjeJ

The definition usually given in papers from the theoretical computer science community
is the following special case of Definition 1.1:

REMARK 1.1 For uniformly distributed 0/1 random variables, k-wise independence

reads as follows: X1,..., X, are k-wise independent if for any r € [k], a € {0,1}" and any
choice of r variables X;,,..., X; , 1 <i3 <i2 < ... <14, <,
[ED[(XZ'I,...,XZ']C) = O{] =27"
A motivation for k-wise independence from the computational point of view is the follow-
ing observation. If Xi,...,X,, are independent 0/1 random variables, then the generation
of a vector (Xy,...,X,) = (w1,...,wy) requires n bits (n independent Bernoulli trials).

Now suppose that there is a (n X [) matrix B such that
BY =X,

where Y = (Y1,..., V), X = (X4,...,X,), the Y1,...,Y; are independent and X,..., X,
are k-wise independent 0/1 random variables. If [ is smaller than n, we need only I < n
random bits in order to generate X1,...,X,. In other words, the sample space is {0, l}l
instead of {0,1}" corresponding to the X, ..., X,,.
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Alon, Babai, and Itai [ABI86] showed that k-wise independent 0/1 random variables can
be constructed from mutually independent random variables using a matrix over GF(2).
For simplicity, we make two assumptions.

e We assume that n = 2% — 1 for some n' € N, n’ > 2. If n is not of this form, we
take the next larger number having this property. This enlarges the quantity n by
at most a factor of 2. This will change the size of the sample space, see Theorem
1.7. It will not, however, change the bounds on the quantity I, which later will
play the most important role. In all bounds on [, see (1.7) and (1.11), there
is only logarithmic dependence on n, and so bounds only change by a constant
factor (hidden in the O (.) notation).

e We assume k to be odd, i.e., k = 2k’ + 1 for some k' € IN. If k is even, take k+ 1
instead of k. This does not change the bound on the size of the sample space in
Theorem 1.7.

Let by, ..., b, be the n non-zero elements of GF(2") and let B be the following (n x (1+
E-1)) matrix over GF(2")

1 b b - b2
1 by b3 bh=2

B:=|1 b3 b A (1.5)
1 b, b bi=2

In coding theory B is well-known as the parity check matrix of binary BCH codes [MS77].
PROPOSITION 1.2  Any k rows of B are linearly independent over GF'(2).

Proof Let I C n be the set of indices of any k rows of B. The idea is to extend the
submatrix defined by I to a Vandermonde matrix. This is done by inserting columns with
even powers 2 to k — 1. Let \; € GF(2), i € I be such that

> oAbl =0 forallje{1,3,. .., k—2} (1.6)
i€l

Let r € {2,4,...,k —1}. Then we can write r = 2" j with an odd j € {1,3,...,k — 2}. We
have

0= (3 ab)” due to (1.6)
icl
= Z Xfrl bzw GF(2") has characteristic 2
il
= Z/\,-bf since A; € {0,1}.
icl
Hence .
> oAb =0 foralljel[k-1].
icl
As the Vandermonde matrix is non-singular, it follows that A\; = 0 for all ¢ € I. -
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The additive group of GF(2"") is isomorphic to the vector space ®Zi1 GF(2), which has

dimension n' over GF(2). Hence the elements of GF(2") (and so the entries in B) can be
represented by 0/1 vectors of length n', and their componentwise addition is the addition
in GF(2"). Put

k-1, k-1
=14 —5—n' =1+ —

log(n +1) = O (klogn). (1.7)

In the following, we will regard B as a (n x ) matrix, where all columns except the first
one are expanded to their 0/1 representation. It is clear that Proposition 1.2 still holds for
this expanded version of B.

Let Y7,...,Y; be independent and uniformly distributed. Let Y be the vector ¥ =
(Y1,...,Y)). Define Q := {0, 1}-valued random variables X7,..., X, by

Xz' = (Bi/)z for all 7 € [ﬂ], (18)
where the computation is done over GF(2). The following theorem was proved by Alon,

Babai, and Itai [ABIS6].

THEOREM 1.7  The random variables X1,...,X,, as defined in (1.8) are k-wise inde-
pendent and uniformly distributed. The size of the sample space is

O((n + 1)Lz]y.

Proof Choose I C [n] with ko := |I| < k. Let & € Q% be an arbitrarily chosen but
fixed vector (2 = {0,1}). Set X5 = (X;)ics. For k-wise independence we must show
P[X; = 2] = 2 %0, Let By be the submatrix of B with row indices from I. By is a (ko x 1)
matrix over GF'(2). Because of Proposition 1.2 we can extend B to an invertible (I x 1)
matrix C over GF'(2). Define

0, = {2 €Ql; 2} == forallic[k]}. (1.9)
Then |, | = 2%, and we have (all calculations done in GF(2))

]P[X[:JI

=P[BY = 1]
=P[CY modd e Q,]
= > P[CY —a' =0]
' €Qy
= > Py =C""2
' €Qa
= Z 2~ (the Y7,...,Y]; are independent)
' €Qa
_ |Q:E| _ 2[—k0

=27h,

2! 2!

The random variables X; constructed in this theorem can be viewed as mappings X; :
{O,l}l — {0,1},w — (Bw); and the sample space corresponding to the Xi,..., X, is
{0,1}". According to (1.7) its size is

2 =0((n+1)%]). o
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In view of the lower bound Q (n*) for sample spaces of certain k-wise independent random
variables given by Chor, Friedmann, Goldreich, Hastad, Rudich, and Smolensky [CFGT85]
this is best possible up to constants in the exponent. Note that the sample space constructed
by Alon, Babai, and Itai is polynomial only if k£ is constant. In applications k is often
not constant, but k& = O (log°n) with some constant ¢ > 0. Derandomization in such
sample spaces can be done combining O (log® n)-wise random variables with the conditional
probability method. A significant reduction of the size of the sample space was achieved
by Naor and Naor [NN93]. The heart of their construction is the notation of almost k-wise
independent random variables discussed in the next section.

The construction described above can be extended to multivalued random variables. Fix
d € N which is a power of 2, and set Q := {0,...,d —1}. The aim is to construct k-wise
independent uniformly distributed random variables X;,..., X, with values in  and a
“small” sample space. To this end, use the above construction to find NV := nlog d uniformly
distributed binary random variables X, ..., Xy that are (klog d)-wise independent?. These
are interpreted as binary representations of the to construct random variables. For every
i € [n] we then put

ilogd
X, = > X2/ 1=(i=1)logd, (1.10)
j=(i—1) log(d)+1
It can easily be verified that X1,...,X,, are k-wise independent and uniformly distributed
in . This is summarized in the following corollary.

COROLLARY 1.1 Let n,d,k € N and Q := {0,...,d—1}. Uniformly distributed

-valued and k-wise independent random variables X1,..., X,, can be constructed from
l:=0 (klogd-log(nlogd)) (1.11)
binary random variables Y7,...,Y; with a sample space of size

klogd

2l = O((1 + nlogd)L =),

Proof We show that the random variables X;,..., X,, defined by (1.10) are k-wise inde-
pendent and uniformly distributed. Let I C [n] with |I| < k and z € {0,...,d —1}". We
only need the values x; for ¢ € I, however having z as an n dimensional vector allows easier
notation of the binary representation of its entries, see (1.1). We have

PViel: X;=ux]

=P [VieIVje[logd]: Xji(i1)logd = Xjt(i—1)logd]

= H H P [X;j4(i—1)logd = Xjt(i—1)log d] by (klog d)-wise indep.
i€ jellog d]

(k log d)-wise indep.

- H P[vj € [logd] : Xji(i-1)10gd = Xjt(i-1)log ] implies (log d)-wise indep.

icl

icl

2We slightly abuse notation here, see (1.1).
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To see that X1,..., X, are uniformly distributed, fix ¢ € [n] and let @ € {0,...,d —1}. We
see easily that

ilogd
PX;,=a]=P Z X291 losd _
j=(i—1)log(d)+1
= HD [VJ S [logd] M Xj“r(’b‘*l)logd — a]]

= H P [Xj+(i—1)logd = aj]
j€(log d]

_ 1_ 1 _1
- H 9 olgd 4 ™®
j€(log d]

(k log d)-wise indep.
implies (log d)-wise indep.

In some applications, a uniform distribution is not enough. Instead, one is given prob-
abilities py,...,p, and the task is to construct random variables Xi,...,X,, such that
P[X; = 1] = p; for all j € [n]. This is, in fact, approximately possible.

THEOREM 1.8 (Luby [Lub86])

Given probabilities p1,...,p, one can construct 2-wise independent 0/1 random variables
Xi,...,X, such that

PIX;=1]= Lpquj for all j € [n].

for a prime number n < q < 2n. The sample space has size ¢°> = O (n?).

1.2.3 Almost k-Wise Independence.

Almost k-wise independence is an approximate version of equation (1.4). For uniformly
distributed 0/1 random variables it reads as follows:

DEFINITION 1.2  (Almost k-Wise Independence)
Let £,6 >0 and k € [n], n € N.

(i). X1,...,X, are (g, k)-independent , if for any r € [k], @ € {0,1}" and any choice
of indices 1 <11 <19 < ... <t <n, we have

|P[(X117>Xz,) - a] —27T| S E.

(ii). Xi,...,X, are 6-away from k-wise independence, if for any r € [k] and any choice
of indices 1 <11 <12 < ... <t <n, we have

Z |]P)[(Xi17"'7Xir):a]_27T|S(S.
ac{0,1}"
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(e, k)-independence measures the deviation from the uniform distribution in the maximum
norm, while Definition 1.2 (i7) describes statistical closeness to the uniform distribution in
the L'-norm.

(¢, k)-independent random variables are at most 2¥c-away from k-wise independence,
whereas if they are §-away from k-wise independence, they are (4, k)-independent. For a
set S C [n] let Xg:=3,.¢X; and put X := >°;" | X;. The number Xg mod 2 is 0 iff Xg
is even and 1 else. It can be viewed as the parity of S. If the X, ..., X,, are independent,
and P[X; =1]=P[X; =0] for all i =1,...,n, then

P[Xs; mod 2=1]=P[X; mod 2=0]. (1.12)

An approximative version of (1.12) leads to the concept of e-biased random variables (see
Vazirani [Vaz86], Naor and Naor [NN93] and Peralta [Per90]). The bias of S is

bias(S) :=| P[X; mod 2=0] —P[X; mod 2=1]|. (1.13)

So for independent uniform random variables, bias(S) = 0 according to (1.12).

DEFINITION 1.3  (e-Bias)

(i). X1,...,X, are e-biased, if bias(S) < ¢ for all S C [n].
(ii). Xq,...,X, are k-wise e-biased, if bias(S) < e for all S C [n], |S| < k.

k-wise e-biased random variables and almost k-wise independence are
closely related. To see this, let D : @ — [0,1] be the probability distribution induced
by the measure P, so D(w) :=P[(X;...,X,) =w], and let U be the uniform distribution,
ie., U(w) = 27" for all w € Q. The variation distance ||D — UJ| between D and U is the
L'-Norm of D — U,

ID~Ull:=)_ ID(w) - Uw)| =Y ID(w) —27"].

weR wEN

||D —U|| is a measure for the distance of D from the uniform distribution. Let D(S) be the
restriction of D and U(S) the restriction of U to a subset S C [n].

DEFINITION 1.4 X;,...,X, are k-wise d-dependent , if for all subsets S C [n] with
18] < &,
ID(S) = U(S)]| < 6.

Note that if the X;,...,X,, are k-wise 6-dependent, then they are J-away from k-wise
independence. Taking the Fourier transform D — U, Diaconis and Shahashahani [Dia88§]
proved

ID-U|?=D-T|?* < 3 biasp(S).
SCln]

This inequality immediately implies a corollary due to U. Vazirani (PhD thesis 1986 [Vaz86],
see also the papers of Vazirani, Vazirani [VV84] and Chor et al. [CFG185]).

COROLLARY 1.2 If Xy,..., X, are d-biased, then they are k-wise 236—dependent and
k
(226, k)-independent.
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In conclusion, e-biased random variables for small £ > 0 should behave as k-wise inde-
pendent variables. For derandomization the hope is to replace k-wise independence by the
weaker notion of almost k-wise independence and to obtain an even smaller sample space.
Naor and Naor [NN93] proved that e-biased random variables can be constructed with only
“few” random bits:

THEOREM 1.9 (Naor and Naor 1993)
Lete >0 andn € N, k <n.

(i). Uniformly distributed 0/1-valued random variables X1, ..., X, which are e-biased

can be constructed using O (logn —I—log%) random bits. The size of the corre-

O <log n+log %)
sponding sample space is 2 = (2)¢ for a constant c > 0.
(ii). Uniformly distributed 0/1-valued random wvariables Xi,...,X, which
are k-wise e-dependent can be constructed using O (log logn + k + log %) ramn-
)0(1)

. . . . 2k logn
dom bits. The size of the corresponding sample space is (f

The constant ¢ in Theorem 1.9 (i) depends on the expansion rate of an expander graph
and is sligthly larger than 4 for the asymptotically optimal expanders of Lubotzky, Phillips,
and Sarnak [LPS88]. For polynomially large %, ie., % = O (poly(n)), the size of the sample
space is polynomial in n. In applications of the method of almost k-wise independence one

would like to have k large and & small while the size of the sample space should remain

, 0(1)
polynomial. The bound (2’“1%) limits the growth of k, in fact for L = O (poly(n)),

£
k must be about O (log é) = O (logn). Seminal papers managed to reduce the size of

sample spaces corresponding to e-biased random variables. (Azar, Motwani, Naor [AMNO98],
Even, Goldreich, Luby, Nisan, Velivkovi¢ [EGLT98] and Alon, Goldreich, Hastad, Peralta
[AGHP92]). Alon, Goldreich, Hastad, and Peralta achieved a size of roughly (2)? for -
biased random variables. In particular, they generate n random variables which are s-away
from k-wise independence with only (2 + o(1))(loglogn + % + logk + log ) random bits.
This beats the bound of Naor & Naor as long as ¢ < There are two critical aspects
in all of these results.

klogn-®

1. The random variables Xi,..., X, are 0/1-valued and uniform, i.e.,, P[X; = 1] =
P[X;,=0]= % for all i. In applications, this may not be the case.

2. The usual strategy for derandomization using k-wise independence is to construct
a small sample space a priori and to simulate a randomized algorithm for a
specific problem in such a space, if possible. Thus the sample space is choosen
independently of the problem!

Schulman [Sch92] gave an interesting, different approach for problem 2: He observed that
for concrete problems only certain sets of d random variables, so called d-neighborhoods,
among the n random variables need to be independent. Thus the choice of the magnitude
of independence is driven by the problem. Koller and Megiddo [KM94] further developed
Schulmans approach covering also multivalued, non-uniformly distributed random variables.
Koller and Megiddo showed that the sample space of k-wise independent random variables
Xi,..., X, with non-uniform probabilities P [X; = 1] = p;, ¢ € [n] correspond to a sample
space of size at most m(n, k) = (3)+ (,",) +-- -+ ({)- Karloff and Mansour [KM97] showed
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the existence of py,...,p, such that the size of any k-wise independent 0/1 probability
space over pi,...,p, is at least m(n, k). An interesting connection between small hitting
sets for combinatorial rectangles in high dimension and the construction of small sample
spaces for general multivalued random variables is given in the paper of Linial, Luby, Saks,
and Zuckerman [LLSZ97].

A different approach to the construction of small sample spaces than k-wise independence
was taken by Karger and Koller [KK97]. In Section 1.4 we describe their technique. It will
be used later in Srinivasan’s parallel algorithms for packing problems (Section 1.5.2).

Bibliography and Remarks. In probability theory, k-wise independence was already used by
Joffe [Jof74]. This concept was adapted to combinatorics and the design of algorithms in the
years 1985/86, where the fundamental papers of Karp and Widgerson [KW85] and Luby [Lub86]
on 2-wise independence, the work of Alon, Babai, and Itai on k-wise independence [ABI86] and
the lower bound proof for the size of k-wise independent sample space by Chor et al. [CFGT85]
were published. Derandomization of space bounded computations is treated by Armoni [Arm98]
and Saks [Sak96]. A survey on parallel derandomization techniques is given in the paper of Han
[Han92].

In computational geometry, k-wise independence was applied by Berger et al. [BRS94] and later
by Goodrich [Goo93b, Goo93a, Goo96], and by Amato et al. [AGR94]. For the parallelization
of derandomized geometric algorithms Mulmuley [Mul96] extended earlier work of Karloff and
Raghavan [KR93] on limiting random resources using bounded independence distributions and
demonstrated that a polylogarithmetric number of random bits suffices for guaranteeing a good
expected performance of many randomized incremental algorithms.

The method of k-wise independence has been applied successfully to reduce or remove random-
ness from probabilistic constructions and from algorithms in various fields, like hashing, pseudo-
random generators, one-way functions, circuit and communication complexity and Boolean matrix
multiplication. Many of these aspects are treated in the lecture notes of Luby and Widgerson
[LW95]. Applications to learning algorithms are discussed in [NSS95]. Sitharam and Straney
[SS01] applied derandomization to learn Boolean functions.

Yao [Yao82] introduced the concept of a pseudo-random generator, see also [Nie92]. An excel-
lent book on pseudorandom generators and applications to cryptography (and other areas) are
the lectures of Luby [Lub96]. Blum and Micali [BM84] showed that the problem of constructing
a pseudo-random generator in based on the concept of computational indistinguishability intro-
duced by Goldwasser and Micali [GM84]. Pseudo-random generators have been designed by Karp,
Pippenger, Sipser [KPS88], Ajtai, Komlos, Szemeredi [AKS87], Chor and Goldreich [CG89], Nis-
san [Nis91, Nis92], Hastad, Impagliazzo, Zuckerman [IZ90], Impagliazzo, Levin, Luby [HILL99],
Sipser [Sip88], Hastad, Impagliazzo, Levin, Luby [HILL97] and Impagliazzo, Widgerson [IW97]
and Andreev, Clementi, and Rolim [ACR98], to name some of the researchers.

Santha [San87] showed how to sample with a small number of random points. Feder, Kushilevitz,
and Naor [FKN95] applied almost k-wise independence to amortize the communication complexity.
Application to hashing and Boolean matrix multiplication were discussed by Alon, Galil, Margalit,
Naor [AGMN92], Alon, Galil [AG97], Alon, Naor [AN96] and Naor, Naor [NN93]. Approximation
of DNF via derandomization was carried out by Luby and Velickovic [LV96] and approximate
counting of depth—2 circuits is shown by Luby, Widgerson, and Velickovic [LWV93].

Blum et al. [BEG T94] applied hash functions to authenticate memories. An interesting technique
for deterministic construction of small sample spaces for general multivalued random variables via
the construction of point sequences with a discrepancy or e-net property was introduced by Linial,
Luby, Saks, and Zuckerman [LLSZ97].

1.3 Parallel Algorithms using t-Wise Independence
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In this section we show the algorithmic impact of k-wise independence, in particular its
power for parallelizing algorithms.

1.3.1 Functions over Z&

For convenience, we formulate the derandomization problem in the following setting. Let
Z% denote the k-dimensional vector space over GF(2). We describe a class of functions
F 7% — Q for which the derandomization problem can be solved in parallel. Let N =
N(n,m,k) be an integer valued function. At the moment we do not assume that N is
polynomially bounded in m and n. Let F' be of the form:

N

F(mla"'axn):Zcifi(mh?'"vmik) (114)

i=1

with ¢; € Q and fi(%s,,...,24) = (—1)29;1 . The so given function [k] — [n], j — 4,
will occur in the following.

THEOREM 1.10 Let k,n € N, k < n, and X1,...,X, be k-wise independent uni-
formly distributed 0/1 random variables as in Theorem 1.7. Let F' : Z% — Q be a func-
tion as in (1.14). With O (N) parallel processors we can construct zo € {0,1}" in time
O (klognlog N) such that F'(zo) < E[F(Xy,...,X,)]. The same result holds for the con-
struction of z{y € {0,1} such that F(xy) > E[F(Xy,...,X,)]-

Proof The proof is based on [BR91]. The random variables X7, ..., X, by definition have
the form X; = (BY);, where Y = (Y1,...,Y}), the Y1,..., Y] are uniformly distributed 0/1
random variables, | = 1+ #=Llog(n+1), B is the (expanded version of the) matrix in (1.5),
which is of dimension (n x [). Therefore it suffices to give assignments for the Yi,...,Y].
The conditional probability method then goes as follows:

Suppose that for some ¢ € [I] we have computed the assignments
Yi=y,...,. Y1 = 41,
Then we choose for Y; the value y; € {0, 1} which minimizes the function
weEB[F(X,.. ., X0) | Yi=y1,-.., Y1 =91, Y = w]. (1.15)

Obviously, after | steps we get (Y1,...,Y;) = y for some y € {0,1}!. Thus z, := By is a
solution according to the correctness of the algorithm CONDEXP in Section 1.2.1. We are
done, if the conditional expectations

E[F(X17aX’ﬂ)|Yl :ylw"aY;‘/fl :ytflyift :yt]

can be computed within the claimed processor and time bounds for every ¢. Fix now ¢ € [I].
By linearity of expectation, it is sufficient to compute for each i € [N]

E[fl(X“,,X“) | 1/1 = yla---;}/t—l = yt—lai/t = yt] . (116)

Let B; be the ith row of B and put b := 2521 B;,, computed over GF(2). Note that b
is a vector — a sum of rows of matrix B. Because in the exponent of f;, only the parity is
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relevant, we have that f;(X;,,..., X;,) = (=1)?"Y. Let s be the last position in the vector
b which contains a 1. To shorten notation put Y; = (Y1,...,Y:) and 43 = (y1,...,v:). Now

B (~1)Xi=1b% i > s
E[(-1)"Y |V, =4] = (1.17)
0 if t<s.

(1.17) follows from the following observations. If t < s then

t s
beY =D by + D bY
j=1 j=t+1
—— N——
=ia1 =iaz
Hence E [(—1)®122] = (=1)®E [(—1)*2] = (=1)** - 0, because the Y;q,...,Y; are inde-
pendent and uniformly distributed. If ¢ > s, then obviously b:Y = 3"°_, by;, due to

i=1
condition Y; = y;. Hence, for fix i and ¢ we can compute E[f; | Y; = y;] in constant time.
The total running time is computed as follows: we assign to each f;(X;,,...,X;,) one pro-

cessor, so we have N processors in total. In the tth step, ¢ € [I], we can compute the sum
Zilil E[fi|Y: =] in O (log N) time using N parallel processors. Summing up over the [
steps we get a total running time of O (Ilog N). u

Theorem 1.10 gives a parallel derandomized algorithm, provided N (n,m, k) is polynomi-
ally bounded in n and m. Its extension to uniformly distributed multivalued variables is
presented in the next section.

1.3.2 Multivalued Functions

We will again make use of k-wise independent random variables X7,..., X, constructed
via the matrix B, but this time with values in  := {0,...,d —1}. For the conditional
probability method to apply, we need to compute conditional probabilities for subsets of
the Xi,...,X,,. We first show that this can be done efficiently.

PROPOSITION 1.3 Let Y7,...,Y;, the matrix B, and X1,..., X, be as in Section 1.2.2.
For every t € [I] denote Y; := (Y1,...,Y;). Now fix ¢ € [I] and a vector y € {0,1}", as well
as s € [n] and a vector z € {0, 1}‘”, I C [n], and set B := B;. Let By be the first ¢ columns
of B and 32 the last | — ¢ ones. Then

g—rank Bz if 4 By € range B,

P[X1:x|17t:y]:{0 else

This value can be computed using O (n) parallel processors in O (I*logn) time. A similar
result extends to {0, ...,d — 1}-valued random variables, d a power of 2, with [ = O(klogd-

log(nlog d)).
Proof Because Y7,...,Y] are independent, we have
= P[Bly‘i‘éﬂyﬂl,n-ay}) :m] :P[Bz(YtJrl,n-,Yl) :-T_Bly]~
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We have | —t = dim ker By + dim range Bz, hence dimker By = [ — ¢ — dim range Bs. The
case of z ¢ range Bg is clear. If x € range B,, then the set of all preimages is a subspace of
dimension dim ker Bs. Because the field has two elements, there are 24imker B2 preimages of
2. On the other hand, there are 2!~ possible settings for the Y;,1,...,Y}, and so the claim
follows:

2(lim ker By . N
_ 2l—t—dim range Bo—(I—t) _ 9= dim range Ba

P[B2(}QH,,,,,Y}):$—BN/]:T_

It is possible to compute dim range B, = rank B, within the stated processor and time
bounds by a simple devide-and-conquer application of Gauss elimination. The same can be
used for testing # — Byy € range Bo.

For the extention to {0,...,d — 1}-valued random variables, use Corollary 1.1. n

Now we consider a more general class of functions than in the previous section. They are
of a type later used in packing integer programs, Section 1.5.1. We give a N'C algorithm
for finding points below or above the expectation. Let d, k,m,n € N and for each (i, z,j) €
[m] x @ x [n] let g;z; : R — IR such that for every r € R, the value g;,;(r) can be computed
on a single processor in constant time. For each (i, z) € [m] x Q define the functions

n
fz'z Q" = R, (.1’1, . ,a:n) — Zgizj(.%‘j),
j=1

and finally put them together

FiQ"oR, (v, ,20) > (filz,..z)k.
(i,2)€[m] X

THEOREM 1.11 Let d,k,m,n € N, d > 2 a power of 2, and N := mdn*. Let

X1,..., X, be k-wise independent random variables with values in Q@ = {0,...,d — 1} as
defined in Corollary 1.1 and let the gi»j, fis, and F as above. Then with O (max {nd*, N'})
parallel processors we can construct xy,...,%, € Q and y1,...,y, € Q in time

O (log(nlogd) - (k*log* dlog®(nlogd) logn + klog dlog N))

such that F(x1,...,2n) 2 E[F(X1,..., Xn)], resp. Fy1,...,un) <E[F(X1,...,Xp)]

Proof We prove the first assertion as the second follows from it. Fix (i, z) € [m] x 2 for

a moment. We write the kth power of f;, in a different way. For every multiindex o € [n]’”
and (z1,...,2;) € QF define

k
1@, wx) 1= [ giea, (),

j=1

and observe that this function depends on k variables only. It can be evaluated with k
processors in O (log k) time. It is easy to see that for all z = (a:l, ooy Ep) € Q" we have,

recalling that £, = (Zays .-y Tay)s fie(T1,. - 2n) = Zae % fa” (ma) and so

F(zy,...,xy,) = Z Z foﬁiz)(ma)-

(i,2)€[m]xQ aeln]®
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By construction of the X7, ..., X, it suffices to give an assignment to 0/1 random vari-
ables Y1,...,Y; with I = O (klogd - log(nlogd)), see Corollary 1.1 and the discussion pre-
ceding it. The conditional probability method then goes as follows: Suppose that for some
t € [I] we have computed the the values

Yl = yla"'aY;‘/fl = Yt—1,
then choose for Y; a value y; €  which maximizes the function
wHE[F(Xla"'vXn)|y17"'7yt71:Yi:w]' (118)

After [ steps we have Y = y with some y € {0, 1}l and the solution can be computed from
it by (1.10) and (1.8). Let YV; = (Y1,...,Y;) and 4 = (v1,...,y:). We are done, if we can
compute the conditional expectations

E[F(Xy,...,Xn) | Y, =]

within the claimed processor and time bound. By linearity of expectation, it is sufficient to
compute for each triple (i,z,a) € [m] x Q x [n]* the conditional expectation

E[f{(Xa) | Vi = 7.

[¢)

To this end, write

1

E[f{(X) | V=)= Y [P (@)P[Xe = 2|V =]
reEQk

=) P @)P[Xa =x| Y, =]
reEQk

According to Proposition 1.3, for a fixed € QF, the conditional probability can be com-
puted using O (n) processors in time O (I3). Since we have d* such vectors z, and each
fa(”)(:c) uses k processors and O (logk) time, we can compute E [fa(iz)(Xa) | Y, = ] for
every t € [I] and (i, z,a) € [m] x Q x [n]’” with O (d*(k +n)) = O (nd*) parallel processors
(recall d > 2) in O (I*logn + logd* + logk) = O (I*logn + klogd) time. Then we compute
for every y;, t € [l], the expectation

E[F(X1,...,Xn) | Y: =]

in O (log N) time using O (N) parallel processors. Finally, a y; € © which maximizes (1.18)
can be computed finding the maximum of the d conditional expectations in O (logd) time
with O (d) processors. The maximum number of processors used is O (max {nd*, N}) and
the total running time over all [ steps is

O (1-(PPlogn + klogd +log N + logd))
= O (log(nlogd) - (k*log* dlog®(nlog d)logn + k*log® d + klog dlog N + klog® d))
= O (log(nlogd) - (k*log" dlog®(nlogd)logn + klogdlog N)). m

1.3.3 Maximal Independent Sets in Graphs

We start with the celebrated parallel algorithm of Luby computing a maximal independent
set in graphs. Historically, it was the first striking application of limited dependence to the
design of a N'C algorithm.
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We consider a graph G = (V, E) with V = [n] and |E| = m. A subset I of vertices is called
independent, if the induced subgraph on I contains no edges. A mazimal independent set
(MIS) has the additional property that adding an arbitrary vertex destroys independence.
The following simple algorithm computes the lexicographically first maximal independent
set in linear time.

Algorithm 3: LFMIS
Input: A Graph G = (V, E).
Output: A maximal independent set I C V.
I+ 0;
for i < 1tondo
I+« Tu{i}
Ve VA UN@G);

end

Cook [Coo085] proved that deciding whether a vertex belongs to the lexicographically first
maximal independent set is logspace-complete in P. Thus there is no hope to parallelize
LFMIS. Yet, the MIS problem is not inherently sequential. We will present a parallel
randomized algorithm of Luby [Lub86] with expected running-time O (log”n) on O (n + m)
processors. Removing the randomness by means of searching a small sample space will reveal
that O (n?m) processors can solve MIS in O (log®n) time. The key idea is to successively
add to the MIS under construction not just a single vertex i but an independent set S that
is computed in parallel.

Algorithm 4: PARALLELMIS (High Level)
Input: A Graph G = (V, E).
Output: A maximal independent set I C V.
I+ 0
while V # () do

select an independent set S C V;

I+ 1TUS;

V+«VN(SUN());

end

[ I N N

The high level description makes clear that PARALLELMIS terminates with a maximal
independent set I. The parallelization is hidden in the selection of S. Luby analyzed the
following randomized selection procedure.
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Algorithm 5: PARALLELMIS (Details of the selection step)
Input: A Graph G = (V, E).
Output: An independent set S C V.

in parallel forall i € V do

if deg(i) = 0 then mark ;

else mark ¢ with probability Q-d;T(iﬂ
end
in parallel forall {i,;j} € F do

if both i and j are marked then unmark the vertex with smaller degree;
end
S < s
in parallel forall i € V do

if ¢ is marked then S « SU{i};
end

© 0N O WA W N

e
= O

One can show that each iteration of PARALLELMIS can be implemented to run in O(logn)
time on an EREW PRAM with O(n + m) processors. We will prove that the algorithm
terminates after an expected total number of O(logn) iterations, since a constant fraction
of edges are expected to get removed in each update step in line 5 in Algorithm 4. We call
a vertex ¢ € V good if the degree of at least % of its neighbors is at most deg(i) and bad
otherwise. Now consider an arbitrary iteration.

LEMMA 1.1 Let i € V be a good vertex. The probability that i € N(S) is at least

(a) L—exp(—3)
2
dent,

(b) 21—4 if the random choices are only pairwise independent.

if the random choices in line 3 in Algorithm 5 are completely indepen-

Proof Observe that if a vertex j is marked, then it is selected into S with probablhty at
least 1 —P[3 marked k € N(j) with deg(k) > deg(j)] > 1 -3, cn(j) 2de1g( 5 = 1

(a) Since the vertex i is good, it has at least de%() neighbors with degree at most deg(i).
Due to compEE&independence, the probability that none of these is marked is at most
(1 — ﬁg(l)) < exp(—¢). Hence, with probability at least
is selected into S, which means that ¢ is in N(S).

(b) Let X; be the event that j € N(i) is marked in line 3, and let ¥; be the event that
J € N() is selected into S. Since P [Y;] > P and Y; C X, we have by the principle of
inclusion-exclusion that the probability for i € N(9) is

PLU Y > X P- Y PN

1_“2’;%) a neighbor of i

JEN(3) JeN (¢) JAKEN(3)
> 5 Z PX;] - | > | P[X; N Xy]
JEN(1) J#REN(3)
2
> S| D PIXI-| Y Pl
JEN(3) JEN(3)
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JEN(i) JEN(%)
Since i is a good vertex,
deg() 1 1
NG 3 2deg(i) 6
and assuming that } ;v P [X;] < 13 we get P [UjeN(i) Y;] > 55 as claimed. n

We call an edge good, if at least one of its endpoints is good.
LEMMA 1.2 In each iteration at least half of the edges are good.

Proof We direct the edges of the graph such that (i,j) € E implies deg(i) < deg(j). Let
V, and V}, denote the sets of good and bad vertices, respectively, and let E(X,Y") abbreviate
the cardinality of the set of edges from E N (X x Y). Let deg™ (i) be the in-degree of a
vertex 4, i.e., the number of edges incident with i and pointing to i. Let deg® (i) be the
out-degree of a vertex i, i.e., the number of edges incident with ¢ and pointing away from 3.
Using the fact that for every bad vertex i, 2deg™ (i) < deg™ (i) we get that

2E(Vi, Vi) + E(Vi,Vy) + E(V,, V) = D (deg™ (i) + deg™ (1))
i€V
< 3) (degt(i) —deg (i) =3 ) _ (deg™ (i) — deg* (i)
1CVy icVy
3(E(Vh, Vy) — E(Vy, Vb)) < 3(B(Vi, V) + E(Vy, Vi)

This gives E(Vy, Vi) < E(V,,V,) + E(V,, V), implying that the number of bad edges is at
most the number of good edges, so that at least half of the edges are good. n

Since an endpoint of a good edge is in N(.S) with probability at least i, we can conclude

that a fraction of at least ﬁ edges are expected to be deleted in each iteration. Hence the
algorithm terminates after O(logn) iterations. Since only pairwise independence is needed,
we can derandomize the algorithm by exhaustively searching a sample space of size O(n?),
see Theorem 1.8. Thus we get a deterministic algorithm for solving MIS in time O(log2 n)
with O(n®m) processors. Goldberg and Spencer [GS89a] have shown that the number of

n+m
logn

processors can be reduced to O on cost of an increased running-time of O(log® n).

Bibliography and Remarks. Karp, Upfal, and Wigderson [KUWS88] developed a randomized
algorithm for finding a maximal independent set in an independence system. Their algorithm
can be adapted to compute a MIS in a general hypergraph in time O(y/n(logn + logm)) on
O(m - n) processors. Faster parallel algorithms have been described by Goldberg and T. Spencer
[GS89Db], [GS89a]. Dahlhaus and Karpiriski [DK89], and, independently, Kelsen [DKK92a] have
given efficient N'C algorithms for computing MIS in 3-uniform hypergraphs (journal version in

3Otherwise can choose an appropriate subset of neighbors s.t. > P [X;] ~ % and get P [UYj] = é.
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[DKK92b]). Beame and Luby [BL90] studied the MIS problem for hypergraphs where the size of
each edge is bounded by a fixed absolute constant c¢. They presented a generalized version of the
randomized PARALLELMIS-algorithm running on O(n+c) processors with running time polynomial
in log(n + ¢), as verified by Kelsen [Kel92]. They also gave a similar algorithm for the general case
of k-uniform hypergraphs, and on O(n - m) processors conjectured a running-time polynomial in
log(n 4+ m). Luczak and Szymanska [LS97] observed that a linear hypergraph, i.e., a hypergraph in
which each pair of edges has at most one vertex in common, contains a large subhypergraph without
vertices of large degree. They proved that the randomized algorithm of Beame and Luby finds a
maximal independent set in a linear hypergraph in polylogarithmic expected running-time if a
preprocessing step is added to make the algorithm perform on such an “equitable” subhypergraph.
A derandomized version of their result has been given in the PhD thesis of Edita Szymanska [Szy98].

1.3.4 Low Discrepancy Colorings

One root for derandomization certainly is the application of the probabilistic method to
combinatorial discrepancy theory. Combinatorial discrepancy theory deals with the problem
of partitioning the vertices of a hypergraph such that all hyperedges are split into about
equal parts by the partition classes. Discrepancy measures the deviation of an optimal
partition from an ideal one, that is one where all edges contain the same number of vertices
in any partition class. An introduction to combinatorial discrepancy theory is given in the
book of Alon, Spencer, and Erdés [ASE92] and the survey article of Beck and Sés [BS95].
Excellent sources covering many aspects (and proofs) of combinatorial, geometric as well
as classical discrepancy theory are the books of Matousek [Mat99] and Chazelle [Cha00]
for the connection of derandomization and discrepancy theory. For an extension of 2-color
discrepancy theory to ¢ colors see Doerr and Srivastav [DS99, DS03].

Let H = (V,€) be a hypergraph, & = {E4,...,E,}, and let x : V — {-1,4+1} be a
function. Identifying —1 and +1 with colors, say red and blue, x is a 2-coloring of V.
The sets Y1 (—1) and x~!(+1) build the partition of V induced by . The imbalance of a
hyperedge E € £ with respect to x can be expressed by

A(E) = 3 x(@). (1.19)

cEE
The discrepancy of ‘H with respect to x is
disc(#, x) := max [x(E)], (1.20)
and the discrepancy of H is
di = i di . 1.21
fsc(H) = i isc(H, x) (1.21)

THEOREM 1.12 (Spencer 1987)
A 2-coloring of V' with
disc(x) < v/2nlog(4m)

can be constructed in O (mn? log(mn)) time.

Proof Put a:= +/2nlog(4m). Let x1,-..,Xn be independent random variables defined
by P[x; = +1] = P[x; = —1] = § for all j. The vector x = (x1,--.,Xn) i$ a random
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2-coloring of V. For each i € [m] let F; be the event “|x(E;)| < «”. From Hoeffding’s
inequality (Theorem 1.4) we infer IP [Ff] < ﬁ, thus

m 1
P Fel <=
{H Z} o 27

and a coloring with discrepancy at most « exists. With the algorithmic version of the
Chernoff-Hoeffding inequality [SS96] it can be constructed in O (mn? log(mn)) time. n

The original proof of Spencer is done with the hyperbolic cosine algorithm instead of the
algorithmic Chernoff-Hoeffding bound. Tt is known that the discrepancy bound O(v/nlnm)
is not optimal. The celebrated “six-standard-deviation” theorem of Spencer [Spe85| proves
the existence of a 2-coloring with discrepancy at most 6y/n (for m = n). In general, the
bound O (4/n) for discrepancy is optimal up to a constant factor, since the discrepancy of
the set system induced by an (n x n) Hadamard matrix is at least 1+/n (see [ASE92]). It is a
challenging open problem to give a randomized or deterministic polynomial-time algorithm
that finds such a coloring. The main hinderance to the transformation of this existence
result into an algorithm is the use of the pigeonhole principle in the proof.

We proceed to the parallelization of the discrepancy algorithm in Theorem 1.12. Berger,
Rompel [BR91] and Motwani, Naor, Naor [MNN94] in 1989 presented the first parallel
algorithm for this problem. The key for the success of their approach is the computation of
kth moments of the discrepancy function over a k-wise independent distribution.

Define A; := max {|E;|,3} for each ¢ € [m]. Let A = (a;;) be the hyperedge-vertex
incidence matrix of H. Let Xi,...,X, be —1/1 random variables with P [X; = +1] =
P[X; = —1] = § and set

n
W : ;awxj for each i € [m], and Ay : min A (>3), A: max A;.
In the following, we will always assume that all hyperedges have cardinality at least 3 (and
so |E;| = A; and each 1; is the sum of A; random variables). The established bounds will
also hold in the general case, however, because they are always at least 2, which is an upper
bound on the discrepancy of hyperedges of cardinality 1 and 2 regardless of the coloring.
For all ¢ € [m] let k; be a non-negative integer and put

k := max k;. (1.22)
i€[m]
We assume that the X1, ..., X, are k-wise independent. For every multiindex « € [n]k , =
(a1,...,ag,), we define
k; ki
Qi = H Qi and ¢o¢ - HXal
=1 =1

We consider the k;th powers 1/15", i € [m]. Let Eingep [¢0F] be the expectation under the
assumption of (completely) independent random variables X,..., X,,.

LEMMA 1.3 E[¢"] < 2(kA;) 7 for all i € [m].
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Proof We have z/Jf = Zae[n}ki GiqPa, hence E [zpf] = Eindep [1/)1“], because there occur

only k; < k random variables in each summand and the expectation is linear. So we may
apply Theorem 1.4 to get

E [¢F] = Einaep [¢F] = /0 Pindep [|¢z’|ki > zlde

o0 1
= / Pindep |:|1/Jz| Z xz] dz
0

0o .

< /o 2-exp “oA, dx by Theorem 1.4
k‘ i

= 2(3)12a) %

< 2(kiA;) 2. n

Let 0 < € < 1 be a fixed parameter. For each i € [m] let 8; > L be such that

b e Bilog(2m)

= g A, (1.23)

is the smallest even integer with k; € {FEOE)(;Z,)-‘ , [150{%)(52?—‘ + 1,% +2}. Define

bounds for the discrepancies of each hyperedge E;

li. i log(2
A= AT W. (1.24)
Note that because A; > 3, we have log A; > 1.
LEMMA 1.4 For all i € [m] we have
11e [log(2m) E[y)] 1
P || > A2, =22 o] <Plgy| > M) < i —.
l|¢z| - 1 510gA1' + ] = [|1z[}l| - l] = Af’ < m

1
Hence, with positive probability [¢;] < A; < AZ*° % + 2 for all ¢ € [m].

Proof We fix an arbitrary i € [m]. The first inequality is trivial. The k;th moment
inequality [Fel67] gives

E [Jo:"] _ B[]

ks
< ()T) by Lemma 1.3. (1.25)

The term in (1.25) is

(B2 22 (L)

(3 7
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— 9. 9-2¢log A;fi log(2m)/(2log A;)
_ 9. Biclog(2m)
< 2.9 log(2m) — 1 since 3; > 1
m €
The final assertion now follows with the union-bound. n

COROLLARY 1.3 If k := max;cpy, ki < log(2m), then for any ¢ € [m], we have & >
and with positive probablhtv

(B = [i] < A2 log@m) + 2 < A+ \/log(2m) + 2,

holds for all ¢ € [m], hence disc(H, x) < A2+ /log(2m) + 2.

1
EZ logA’

Proof The assumption k < log(2m) gives §; < logA;, so € > /31 > logA , and further

(elogA;)~!' <1and ; '81 < 1, thus A; < A2+Ew/10g 2m) + 2 for all ¢ € [m]. The union-
bound together with Lemma 1. 4 implies the assertion of the corollary.

REMARK 1.2 Note that the discrepancy bound Azte log(2m) + 2 in Corollary 1.3
holds only for all 7 if € is sufficiently large, i.e., £ > log%o. We can also take a different point

of view: first we can assume A; > log(2m) for all i. Otherwise, the discrepancy bounds
1 £ . . .« .

in Corollary 1.3 become Ai2+ Vog(2m) + 2 < A;, which is a trivial bound. So, the lower

bound condition for £ now says £ > m, which is certainly true for large enough m

provided that ¢ is fix. Thus, Corollary 1.3 is true for any £ > 0 and hypergraphs where

1
2m > 22°.
The following theorem in a similar version is due to Motwani, Naor, Naor [MNN94].

Here we compute the exact processor and time bounds and give a compact proof using the
derandomization stated in Theorem 1.10.

THEOREM 1.13
Let H = (V,E) be a hypergraph with |V | =n, |E| = m. Let 0 < e <1 fix and k; for each
i €[m] as in (1.23), k = max;c[y, ki-

1
(i). Using k-wise independence, a 2-coloring x of H with |x(E;)| < A? +e IEOE)(;Z) +2

can be constructed with O (n2m1+%) processors in time O (m log® n log® m) I
(ii). If k < log(2m), then ¢ > BL > logﬁ and the discrepancy bounds reduce to
1 g
AZ?JF log(2m) + 2.

Proof (i) is an immediate consequence of (i) and Corollary 1.3. To prove (i), we in-
voke Theorem 1.10. Since we need 0/1 random variables, we introduce k-wise independent
Z1,..., Zn, think of each X; as X; = (—1)% and regard ¢; as a function of the Z1, ..., Z,,

V(21,0 Zp) = Z] 16 X(Z;) = 2?21 a;;(—1)%i. For every multiindex a € [n]*,
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ki
a=(a,... ), we have ¢o(Zy,..., Zy,) = (—1)%=i=1Z2i  Therefore

Z /\i—kﬁ/zfi(Zl, ey Zn) = Z A;kl Z aia¢a(Z17 s 7Zn)
=1 =1

agln]ki
=Y A Y an(-DE 20

i=1 agln]ki

= F(Z4,...,Zy).
The function F has the form as in Theorem 1.10. For fixed 4, the number of non-zero terms

in the sum .
5 (B
a€ln)ti
ks e 4o L .

is at most A1 < AS*% T = (2m):A? = O(m=n?). The number N = N(n,m,k)
of terms in (1.26) thus is at most N = m - max;c(y, Ak = O (n*m**++). By Theo-

rem 1.10 we can construct y € {0,1}" using O (N) = O (n?m!*%) parallel processors
in O (klognlogN) =0 (klogn - (logn + %logm)) =0 (m log? nlog? m) time such
that F(y) < E[F(X1,...,Xn)]- The vector z = (x1,...,2,), where x; = (—1)¥, defines a
2-coloring x.

Let A; be the event that [¢;] > A;, for i € [m]. Then A := (J;¢},,) A; is the event that
there exists some i such that A; holds. We fix an arbitrary 4. According to Lemma 1.4, the
k;th moment inequality, which in fact is the Markov inequality, states that

P[A;] =P [gi] > Ni] < ATHE [F]. (1.27)

Let t € [l], 4; € {O,l}t and with Y, = (Y1,...,Y};) consider the event Y, = 7r. It is easily
checked that (1.27) is also true conditioned on Y; = ¢:

PlA; | V=] =P[los] > N | Vi = 7] < \ME[0F |V = 4,). (1.28)
Then
P[A|Y; = 7] <Y ONHE [y Y, =@ =E[F(Z,...,Z,) | Y; = §]
i=1
Hence
P[A|Y =y] <E[F(Zi,...,Z,) | Y = y] = F(y). (1.20)

Since by Lemma 1.4, E[F(Z1,...,7Z,)] < 1, (1.29) and F(y) < E[F(Z1,...,Zy,)] yield
PA|Y =y]<1,s0P[A|Y =y] =0, because P[4 |Y =y] € {0,1}. In other words, the
2-coloring defined by y has the claimed discrepancy |x(E;)| < A; for all ¢ € [m]. n

Bibliography and Remarks. Beck and Fiala [BF81] showed for a general hypergraph H that
disc(H) < 2deg(H). A long-standing conjecture of great interest is whether a bound of O(1/deg(H))
is valid. Beck [Bec81] showed for any hypergraph #H of degree ¢, disc(#) = O(v/%#Intlnn). Srini-
vasan [Sri97] improved the bound of Beck to O(v/%Inn) and gave better bounds for the lattice
approximation problem (see Beck and Fiala [BF81] and Raghavan [Rag88] for bounds derived with
Chernoff-Hoeffding type inequalities). The best known bound O(v/tlogn) is due to Banaszczyk
[Ban98].
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Combinatorial Discrepancies in more than two colors were introduced by Doerr and Srivas-
tav [DS99, DS01, DS03]. They show that most of the important results for two colors hold also in
arbitrary numbers of colors. The c-color discrepancy, ¢ > 2, of a hypergraph on n points with n
hyperedges is at most O(,/% Inc), and there are examples of hypergraphs with c-color discrepancy

at least Q (ﬂ ) Parallel algorithms for the computation of multicolorings with low discrepancy

are not known, but we are confident that this should be possible. They also observed (see also
Doerr [Doe02b]) that there are hypergraphs having very different discrepancies in different num-
bers of colors. A deep result of Doerr [Doe02a, Doe04] shows that this dichotomy is structurally
inherent. Further insight was given by Doerr, Gnewuch, and Hebbinghaus [DGHO06] and recently
Doerr and Fouz [DF06]. One particular application of multi-color discrepancies is the declustering
problem in computer science, which can be modelled as a discrepancy problem of the hypergraph
of rectangles in the higher-dimensional grid. Doerr, Hebbinghaus, and Werth [DHWO04] give some
of the current best results in this direction.

Among hypergraphs of special interest is the hypergraph of arithmetic progressions, where [NV]
is the node set and all arithmetic progressions in [IV] are the hyperedges. For the hypergraph
AP of arithmetric progressions in the first N integers Roth [Rot64] proved disc(AP) > ¢N i In
1994, Matousek and Spencer [MS96] showed disc(AP) < c'N%7 resolving the problem (c, ¢’ > 0 are
constants). For the hypergraph of cartesian products of arithmetric progressions AP in [N]? Doerr,
Srivastav, and Wehr [DSW04] proved disc(AP?) = @(N%)7 with constants depending only on d.
For extension of these results to multicolor discrepancy we refer to Doerr, Srivastav [DS03]. For the
hypergraph of arithmetic progressions over [N] the c-color discrepancy is at most O(c™%'6/N),
and is at least O(c°®+V/N). Another problem dealing with cartesian products was studied by
Matousek [Mat00], who proved — answering a question of Beck and Chen — that the discrepancy of
the family of cartesian products of circular discs in the plane in R* is O(n%"'a) for an arbitrarily
small constant € > 0, thus it is essentially the same as for circular discs in the plane. But all
these results lack for efficient parallel algorithms!

A breakthrough for 2-coloring uniform hypergraphs was achieved by Beck in 1991 [Bec91] via
the Lovész-Local-Lemma. Alon [Alo91], using Beck’s idea, gave a probabilistic algorithm and
degandomized it with the method of almost k-wise independence for hypergraphs of degree at most
2500,

The lattice approximation problem is stated as follows:

Lattice Approximation Problem

Input: An (m x n) matrix A = (a;;), a;; € [0,1] for all entries, vector p € [0, 1]™.
Task: Find a vector ¢ € {0,1}" such that [|Ap — Ag||~ is minimum.

We call it half lattice approxzimation problem or wector balancing problem if all entries
of p are % For convenience we define ¢ := Ap. The construction of an A'C algorithm for
the lattice approximation problem in [MNN94] uses the A'C algorithm for the discrepancy
problem. In the first step we consider the half lattice approximation problem and then
generalize with a bit-by-bit rounding technique.

All our algorithms make use of the binary representation of the entries in A4 and p. It
is necessary to limit the precision, so that we have a binary representation with a known
number of bits. We assume that each a;; and each p;, ¢ € [m], j € [n] has binary encoding
length L' = L+1. If A" = (aj;) is the matrix where each a;; denotes the entry a;; truncated
off to L 4+ 1 bits of precision, and p’ is the truncated version of p, it is straightforward to
see that

max {[|dp — A'p||oo, |14'q — Aqllsc } < 2027" = n27F. (1.30)

Hence to push this error below some § > 0, it is sufficient to choose L = [log(n%)-l. As
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long as we are only interested in bounds of the kind ||Ap — A¢|loc = O (f(m,n,e)), it is
sufficient, to choose L = © (logn), because then

max {[|4p — A'p'llc, [|[A'q — Aglloc} = O (1) .

Thus, in the following we may indeed assume that

L L
a;; = Z 2 % bitg(a;;) and p; = 22*’“ bitg(p;) for all i € [m] and j € [n],
k=0 k=0

knowing that L can be chosen logarithmic in n/§ or just in n, depending on the application,
to achieve useful approximations.

(a) Half Lattice Approximation

Let A, p be an instance of the half lattice approximation problem. We show its equivalence
to a discrepancy problem. Let B be the ((L'm) x n) matrix over {0,1} drawn from A by
replacing each a;; by the 0/1 vector® (bitg(aij),...,bitz(ai;)). We denote by Ha = (V,E)
the hypergraph on |V| = n nodes and || = L'm hyperedges F1, ..., Er.,, whose hyperedge-
vertex incidence matrix is B. Let x : V — {—1,1} be a 2-coloring of H4 and ¢ € {0,1}"
be the vector with entries ¢; = H%(j), j € [n]. (Hence, ¢ is a 0/1 representation of the
coloring .)

To shorten notations, define

_ log(2L'm)

h:=h(m,L' Ag,e) = + 2, (1.31)

elog Ag

which is part of the discrepancy bound of Theorem 1.13 for the given hypergraph H .

THEOREM 1.14 Let 0 < ¢ < % and as before let Ag = minge[,) Ay, where A; =
max {|E;|,3}.

(i). If for all E € &, |x(E)| < |E|%+E % + 2, then for all i € [m]:

(Ap— Ag)i| = O (e} V).

(ii). There is a parallel algorithm for the half lattice approximation problem using at

most O (n2(L'm)**<) processors and running in O (mlogznlog%[ﬂn))

time, achieving the approzimation guarantee stated above.

4Note about our notation: This is not something like “thl(aij)”.
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Proof (i). With @y := {j; ¢; = 1} we have

|<Bq—Bp>i|:\|E NG

= §|X(Ei)|

1.32
log(2L'm) (1.32)

elog A,

INA

1 L
3 |E;|2° +2 by assumption

IN

1 1
5 |E2|é+5 \/ﬁ

Now, for i € [m]:
n 1 L n 1
¢ = Z iaij = Z 9~k Z 5 bitk(aij)
i1 o -1

—Zz (BD) (i—1) L+ (1.33)

L

1
=) 2 k§|E(i71)L+k|a
par

and

[(Ap — Ag)i| = Z %aw‘ - Z @ij;
n L
= Z 22 kbltk a” ZZ bltk az] q;

j=1 k=0 j=1 k=0
L 1 n
k=0 Jj=1 j=1
L
Z 27"(Bp — Bq)(i—1)n+x

1ie
2By 2T VR by (1.32)

Il
M- 7
o

k=0

_ hZQ (k+1)(e—3%) 2—k 1|E L+k|) 3+

-~

<ci by (1.33)

=0 (ci%+5\/ﬁ) ,

as e < % and so the geometric sum Zf:o 2kt1)(e=3) 5 O (1).

(i1). The construction of B can be done with O (L'mn) processors in constant time. The
computation of a coloring x with discrepancy

log(2L'm)

1
E)| < |E;|2°
IX(Ei)| < |Ei =log | B

+2 forallie€[L'm]
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can be done according to Theorem 1.13 within the claimed processor and time bounds. @

(b) Lattice Approximation

In the general problem the input is given by a (m x n) matrix A € [0,1]™*™ and a vector
p € ]0,1)". We describe the bit-by-bit randomized rounding. In the following algorithm,

after k iterations, each p;, j € [n] is represented by at most L + 1 — k bits of precision.

Algorithm 6: BiT-RR

Input: p= (p1,...,p,) € [0,1]", with L + 1 bits of precision in each component.
Output: Lattice point in {0,1}".

for | + L downto 1 do
forall j € [n] do
if bit;(p;) =1 then

with probability % do p; < p; — 2t /* round down */
else p; < p; + 27t /* round up */
end
end
end

return bito(p)

It is clear that the algorithm terminates after at most L iterations with the desired
lattice point, which is the result of successively rouding the bits in p, until at most the most
significant bit can be set to 1. Reviewing this rounding process, it is straightforward to
prove that the probability of rounding the jth entry of p to 1 is exactly p;. We proceed to
the parallel derandomization of the algorithm BiT-RR.

Algorithm 7: DERAND-BIT

Input: p= (p1,...,pn) € [0,1]™ with L + 1 bits of precision in each component and
parameter 0 < & < 1.
Output: Lattice point in {0,1}".
P p;
for | <+ L downto 1 do
g « solution to half LAP with input %b?tl(P(’)) and &:
P ¢ pO 4 2-U=-1) (g0 _ %bftl(p(l)));
end
return P (¥

Recall the definition and the role of h; see (1.31).

A similar version of the next theorem is a main result of [MNN94]. In the following
formulation we state the approximation as well as processor and time bounds with all
necessary parameters explicitely.

THEOREM 1.15

Let q € {0,1}" be the lattice point computed by DERAND-BIT and i € [m]. There is a
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constant® v > 1 such that the following holds.
(i). If ¢; > ’yhﬁ, then
|(4p — Ag)i| = 0 (¢ **VR).

(ii). If ¢; < vhﬁ, then
1
|(Ap — Ag)i| = O (hT2=).
The algorithm uses O (n2(L'm)'*%) processors and runs in O (%bg%ﬂog?([/m))

time. (Ao is taken for the hypergraph induced by A, as before. We always have log Ag > 1,
because Ay > 3.)

Proof Denote C () := AP® for all [ € {0,...,L} and

Y= |c" — V| foralliem]andle{0,...,L —1}.

2

So, we have in particular C'X) = ¢, and D ) denotes the error in the ith component
introduced when rounding to [ bits of precision (from / 4 1 bits). We can prove a bound on
these errors, regardless in which of the two cases (i) or (i) we are.

Claim. There is a constant « > 0 such that

‘(H‘l) %Jrs
p® < G ) Vh

< 25y foralll e {0,...,L—1}. (1.34)

For the proof, fix [ € {0,...,L — 1}. We have

I+1 I+1
2 oY = 2l (AP D), = AZ2 Ebity (P D) Z 2! (A bl (P DY),
(1.35)
> 2=+ (A bity, (PUHD)Y); = (A b1tl+1( 1))y,
Let « be the constant from the first O (.) in Theorem 1.14, (i). We get
D-(l):|04(l+1) l)|_| AP l+1) (AP )l|
= (AP ), — (A(PEFD 427 (04D — Db (PEFY)),
1.
— 9l ‘(Aq(lﬂ) _4 §b1tl+1(P(l+1)) ),
- 14e
<27l (A lbit,H(P(l“)))' vh by Theorem 1.14
<27la . (2 C/yite/h by (1.35)
( lJrl ) +Ef
I

5T.e., independent of the LAP instance and of ¢.
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This proves the claim.

We need £ such that

Because € < 1, we have

and hence choosing 3 := 2a—2—, which is a constant, is sufficient. Define then

_1>
1-2714

2
v = max{(inl) -,1}.

Counsider first the case of (i), i.e., ¢; > Vhﬁ. We do a slightly complicated induction
from L down to 0. Since C' (V) = ¢, the following inequality holds trivially for | = L:

" < ¢;+ Bt V. (1.36)

We will show that if it holds for some [ € [L], then it also holds for I — 1. At the same time,

we will prove a better bound on the errors Di(l). Now fix [ € [L] and assume that (1.36)
holds. We have by (1.34) that

1
D.(l_l) B a(Ci(l))§+E\/E
¢ = (2%76)1—1
l+5 %“"5
(Ci + Be;f \/E) Vh

<a . by (1.36)

(25*5)1—1

1

< 2acc} Vh because ¢; > vhﬁ
(22 )1 and the def. of 7.

> G

To verify the last inequality, see that for it to be true it is sufficient that c;
212 1

and the fact that v was chosen in a way that this holds when ¢; > 'yhﬁ.

Consider now for some r € {0, ..., L} the following statement, of which we will show that
it holds for all r:

L—r
Ci(r) <c+ Z D L=k
k=1

(1.37)
. L—r

=c; + cf—i_ex/ﬁ Z
k=1

lie
Sci+ﬁcz+ Vh.

3

2a
(2%75)L—k
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This is obviously true for r = L. To see that it is true also for r = L — 1, we use that (1.36)
holds for I = L and the analysis following equation (1.36). Then, (1.37) establishes (1.36)

for | = L — 1. Hence, we can prove the above bound on Di(lfl) for this | and gain (1.37)
for r = L — 2. Proceeding in this manner gives (1.37) for all r, in particular for r = 0. This
gives

L
|(Ap — Aq)i| <Y DY < Bez V.

k=1

The theorem is proved for the first case.

Consider now the case of (4), i.e., ¢; < yhﬁ. As long as the values Ci(l) stay below
yhﬁ, the total error (so far) does so as well. If they always stay below this value, we
are done. Otherwise, let [y be maximal such that C’i(l") > vhﬁ. We can now apply
the analysis from case (i), however® with C’i(lo) instead of ¢;. It is therefore necessary to
upper-bound C’i(lo). Fortunately, because C’i(lo'ﬂ) < yhﬁ, (1.34) gives us

oty E+e /p BTz
|Ci(lo+1) - Ci(l0)| = Di(lo) < a—(cl 1 SR < 04'7% 1172 <a'hTeE,
(2F ) ()
=:a’
using € < i and the identity
1 1 1 1
(= Z = . 1.
RS R Rl g (1.38)

Hence C’i(lo) <1+ a’)hﬁ. Using that (1+ o/)2%¢ < (1+ /)i, the result for case (i)
with (1.38) finally proves the assertion for case (ii).

The statement about processors and running time follows from Theorem 1.14 because we
have L' iterations. -

REMARK 1.3 If we choose L' = [logn], the number of processors in Theorem 1.14 and
Theorem 1.15 is O (n2(L'm)'*t2) = O (n2(m [logn]) %), which is close to the estimation

implicitely given in [MNN94]. The running times become O (m log? n log? (m log n))

and O (m log® nlog?(mlog n)) respectively.

If the entries in A are small compared to the right-hand-side ¢, say a;; < dc;, for a
sufficiently small §, by a scaling technique one can construct a lattice point ¢ with a relative
error of O (6 37N v/h), and there is even a good upper bound on the number of positive entries
in g. This will later be used in the application of basis crashing, which is an important
building-block for automata fooling.

We write supp(q) := {j; ¢; > 0} and call it the support of the vector g. The cardinality
of the support is denoted by |¢| := |supp(q)|. The sum of all entries in a vector p is denoted
by p. We have:

6This point was not clearly stated in the original proof.
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THEOREM 1.16 Let A € [0,1]™*", p € [0,1]" be a lattice approximation instance,
c:= Ap, c € RYy. Put L := [logn], h:= % +2,0<n<% vasin Theorem 1.15.

Assume that there exists § > 0 such that
e 0 < (’yhlf#%7 + 1)~ and
o a;; < dc; for alli.

Then we can construct in NC a vector g € {0,1}" such that
(Ag); € (1£0 (63 "VI)(4p);

and |q| = p+ O (p2"Vh) + 1. The construction can be done with O (n?0 (m logn)H%)

parallel processors in O (771—2 log® n log®(mlog n)) time. The entries in A and p may be of
any precision.

Proof Scale each row ¢ of A by 6%2-' The resulting matrix A4 is in [0,1]™*" and ¢ := Ap

has the property that ¢; = % for all i. In addition, we augment A by an extra row of 1s at
the bottom.

Truncate the entries in A and p to L + 1 bits of precision, yielding matrix A" and vector
p'. We know from (1.30) that for all vectors ¢ and all ¢ € [m] with ¢ := A'p’

(@ =il = [(Ap— A'p)i] < 1and |(Ap — Ag)s| < |(A'D' — A'q)il +2.
We have ¢ > & —1=3—-1> 'yhﬁ for all 4 € [m]. Hence we can use case (i) of Theorem

1.15 to solve the LAP instance defined by A’ and p' with parameter n yielding a vector
g € {0,1} with

(A~ A'q)i| =0 (¢ "VR) =0 ((%)%ﬂ\/ﬁ) forall i € [m],  (1.39)

using that trivially ¢ < & = %. The relative error for the original problem so is

|(Ap — Aq)i| _ (9es) ' [(Ap — Ag)i]
(Ap)i (6ci)~1 (Ap);
|(Ap — Ag)i
5—1
<50 ((%)%Mx/ﬁ) +2)
=0 (627"Vh) +26
=0 (5°"Vh).

For the support of ¢, consider the last entry in ¢/. For this ¢;,,, = 2?21 p; = P we
know because of ¢; = 327, aijp; < dei Y0, pj = derp that we have ¢, =p' >p—12>
% -1> 'yhﬁ. Hence we can also use case (i) of Theorem 1.15 for this row of the matrix.
We get [p— |gl] < [p' =gl + 1 = [(A'P' = A'Q)msa| + 1= O (p2+"v]h) + 1. The claimed
bound follows.

The bounds for processors and running time follow from Theorem 1.15. n

Bibliography and Remarks. Srinivasan [Sri97] gave better bounds for the lattice approximation
problem (see Beck and Fiala [BF81] and Raghavan [Rag88] for bounds derived with Chernoff-
Hoeffding type inequalities). The quadratic lattice approximation problem, a generalization of the
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(linear) lattice approximation problem, has been studied by Srivastav and Stangier [SS93], and a
derandomized algorithm using Azuma’s martingale was obtained. Here, parallel algorithms are not
known.

Closely related to the lattice approximation problem is the concept of linear discrepancy of
hypergraphs. Solving a long-standing open problem, Doerr [Doe01] showed that linear discrep-
ancy of a unimodular hypergraph is at most -Z5. This problem is a particular case of an-
other open problem, namely the relation of hereditary and linear discrepancies of a hypergraph.
The classical result due to Beck and Spencer [BS84] as well as Lovész, Spencer, and Veszter-
gombi [LSV86] is disc(#) < 2herdisc(H). The latter paper also gives a class of hypergraphs fulfill-
ing disc(H) = 2 7herdisc(#) and conjectures that this should be the right factor. Doerr [Doe00]
showed disc(H) < 222=Lherdisc(#). This is still the best upper bound known for this problem.

1.4 Fooling Automata

Many randomized algorithms can be modelled by a set of deterministic finite automata. If
the input strings for these automata are drawn randomly according to a certain distribution
¢, the automata simulate the randomized algorithm as it works on some fixed input — the
automata themselves may depend on the input to the algorithm. Such a representation of an
algorithm allows a special kind of derandomization. The idea is to modify the distribution
¢ to a second distribution p such that the size of the support, i.e., the number of strings
with nonzero probability, becomes polynomial, and that the automata approximately still
simulate the algorithm. This is called automata fooling, because the automata are presented
with a different distribution but still behave essentially as before. If the support of p is
sufficiently small, all strings can be checked efficiently (in parallel), and hence we have
a deterministic algorithm. We present the automata fooling technique from the paper of
Karger and Koller [KK97].
Automata are represented by regular, directed multigraphs.

DEFINITION 1.5 An automaton A is a triple (V, E, s), where V is the set of states (the
nodes or vertices of the graph) and E are labeled edges, which define possible transitions
between two states, and s € V is a special state called the starting state of the automaton.
Each state has outgoing edges labeled from 1 to r for some fixed number 7. (In practice,
automata will have ending states, from where there are no outgoing edges. To fit with this
definition, for such a node v simply think of r loops (v,v).) Inputs for A are strings from
[r]", i.e., concatenations of the numbers from 1 to r.

Giving to A a word w = (wy,wa, ..., w;) € [r]* as input means that starting from s, the
automaton changes its state by traversing the edges as specified by w. In other words: w
defines a walk in the graph (V) E) starting at node s.

Throughout this section, we fix a set Ay,..., A, of m automata, write A; = (V;, E;, s;)
for each i € [m], each of them taking inputs from the same set [r]".

Let Xi,...,X, be independent random variables each taking values in [r]. They define
a distribution on W := [r]". We denote this distribution by ¢ : W — [0,1], i.e., ((w) is
the probability that (X1,...,X,,) takes on the value w € W. (This probability is equal to

The automata Ay, ..., A,, when provided with inputs drawn from W according to ( are
assumed to simulate some randomized algorithm A under consideration. The final states
of the automata correspond to the output of the algorithm. The automata themselves may
depend on the input for the algorithm A. We fix an input instance Z for our presentation.
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It is assumed that the automata have polynomially many states, in the length of 7.

DEFINITION 1.6 The support of a distribution £ on a set U is
supp(§) == {w € U; &(w) >0},

For the cardinality of the support, also called the size of the distribution, we write
€] == [supp(&)] -

If we know that with positive probability (w.r.t. (), the algorithm (simulated by the
automata) outputs a good solution’, it suffices to check the output of the automata for
every w € supp((). However, this set may be too large. If, on the other hand, we are
able to replace ¢ by some distribution p such that supp(p) is small and the automata still
(approximately) simulate the algorithm, we can check every word in supp(p) instead. This
can be done in parallel.

There are methods to reduce the support of a distribution while maintaining the prob-
abilities of certain events. The challenge is that in general, the running times of these
algorithms depend (polynomially) on the size of the original support. The solution to this
is a divide-and-conquer approach. It will be described in the following. First, we look
at the problem of reducing the support of a given distribution directly, and then consider
intermediate transition probabilities, which help in the design of the divide-and-conquer
technique.

Reducing Support

Let £ be a distribution and By, ..., By events (e.g., transitions in the automata). The events
are also called constraints in this context, and we denote the set of all constraints by C.

For every € > 0, by (1 +¢) we denote the intervall (1 —e,1+€). Consequently, for a real
number z, by (1 £ &)z the intervall (z — ez, x + ex) is denoted.

DEFINITION 1.7 Let 1 > ¢ > 0. Given a distribution £, a distribution £’ is said to
absolute e-fool constraints By, ..., By, if

|P§/ [BJ] — [Pg [B]” < e for all ] S [k]
It is said to relative e-fool constraints By, ..., By, if

Obviously, because we are dealing with probabilities, which are in [0, 1], relative e-fooling
is stronger than absolute e-fooling. In [KK97], only relative e-fooling is considered. We
include absolute e-fooling in our analysis, because even in this case, we get interesting
results, and there may be algorithms for reducing support with an absolute error that
require fewer work (processors and time) than those known for relative fooling.

One technique for reducing the support of a distribution so that the resulting one absolute
or relative e-fools a given set of constraints is known as basis crashing. We speak of absolute

"E.g., a solution approximating some objective function within a certain margin.
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approzimate basis crashing or relative approximate basis crashing depending on the kind
of error we intend to achieve. We speak of basis crashing if ¢ = 0 (in which case relative
and absolute error coincides). Basis crashing generally works by expressing the constraints
as a set, of linear equations and then looking for a basic solution, which, by the properties
of a basic solution, leads to a support of cardinality < k, see [KK97, Thm. 2.2]. To our
knowledge, the best algorithm for basis crashing (¢ = 0) is due to Beling and Megiddo
[BM98] and runs in O (k'-62 |£]). Hence, if € has a large support (e.g., exponential in the
input length), this technique alone does not yield a polynomial (or an NC algorithm) for
the original problem.

As a building-block for the devide-and-conquer approach, it suffices however to have an
NC implementation for the reduction of the support, even if the number of processors and
running time depend (polynomially and logarithmically, respectively) on the size of the
original distribution, provided that the support is reduced strongly enough.

We will give an algorithm for relative approximate basis crashing. (This, of course, yields
one for absolute basis crashing.) However, we will also show how the devide-and-conquer
algorithm works if only an algorithm for absolute approximate basis crashing is available.

The nice idea of [KK97] is to formulate relative approximate basis crashing as a lattice
approximation problem. The latter can then be solved using the parallel algorithm from
Theorem 1.16. Consider some sample space (2, e.g., the set of all words W. The given
distribution is a mapping & : @ — [0, 1] and the constraints are subsets of ), i.e., B; C Q
for all 4 € [k]. Denote the elements of the support supp(§) = {w1,...,ws} and consider the
constraints as subsets of supp(£). If not already the case, we include the event By consisting
of all the elements {rom supp(&) in the set of constraints. This will help in ensuring that we
really get a distribution out of our construction. So we may have in fact k 4+ 1 constraints.
We have to pay attention here, because the term O ((k: + 1)1+%), later occuring in the

processor bounds, is not O (k:H'%), unless 1 is appropriately lower-bounded.
We use the algorithm from Theorem 1.16. Set &’ := £, fix some 0 < n < i and choose ¢

such that § < (¢°h 1) =7 and § is small enough as required in the theorem. Reviewing
the requirement of the theorem, we see that if ¢ is small enough compared to v~ ! (which
we may assume), a setting of § such that

% = () =0 ()7 (1.40)

suffices.
We construct the lattice approximation instance. The contraint-sample matrix associated
to (B;)i=1,..k 18

1 ifijBk

ks where a;; = {0 elso

bi = ]Pg [Bz] for all i € [k],
and vectors r,p € [0,1]° by

rj = &(w;) forall j € [S],

s CNLijT'j .
pj = mln{l}el?g]( o, ,1} for all j € [9],



Parallel Algorithms via the Probabilistic Method 1-39

and finally set

i=1,..k, Where ag; = Wl e [k], 5 € [S].
7=1,...,8 bj

A= (a”)

The lattice approximation problem is defined by A and p, meaning that ¢ := Ap is the
vector of Constralnt probabilities b. By the algorithm from Theorem 1.16 we get a vector
g €10, 1} with a support bounded as in the theorem such that |(Ap — Ag);| < €'(Ap)s,
ie.,
(Aq); € (1 £&")(Ap); for alli € [k]. (1.41)
Define €' (w;) := ;—jqj for all j € [S] and A := Zje[s} €'(wj). The following setting yields
a distribution

Le if
&w) = 3 (w) ifwedwn,. . ws) for all w € Q, (1.42)
0 else

which is not far from the “pseudo” distribution é’ , because, by the assumption that the
event By is among the constraints, we have

Ae(1+e). (1.43)

THEOREM 1.17 Let & be a distribution, 0 < & < 1, and consider constraints (i.e.,

events) By,...,By. A distribution &' can be constructed such that the given contraints are
relative e-fooled and
log(k 1 =
1= 0 (1 (189
ne

The construction can be done with O (SZO (klog S)H%) processors in time

1 .
0 (172 log® S log? (k log S)) :

Proof Ler & be asin (1.42). By (1.41), we see that the constraints are relative e-fooled
by ¢&': for ¢ € [k] we have (Ap); = b; = P¢ [B;] and (Aq); = AP [B;]. Hence APy [B;] €
(1 £ ¢&")P¢ [B;]. The choice of ¢' and (1.43) give the desired Pes [B;] € (1 £ ¢)P¢ [B;].

We proceed to bound the support size of &', which is the same as the support size of g.
We know from Theorem 1.16 that |¢| < p+ O (ﬁ%‘*"\f) + 1. Hence, we need an upper
bound on p. We say that ¢ € [k] ownes j € [S] if the term a(}]brf is maximal (over all possible
1). Fix by own(7) an arbitrary ¢ which owns j. We then have

SIS JHD SRS S Sl e

JELS] i€[k] JELS] i€[k] J€LS]
s.t. i=own(j) s.t. i=own(j)
1 1k
:ZTI)Z Z CL”TJSZ Zb _Zg:g
1€[k] J€[S] ze[k] i€[k]

s.t. i=own(j)

The claimed bound for the support follows from a calculation using (1.40) and the definition
of h from Theorem 1.16.
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The bounds on the number of processors and running time follow directly from 1.16. g

REMARK 1.4 Karger and Koller [KK97, Th. 4.6] state a bound of O (’“;’—5’”) for the

support size. We cannot see how to establish this bound for the following reasons. Our

ne
discrepancy algorithm, Theorem 1.13. The error parameter £ in Theorem 1.13, which is 5
here, can be found in the exponent as well as in the denominator (under the square root) in
the discrepancy bound of our version of the theorem, while it only appears in the exponent
in [MNN94]. This factor of % persists also in the bounds for the lattice approximation, and
thus also must appear in the bounds for the support size (at first hidden in the quantity h).
Hence one cannot simply substitute n by o (1), as it is done in [KK97], where presumably the
discrepancy result of [MNN94] was used which did not show the factor of 2 (which is ;. here).
In any case putting n = o (1) is questionable, because the number of processors depends
exponentially on 1, and the running time depends on it polynomially. Our analysis of the
discrepancy algorithm also introduces a dependence on the number of variables, which in
this application is the size of the support, since we cannot assume “© (logn) = © (logm)” in

general. However, for n = % we get the bound O (kW) . We have not optimized

1
bound O | k& (w) ) in the previous theorem relies on our rigorous analysis of the

7 here, so there might be room for some improvements, which we expect to be minor. Note
that the constant hidden in the O (.) notation of this bound goes to infinity as 1 goes to
ZEro.

In the following, we will assume that some deterministic N'C algorithm RED is given
which can be used to reduce the support of a distribution while fooling a set of constraints.
For example, we may use the basis crashing algorithm from Theorem 1.17.

Denote the output distribution of RED by RED({,C, ). The number of processors used
is denoted by REDpyoc(|€], k,€) and the running time by RED¢ime(|€], k, €). Define

RED(&,C,e
RED;4ti0(S, k,€) :=  sup M
e.cC k
s.t. |€]=9
and |C|=k

We assume REDp;c, REDgime, and REDya4i0 to be non-decreasing in the first two arguments,
and non-increasing in the third argument. All these quantities are dependent on the par-
ticular choice for RED. If we choose the algorithm from Theorem 1.17 as RED, we have

1
REDyatio (S, k,&) = O ((WSU“WSS)) 1_2n), while for the choice of the exact algorithm of

ne?
Beling and Megiddo, it would be <1+ 0(1).
For the algorithm RED to be efficient, RED;4;, must be small enough and appropriately
dependent on S, so that the size of the support behaves well under a certain iteration. To
explain this, fix k and e and define

F(S) := k - REDyagio(S2, k, ). (1.44)

The following scheme will later be realized in Algorithm 8. Think of some distribution of
size Sp. It is modified such that its support grows to at most S3. Its support is then reduced
to size S; using RED, and then it is modified again so that its support grows to at most
S7. Then it is treated with RED again, and so on. Doing so ¢ times by definition never
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(meaning: in no step during the iteration) gives a distribution of size larger than

RED};, (S0, k,€) := max { f(f(f...f(S0))); t' <t} (1.45)

t' times

For fixed t, RED,., (S0, k, £) is non-decreasing in its first two arguments and non-increasing
in the third.

In Corollary 1.4 we will give an analysis of the iteration behavior of the algorithm from
Theorem 1.17, showing that the support grows not too much.

Transition Probabilities

Let ¢ € [m] and a,b € V;. Denote by P¢ [a —; b] the probability that starting from state
a, the automaton A; will reach state b when it is given as input a word w € W generated
according to distribution £. We call this the transition probability of i from a to b under £.

The transition probabilities where a is the initial state are the important properties of
the automata. They are to be maintained approximately during the construction of a new
distribution.

For | < h < n we need the intermediate transition probability P¢ [a —; b]l’h defined as
the probability for a transition from a to b when the input is generated according to the
random variables X;, ..., X only. The extreme cases are [ = h, where only one random
variable is used, and [ = 1 and h = n, where all random variables are used. We introduce
the notation Wi = [p]* =1+,

A simple but important observation is that we can construct intermediate transition
probabilities for larger words from smaller ones. If [ < g < h, then

Pefa —; b]"" = Y Pela = 0] - P [v —; b7 (1.46)
veEV;

Note that this extends to the case when ¢ is any distribution with the property that

E(wry - wp) = E(wy, .y wy) - E(wyy, - wy)  Y(wg, ... wy) € WHR (1.47)
DEFINITION 1.8 Let e > 0. A distribution p is said to absolute e-fool a set A4, ..., 4,
of automata w.r.t. a distribution (, if

|P,[si = v] —Pc[s; > 0] <¢ Yo eV, Viem)].
It is said to relative e-fool the automata if
P, [si —; v] € (1 £e)P¢ [s; = v] Yo eV, Vie[m].

In other words, it e-fools the automata if it e-fools all the relevant transition events.
(The devide-and-conquer algorithm will, as a side-effect, e-fool all transition events, not
only those starting at s;.)

Divide-and-Conquer Algorithm

We present an algorithm that constructs a distribution that e-fools a given set of automata
w.r.t. a given distribution. The algorithm works for absolute as well as for relative errors,
provided that an adequate algorithm RED is given. The analysis for the case of relative
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error is taken from [KK97]. We have added the analysis in the case of an absolute error,
which requires some more work.

For each I < h < n we denote by C'*" the set of constraints consisting of transition events

of all automata under inputs generated according to X, ..., Xp. We have
IChh < Y Vi =k (1.48)
i€[m]

Note that & is polynomial in the length of the input instance 7, because the automata by
assumption have only polynomially many states.

Define V.4 := maX;ec[m) |Vi] and

Wl

e(e) = min { 7 (4V5max) } for an absolute error

I for a relative error.

The algorithm has to use smaller and smaller e-values in each iteration. The function e
describes how these values decrease. It is crucial that the reciprocal of the e-values stays
polynomial. That is why we first take a look at the behavior of € under iteration. Define
for each t € IN the tth iterate by € () (g) := (e *=D(g)) and €@ (¢) :=e.

PROPOSITION 1.4 Let ¢ > 0 and write V := 4V,,«. Then e(ﬂog”])(s) > gnzy in the

case of an absolute error and e(l°87D)(g) > 1= in the case of a relative error, hence the
reciprocal is polynomial in the input length of Z.

Proof The case of relative error is easy; there we have e (o871 (¢) = 4[10%74 > .

Now consider the absolute error. By the assumption that the automata have polynomially
many states, V' is polynomial. Assume that starting from some value £, for ¢; iterations,
the minimum is always attained by the first expression in the definition of e. Then it
is, for some i, iterations, attained by the second expression. For some t3 iterations, it is
again assumed by the first one, and so on. We have a sequence of numbers 1,...,%, such
that >.'_, ¢t; = [logn], and the numbers with an odd index mark periods where the first
expression matters and those with an even index mark periods where the second expression
matters. A tedious calculation — the exponent of V' is already significantly simplified in the
second term of the following equation — shows that

Toacr te _ .
e(Mosri) (g) > c(8) e T2 ey w o Sy pogriy-t : iv'
T

|
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Algorithm 8: FooL

Input: Random variables X, ..., X, (with indices), parameter e.
Output: Distribution p that absolute or relative e-fools the automata, depending on
€ and RED.
1 if I = h then
2 forall w € Wh" do /* note that here W'/ =[r] x/
3 p(w) < P[X; = w];
4 end
5 end
6 else
T g+ 5
8 p' < FooL(Xy,..., X, €(e)) in parallel with p"” <+ FOOL(X,41,...,Xp,€(¢));
9 in parallel forall (wy,...,wy,) € Whh

10 such that p'(wi, ..., wy) > 0 and p"(wey1,...,wp) > 0 do
11 ﬁ(wly s ,U)h) A pl(wlv s 7wg) : pll(wg+1; s ,'Ll)h);
12 end
13 p < RED(p,CH" ¢);
14 end
15 return p;
The following tree illustrates how FooL works for eight random variables Xy, ..., X5. At

the bottom, distributions are constructed for each random variable; this is what happens
in lines 1 to 5. Moving upwards in the tree means, for each branch, to “merge” two
distributions; this is what happens in line 11.

X13X27X37X47X57X67X77X8
X17X27X37X4 X57X67X77X8

X1, Xy X3, Xy X5, X¢ Xy, Xy
X1 Xy X; Xy X Xe¢ Xy

The depth of the tree is logn. Note that without the calls to RED in line 13, the size of
nlogn

the support could be 72" = " at the top, which is superpolynomial hence making it

impractical to reduce it by just one final call to RED.

THEOREM 1.18 Let1 > e > 0 and set epmin := e(ﬂog”])(s).
(i). The algorithm FOOL constructs a distribution p that e-fools the automata and

has size at most Spax = REDRZ% m (r, k, Emin)-

(ii). It runs using
O (n-max {0 (S2..) s REDproc(Smaxs £y Emin) })
parallel processors in time

0 (IOg n- REDtime (Smax7 k‘, 5min)) -
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logn|

Because RED is an N'C algorithm, FOOL is so as well — as long as RED; ;" is

polynomial in its three arguments.

Proof (i). The recursion depth is [logn]. The statement about the size of the final
distribution is clear by (1.45), noting that the treatment of the distribution in line 11 is
expressed by taking the size of the support to the power of 2 in (1.44), that the size of the

starting distributions is bounded by r, and that ReD/%8 "

iter 15 assumed to be non-increasing

log ]

iter (1, k. €min) and do not need

in its third argument. So we can argue with en;, in RED,
to consider the intermediate values of “c”.

We now show by induction on h — that the algorithm has the required fooling property.
If h—1 =0, this is easily seen. The distribution p constructed in lines 2 to 4 exactly reflects
the transition probabilities (of length one) for the random variable in question.

First consider an absolute error, let 2 — 1 > 0 and assume that the algorithm works
correctly on smaller inputs. This means that p’ and p” have the property to absolute
e(e)-fool the (intermediate) transition events for X,..., X, and Xyq,..., X}, respectively.
The distribution g defined by the multiplications in line 11 by this very definition has the
property (1.47). Hence we can use (1.46). This yields for all ¢ € [m] and a,b € V;

5la—; b = ZIP [a —; v]- Py [v—; D]

veV;
< 3 (Bela i 0] +efe)) - (Be [o - b7 4 e(e))

vEV;
< (D0 Pela = 0] B [v = b))

veV;
) > Fela—; v]" +e(e) Y Pelo = b7 + Vil e(e)?
veEV; veV;

=1 =1

S]Pda—nb] +2 +|Vi| =—

v

4Vmax
Lh 3
:]Pg[a—nb]’ +1€.

A corresponding lower bound can be established in the same way. The call to RED introduces
another absolute error of at most %, resulting in the distribution p to absolute e-fool the
(intermediate) transition events.

Consider now the case of a relative error. The distributions p' and p" have the property
to relative e(e)-fool the (intermediate) transition events for X;,..., X, and Xyqq,..., X4
respectively, where €(¢) = . The distribution p defined by the multiplications in line 11
by this very definition has the property (1.47). Hence we can use (1.46). This yields for all

i € [m] and a,b €V}

50,—)17 Z ED a—)z ] . Pp//[’u—nb]
H—/ —_———

veV;
( i)Pc[a—rv]l’g E(lié)]?g[v%rb}ﬁl’h

(li )2 Pela—i v P [o — b
vEV;

=(1+ )IE”g[(L—) b
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The call to RED introduces another relative error of 7, resulting in
P,[a—; b] € (1 £ Z)SPC [@ —; b .
Because (calculations omitted)

27 €3 €3 61
— e < — — < - — — < —e <
1-e<1 €—|—646 <1 4) and (1+4) _1+645_1+5,

the distribution p thus relative e-fools the (intermediate) transition events.

(ii). First consider the time complexity. The statement follows from the fact that the
recursion depth is [logn], the only expensive task in each recursion is the call to RED, and
the definition of e;,. Keep in mind that we assumed RED¢ime to be non-decreasing in the
first two, and non-increasing in the third argument.

Now consider the number of processors. There will only be n instances of FOOL running
in parallel at a time. There are only O (52, ) multiplications to do in line 11, and with

the same argument as above, a call to RED never uses more than REDproc(Smax; K, Emin)
processors. "

COROLLARY 1.4 Consider relative e-fooling. If RED is chosen as the algorithm from
Theorem 1.17, algorithm FoOOL yields a distribution of size

ONS=7
S = O <k (nmg(“(’f)) > , (1.49)

ne

using

(NN T 1
¢ <”k2 <”1g(mg)) (0 (k)log<*>>ﬁ">

ne?
parallel processors in O (n% log(*)) time.

To prove this, we need an upper bound on REDjte, for the case of the algorithm from
Theorem 1.17. Recall (1.44) and (1.45). The following technical proposition examines this
iteration in a general setting.

PROPOSITION 1.5 Let a,b,c,p, S be large enough® such that 6p + 1 < b, and define
f(x) := alog?(blog(cx?)). Then, for the tth iterate of f, for all t € N, we have

F(8) < alogP(b®(log(ca?) +log(¢S?))) = alogP (2b° (log(acS)))

= O (alog”(blog(acS))) . (1.50)

Proof Set A :=log(ca?)+log(cS?)). We clearly have f(S) < alog?(b>A) and furthermore

f(alog?(b*A)) = alog? (blog(ca® log®? (b* A)))

81t is sufficient to choose @ > 2, ¢ > 1,b > 12, S > 2.
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= alog?(blog(ca®) + bloglog™ (b A))

< alog” (bA + 2pbloglog(h* A))

< alog?(bA + 2pb(log(log(b®) + log(A)))

< alog?(bA + 4pb”® + 2pblog(A)))

< alog?((b+ 4pb® 4 2pb)A) < alogP((1 + 6p)b*>A) < alog?(b*A).

The second and third assertion is a simple calculation. ]

The bound of the proposition can certainly be improved. We proceed to prove the Corol-
lary.

Proof (of Corollary 1.4)

In terms of the previous proposition, we have a = O (k(nafﬂin)flflh), b==Fk, c=1, and

p = 15, The starting value is S = r, and we have e, < 4n® A calculation using the
previous proposition leads to stated bound on Smax. Using the equations for REDp.oc and
REDiime from Theorem 1.17 and ﬁ = O (1) we get the stated bounds for processors and

running time. ]

REMARK 1.5 Fix one automaton A and let its final states give the values of some
d-valued random variable Y. If we have a relative error, then

EcY]=) y P [Y=y] €(l£e) ) yP,[Y =yl=(1£)E,[Y].
y€l[d] E(lﬂ:E)PP[Y:y] y€[d]

So, in other words, expectations are fooled just like probabilities. In the case of an absolute
error, we have

Ec[VI= ) yPc[Y =y < > y®,[Y =yl +¢)

yeld yeld]
=Y yP, Y =yl+ > ye <E,[V]+d%,
yeld] yeld]

and a similar lower bound. Hence, in case of absolute error, if expectations are to be -
fooled, the fooling of the probabilities has to be done with an “c” not larger than . If the
automata have polynomially many states, d is polynomial, and hence such a requirement is
reasonable.

1.5 Parallel Algorithms for Packing Integer Programs

1.5.1 Impact of k-Wise Independence: Multidimensional Bin Packing

We choose the multidimensional bin packing problem as an example for a packing type
problem for which a N'C algorithm with the method of k-wise independence can be given.
The material for this subsection is based on Srivastav, Stangier [SS97a]. In the next section
we will see the impact of the approach of Srinivasan [Sri0la] for general integer programs
of packing type.
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DEFINITION 1.9 (Bin Packing Problem BIN(b,m))

Let m,n € N, and let b= (bi,...,by) € N™, called the bin size vector. Given vectors
Ti,..., 0 € [0,1]™, pack? all vectors in a minimum number of bins such that in each bin
B and for each coordinate i € [m] the condition ZﬁjeB vj; < b; holds. Define

= [max bl z: vjiw . (1.51)

i€[m]

Observe that C is the minimum number of bins, if fractional packing is allowed. Let Cpp¢
be the number of bins in an optimal integer solution.

BIN(1,m) is the multidimensional bin packing problem, and BIN(1,1) is the classical bin
packing problem. The intention behind the formulation with a bin size vector b is to analyze
the relationship between bin sizes and polynomial-time approximability of the problem.

The known polynomial-time approximation algorithms for resource constrained schedul-
ing applies also to multidimensional bin packing and are due to Garey, Graham, Johnson,
Yao [GGJY76] and Rock and Schmidt [RS83]. Garey et al. constructed with the First-Fit-
Decreasing heuristic a packing with C'ppp number of bins which asymptotically is a (m+ %)—
factor approximation, i.e., there is a non-negative integer Cy such that Cprp < Copt(m+ %)
for all instances with C,,, > Co. De la Vega and Lueker [dIVL81] improved this result pre-
senting for every € > 0 a linear-time algorithm which achieves an asymptotic approximation
factor of m + €. For restricted bin packing and scheduling Blazewicz and Ecker gave a
linear-time algorithm (see [BESW93]). The first polynomial-time approximation algorithm
for resource constrained scheduling and multidimensional bin packing with a constant factor
approximation guarantee has been given in [SS97b]: For every £ > 0, 1 € N, a bin packing
of size at most [ (1 + €)C,p | can be constructed in strongly polynomial time, provided that

b; > wlog(&zd) (1.52)
This approximation guarantee is independent of the dimension m. For ¢ = 1 this gives
a sequential 2-factor approximation algorithm for multidimensional bin packing under the
above assumption on b.

There is no obvious way to parallelize this algorithm. In this section we will show that
at least in some special cases there is an NC approximation algorithm. The algorithm is
based on the method of log® n-wise independence. The parallel bin packing algorithm has
4 steps.

Step 1: Finding an optimal fractional bin packing in parallel. We wish to apply randomized

rounding and therefore have to generate an optimal fractional solution. The following integer
program is equivalent to the multidimensional bin packing problem.

min D
Z]‘ V% < b; Vié€ [m],z € [D]
2Lz = 1 Vje€ [n]
z;; = 0 Vjand z > D
Tjz € {0,1}.

9Packing simply means to find a partitioning of vectors in a minimum number of sets so that the vectors
in each partition (= bin) satisfy the upper bound conditions of the definition.
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Note that this integer program is not an integer linear program, thus we cannot solve it
with standard methods. But, fortunately, its optimal fractional solution is given by C, see
(1.51). This is easily checked by setting x;. = & for all vectors j and all bins z € [C].

Step 2: Enlarged fractional bin packing. In order to define randomized rounding we enlarge
the fractional bin packing. The reason for such an enlargement is that for the analysis of
the rounding procedure we need some room. Fix a > 1 and define

d := 2Mog(aC)l (1.53)

hence d < 2aC.
The new fractional assignments of vectors to bins are z;., = % for all j € [n], z € [d].
Note that this assignment defines a valid fractional bin packing, even with tighter bounds

>t < 154
j=1

for all i € [m], z € [d].

Step 3: Randomized rounding. The sequential randomized rounding procedure is to assign
randomly and independently vector j to bin z with uniform probability % With the method
of limited independence we parallelize and derandomize this rounding scheme in the next
step.

Step 4: Derandomized rounding in NC. We apply the parallel conditional probability
method for multivalued random variables, Theorem 1.11.

First, C' can be computed in parallel with standard methods:

LEMMA 1.5 C can be computed with O (nm) processors in O (log(nm)) time.

Recall the definitions preceding Theorem 1.11. For integers r, z € [d] define the indicator
function
1 ifr==z
[r=2z]:=
0 else.
For all (4,2,7) € [m] x [d] x [n] define the functions g;.; by

1
gizj R=> R, r = vj([r=2] - a),

and, for an even k to be specified later, f;, and F' as in Theorem 1.11. We then have

n k
1
F(a:l,...,a:n): Z ZU]'Z‘([ZL‘]':Z]—E)
(i,2)€[m]x[d] z'il B
:fiZ(Ilw“’mn)
for all (x1,...,2,) € [d]". Furthermore, we need estimates of the kth moments.

LEMMA 1.6 Let -1 <7< % and k:=2 [M-‘. Then

logn — 27 logn

[N

E[F(X1,...,X,)]* <n2*7 (log(6anm) + 2)
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for k-wise independent [d]-valued random variables X7,..., X,,.

Proof Using Theorem 1.5 we can show as in the proof of Lemma 1.3

Fo

E [l fir (X1, X)) ] < 2(0)1(5) 5. (1.55)

Robbins exact Stirling formula shows the existence of a constant v, with g < v, < 137

so that n! = (2)"v2mne™ ([Bol98], page 4), thus n! < 3(%)"y/n. Furthermore, for all
k > 2, we have 2v/k(4e)~% < 1. With these bounds the right hand side of inequality (1.55)

becomes 3(kn)%. The claimed bound now follows by summing over all i € [m], z € [d],
using the trivial bound C' < n and taking the fth root. -

The main result is:

THEOREM 1.19 (Srivastav, Stangier 1997 [SS97a])
Let 14— <1< % and o > 1 and suppose that b; > ala — 1)_1n%+7(log(6anm) + 2)% for

logn

alli € [m]. Then there is an NC algorithm that runs on O (n®(nm)=*1) parallel processors

and finds in O ((IOgQ”IOg(”m))‘l) time a bin packing of size at most 2M1°8(@C)N < 924(.

T

Proof  Set k=2 [%8522m) | and let d be as defined in (1.53), s0 d < 2aC < 2an. Thus

for fixed a we have d* = O (n*) (we are not interested in large values of ). Also, because of

1
10;;71 <7, we have O (1)™ = O (1). By Theorem 1.11 we can construct integers Z1, ..., %,

where Z; € [d] for all j such that

F@r,...,#0) <E[F(Xy,..., X)) (1.56)

holds, using
O (n*2m) = O (n®(nm) =)

parallel processors in time

O (log(nlogd) -(k* logd log®(nlogd)logn +k logdlog(mdn*)))
—_—— N——’ - N

=0(logn) =0(log* n) =0 (log* n) =0k log‘nrlog(mn))

log(6anm)\*4 log*n log(6anm)\ 2
= 0 (togt - (BB B g (RECE) g )

_0 ((1og2nlog(nm))4) .

T

To complete the proof we must show that the vector (Zi,...,Z,) defines a valid bin
packing. This is seen as follows. By definition of the function F' we have for all coordinates
i and all bins z € [d]

(1.57)
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(the last inequality follows from Lemma 1.6). Hence, using (1.57), (1.54), and the assump-
tion b; > (o — 1)~'n2 7 (log(6anm) + 2) 2, we get for all coordinates i and all bins z € [d]

= 1 S|
> ity S i)z — d)‘ +Z”ﬂg
j=1 j=1

(log(6anm) +2)% +
1
a

<nzt7(l

Q\Q‘

<(1-
and the theorem is proved. ]

Note that we cannot achieve a polynomial-time approxnnatlon better than a factor of
even if b; =  (log(nm)) for all bounds b; and 7 < §

THEOREM 1.20 (Srivastav, Stangier 1997 [SS97a])

Let0 < 7 < 1 and 3 < A be a fized integer. Under the assumption b; = Q (n=*7/log(nm))
for all i, it is N'P-complete to decide whether or not there exists a multidimensional bin
packing of size A.

1.5.2 Impact of Automata Fooling: Srinivasan’s Parallel Packing
Let A € ([0,1]NQ)™*", b€ ((1,00)NQ)™, and w € ([0,1]N Q)™ such that max;epp w; = 1.

We consider the packing integer program
max wsx
Az <b (PIP)
z€{0,1}"

This is an N'P-hard problem, and hence good efficient approximation algorithms are
sought. Let z* € ([0,1] N Q)™ be an optimal solution to the LP relaxation of the PIP, i.e.,
to the following linear program:

max w s
Az <b
z €[0,1]"
By OPT* we denote the value of z*, i.e., w=x*. Set B := min {b;; i € [m]} (which is > 1).

We briefly review previous results for PIPs. Let 0 < e < 1. If B > 12¢ 2 In(2m), then a
vector € {0,1}" with Az < band w«x > (1—¢)OPT" can be constructed in deterministic
polynomial time [SS96]. This result is based on an efficient derandomization of Chernoff-

Hoeffding bounds. Srinivasan’s work [Sri99] extends the range for the right-hand side b
where a polynomial time approximation algorithm does exist.

THEOREM 1.21  (Srinivasan 1995, 1999)

There are constants Ko and K such that the following holds. A solution x € {0,1}" for a
given PIP can be constructed in polynomial time with

wez > Komin{OPT*, (KlopT*) }

mB
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REMARK 1.6 (Asymptotics of the approximation bounds)

Let us briefly compare Srinivasan’s bound with the bounds of [SS96]. If B = B(m) is a
function of m with B(m) — oo, we may assume that 25 is 1+ o(1). So

PT*\ 5 - y
(Klojl) " = (K, OPTH) oM 5 n K OPT* e 571,

mB

Then the approximation quality is governed by e BT, For B = cln(m)+1, ¢ a constant, we
have e~ B=T = e ¢, leading to a constant approximation factor Kye €. For any ¢ = Q (e 2),
e > 0, e~ ¢ is exponentially small, thus inferior to the 1 —¢ factor of [SS96]. But Srinivasan’s
bound gives a constant factor approximation for any constant ¢ > 0, while in [SS96], the

“constant” is at least 12e~2. On the other hand, if };‘f} tends to oo, for example if B =
_Inm

O (Inln(m) + 1), we have that e 5-1 = ¢ “(™) = (1), leading to an asymptotically zero
approximation factor. In this range of B, we have essentially no approximation guarantee.

In the rest of this section, we present Srinivasan’s derandomized N'C approximation al-
gorithm [Sri0la]. We first describe a randomized approximation algorithm but will not try
to make a statement about its success probability. Instead we will right away derandomize
it using the automata fooling technique from Section 1.4. The randomized version merely
serves as an illustration of the idea behind the to be constructed automata.

The Idea

To make the fractional optimum z* an integral solution, consider the following rounding
and alteration scheme. Fix a parameter \ > 3, which will be specified more precisely later.
For each j € [n], set

1 with probability 7
yj = . A (1.58)
0 with probability 1 — <.
This way we get an integral vector y with
OPT*
Ew.y] = — (1.59)

However, y might be infeasible — some of the m constraints in “Ay < b” might be violated.
To repair this, y is modified in a greedy manner to fulfill all the constraints. Initialize « := y.
For each row i € [m] of the matrix A sort the entries (a;;)j=1, . in decreasing order

Wiji; 2 i 2 o Oy e
Then, starting with the first position j = j; ;, set z; to 0 until the constraint “a;«z < b;” is
fulfilled'®. This is done in parallel for all rows i, without any communication between the
processes. Hence, there might in fact occur unnecessary alterations.

Let the random variables Y7, .. .,Y,, denote the number of alterations for each row. (They
are called this way because they are fully determined by the intermediate solution y.) Let I

104, denotes the ith row of A.
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denote the input length of the PIP (clearly, max {n,m} < I). Let Cy > 1 be a large enough
constant and set

B' :=min{CylogI,B} (> 1) (1.60)

and take

(1.61)

A := Ky max {1, ( Kim )1/(31_1)} )

OPT"

where K7 > 1 and Ky > 1 are some constants. Then, the following bounds can be proven
using the Chernoff bound from Theorem 1.2.

(&

E[Yi]=0((}

YEHY) i e [m). (1.62)
This allows an estimation for the expected value of the objective function after the alter-
ation process.

Ew.z] = OLT*-Z]E[YZ-]: Oi*-m-o((;)B’H).

Derandomization

Derandomization is done via the construction of finite deterministic automata Aq, ..., Amnt1
with polynomially many states which simulate the randomized algorithm described above.
We need certain assumptions on the precision of the occuring numbers.

All entries in A, w, z*, and ’”7 are assumed to be rationals with denominator
2¢, where d = © (log I), and all entries in A are assumed to be non-positive  (1.63)
powers of 2.

This can be achieved by appropriate modifications of these numbers, and a simple obser-
vation how we can get a feasible solution for the original instance from a solution for the
modified one.

The automata (together with an appropriate distribution ¢) will simulate the randomzied
rounding, where ¥y is constructed from z*, as follows.

o As inputs, all possible vectors from [0,1]" with rational entries, each with de-
nominator 2¢ are accepted. They are represented as elements from {0, ...,27}".

e Inputs are created randomly according to ¢, which is chosen to be the uniform
distribution.

e Let t1,...,t, be such an input. For each [, the automata check whether ¢; <
29K [y;] — 1 and if so, behave as if y; = 1. Otherwise, they behave as if y; = 0.

The automata are layered with n + 1 layers each, numbered from 0 to n. Transitions are
allowed only from one layer to the next. Layer 0 has one state only — the starting state. The
automata being in level [ intuitively means that variables y1, ...,y (and so z1,...,z;) have
been fixed. This will become clearer in the following. Automata A;,..., A, correspond
to the alteration process (where z is constructed from y) and A,,.; corresponds to the
randomized rounding (where y is constructed from z*).
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We start by describing A1, which is the simplest. For each layer I € {0,...,n},
although there are exponentially many choices for a 0/1-vector (y1,...,¥;), the following
set A; is of polynomial size only

l
A= {(ijyj, D; i, u) € {Oal}l} C Qo x {1}.

This is true, because all these values are between 0 and n and all have denominator 2¢ =
200og)) — ©(I). Hence, only O (nl) values are possible. The states in layer [ are the
elements from the set A;.

For the transitions, assume that ! < n and consider a state (w,l) € A;. There are
29K [y,41] edges going from (w,1) to (w-+wji1,l+1) € Ay, with labels 0, ..., 29E [y;41]—1.
This corresponds to the case “y;;; = 17. Then, there are 27 — (29K [y;11] — 1) edges from
(w,1) to (w,l + 1) € Ajr; with labels 29E [y;41],...,2% This corresponds to the case
“yl-&-l =0,

Note that by assumption, E [y;41] = % is a fraction with denominator 2¢.

We now turn to automata Ai,..., A,. Their states have to express the number of
variables which have to be altered (i.e., set to 0). .A; will essentially express Y; for ¢ € [m)].
Fix an ¢ € [m] now. For given yi,...,y;, we collect variables y; that correspond to matrix

entries a;; of certain magnitudes and sum them up:

Ur(yr,.-ow) == Y x; forallke{0,...,d}. (1.64)
<!
s.t. aij:27k

Denote the vectors

Ty, --u) = Woys, - )5 Uayn, - y1)- (1.65)

From T'(yi,...,yn) the value of ¥; for y = (y1,...,yn) can be infered. A first idea is to
define the states in layer I of 4; to be all possible values of T'(y1,...,y;) with (y1,...,y)
ranging over all elements of {0, 1}l. This, however, can lead to superpolynomial state sets.

The solution is, intuitively, to summarize unimportant information so that the relevant
information can be expressed more succint. Before we start with that, one more assumption
on the PIP has to be made. We need that b; < Cylog ! (for all 7). This can be achieved
by multiplying the offending constraints “a;«z < b;” with % Note that this motivates

(1.60). If this reduces the value of B, i.e., if B' = %, the value of A increases (reducing
the approximation guarantee) but is upper-bounded Zby a constant. This can be seen by a
calculation, using that we may assume'' OPT* > 1.

We now turn to the more succinct representation of information. This is done in two
steps. First, values Ug(.) for large k are put together, resulting in shorter vectors 7", which
take the role of the vectors T'. Set

ko := [log(CologI)] and Ul(yla c W) = Z i
<l
s.t. a;; <270

1A solution with value 1 can always be constructed by setting z; := 1 for some j where w; =1 and all
other entries to 0.
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Then define

T' (1, y) = Uoyr, - u)s s Ukgmt (W1, - -, 90), Uy, - 0i)-

The second step is to characterize the interesting values the random variable T’ can
assume. This will be a polynomially sized set and hence our choice for the automata states
(with one small addition of a “bad” state, see below). The following function will be usefull
as an upper bound on the interesting values:

g(k) := b2 + Cy2¥ log I'loglog I.
Define the states V; of layer [ (for automata 4;) as follows.

Vi i={(ug, ..., up,—1,u',1) € INISOJrl x{l}; Vke{0,....ko—1}: up < g(k) and v’ < b;}
U{badl}
(1.66)

Transitions from layer [ to [ + 1, similarly as in A,, 1, roughly correspond to the cases
of “yy11 = 0” and “y;41 = 17. However, more distinctions have to be made. First fix
a state v = (ug,...,up,—1,%',1) € V; (which is not the bad state). Edges with labels
0,...,29E yi41] — 1 go from wu to (ug,...,uk,—1,u’,l +1) € Vi11. This corresponds to
the case “y.41 = 07, in which obviously all values in « have to be maintained (except the
indication for the level in the last entry).

For the case “y;11 = 17, there are edges with labels 29E [y;11],...,2¢, which go from u
to...

o (ug,...,up+ 1, .. up,—1,u, 1+ 1) € Vi, if there exists k € {0,..., ko — 1} s.t.
ag =27% and up + 1 < g(k),

o (Up,-- s up, 1,0 +1,1+1) €V ifayg <27% and v’ +1 < by,

e bad; otherwise.

From a bad state, all 2% + 1 transitions go only to the next bad state. This is consistent
with the meaning of the states, because the entries in vectors used as the states are non-
decreasing in I, and hence once one of the bounds (“uy < g(k)” and “u’ < b;”) is violated,
it will so be further on. It is also clear that the value of Y; can be read off the final states
(in layer n), except from the bad state. If the automaton slips into the bad states, we have
no information on Y;, and hence to assume the worst, which is Y; = n. Fortunately, we can
bound the probability that this happens. The following lemma can be proven again using
Theorem 1.2.

LEMMA 1.7 If the constant Cj is chosen large enough, the probability that the automa-
ton reaches a bad state is at most I%

Let Y} be the random variable expressed by A;. Then, the expected value of Y} differs
from that of ¥; by at most 7z (because n < I). Hence the bound in (1.62) is only weakened
to

e.pg 1
E[Y{]=0 ((X)B A ﬁ) :

Finally, we have to show that V; has polynomial size. This can be checked by using
the definition of the bounding function g and that O (log 1)°%#!°¢) can be bounded by a
polynomial in 1.
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The construction is now ready for automata fooling. The approximation guarantee will
be reduced depending on the & used for the fooling. It suffices to do absolute fooling, so we
give the analysis for this. A later remark will show a similar bound for the case of relative
fooling.

THEOREM 1.22  (Srinivasan 2001)

(i). There is a derandomized NC algorithm for packing integer programs which fulfill
(1.63) that computes for every 1 > & > 0 a solution x € {0,1}" for a PIP of
wnput length I with value

OPT* e B'+1
wex > 3 —m-O((X) +

1

I—Q) — (m+ 1)e.

(ii). The following bound holds for the general case, when (1.63) is notl necessarily
given

1 OPT*—% eBr+1 1
w-xEQ(A —m-O((X) +12)_(m+1)5)'

Proof (). There are N'C algorithms in the literature to construct a fractional solution
with an arbitrary small relative error [LN93]. For simplicity, we have not noted this error
in the given bounds, nor will do in the following.

Let X be the random variable denoting the final state of A,,+1, which corresponds to the
value of the constructed solution. Let K3 > 2 be a constant such that X and Y7,...,Y,,
do not take on more than I different values. Such a constant — meaning: independent of
the given PIP — exists, since already the automata expressing these random variables have
polynomially many states. We use ¢’ = % for automata fooling with an absolute error,
resulting in the expectations of X and Y7,...,Y,, having absolute error ¢ (see Remark 1.5).
Let ¢ be the original distribution (which is the uniform distribution on {0,...,2¢}") and p
the distribution created by the automata fooling algorithm. We have E, [X] > E¢ [X]—¢ =

OFT" ¢, and also B, [¥/] S B¢ [Y{] + = 0 (§)7+' + &) +=.

(ii). If a given instance is not of the form in (1.63), we have to modify it first. This can be

done by rounding down all entries in w to the next real in {2%, ke{o,..., 2d}}. And we

only allow fractional solutions x* € {2%, kelo,..., 2d}} . For the fractional optimum of

the new instance OPTY it holds that OPT; > OPT* — 22 Next, we consider the impact of
rounding the entries in A. They are rounded down to the next non-negative power of 2. If

x is feasible for this new instance, then %.T is feasible for the original one. ]

REMARK 1.7 If we use relative e-fooling, we can prove in a similar manner
OPT* € ’ 1
> (1-e) (S mme0 (9 5 )).
wrz > (1—¢) 3 m ( )\) + IE
The number of parallel processors used by this algorithm and the running time depend

on the algorithm used for automata fooling, which — for the case of the fooling algorithm
presented in this chapter — in turn depends on the algorithm RED. Bounds for this are
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stated in Corollary 1.4 and Theorem 1.17. The polynomial size of the state space is essential,
because the quantity k& depends on it, see (1.48).

Srinivasan claimes in [Sri0la] that a result similar to Theorem 1.22 holds for covering
integer programs and refers to the full verion. The full version had not appeared at the
time this chapter was written.

REMARK 1.8 Let B’ = Q(logm), say B' = C;logm with C; > 2, and Ky > 2e. Then
the first bound of Theorem 1.22 can be simplified to

OPT"

-mzm—o(l)—(m—l-l)a

w

1
Proof The assumption B' =  (logm) leads to K,” ' = 1+0(1) and mEF-T < 2+o0(l),
thus

A < Ko max{l, (2 + 0 (1))OPT* ™ Trmem=1 } < Ko(2+0(1)),

because OPT* > 1. Furthermore mO ((£)%'*1) = mO (m 1) = o(1), and trivially

7+ = 0(1). The stated bound follows. ]

At the end of this section, a very legitimate question is whether Theorem 1.22 can help
to improve the result for multidimensional bin packing (Theorem 1.19) in a way that the
quite restrictive lower bound condition on the bin sizes b; = Q (n2*+7/log(nm)) can be
weakened to b; = Q (log(nm)) for all 4. We think that this should be possible by adapting
the proof of Theorem 1.22 to the scenario of randomized rounding with multivalued random
variables with equality constraints.

Bibliography and Remarks. Earlier derandomized A'C algorithms for packing integer programs
were developed by Alon and Srinivasan [AS97]. For the case of b; = O (log(m + n)) for all i € [m)]

OPT*
ml/B

before [RT87, Rag88]. By a scaling technique, for any ¢ > 1, they can also solve general PIPs, but
only within a factor % of the sequential bound.

their algorithm gives results within a 1 + o (1) factor of the sequential bound achieved

1.6 Open Problems

Parallel Computation of Low Discrepancy Colorings. The perhaps most challenging
algorithmic problem in combinatorial discrepancy theory is to give an efficient algorithm
which computes for a hypergraph H = (V, &), say, with |V| = n = |€|, a 2-coloring with
discrepancy at most O (y/n), matching the celebrated six standard-deviations bound of
Spencer [Spe85]. It would be interesting to explore the impact of automata fooling and
state space compression in this context.

Furthermore, 2-colorings for special hypergraphs with optimal or near-optimal discrep-
ancy can be obtained by the partial coloring method of Beck [Bec81]. A NC algorithm here
is not known. A very interesting example for research in this direction would be the hyper-
graph of all arithmetic progressions in [n]. Its discrepancy is © (/n) (Matousek, Spencer
[MS96], Roth [Rot64]). The probabilistic method gives only O (y/n?logn) and the parallel
algorithm from Section 1.3.4 computes colorings of discrepancy O (n2+\/logn), $<e<l.
Any progress towards O (/n), sequential or parallel, is of great interest.
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Sum of Dependent Random Variables. In the theoretical setting as well as appli-
cations of N'C algorithm design with the probabilistic method, the underlying randomized
sequential algorithm is usually analyzed with concentration inequalities for sums of indepen-
dent random variables. But many combinatorial optimization problems show dependencies
among the variables in a linear programming model in a natural way. An interesting ex-
ample is the partial covering problem in graphs and hypergraphs (see [GKS04]). Here N'C
algorithms are not known.

Parallelizing the Random Hyperplane Method. The celebrated algorithms of Goe-
mans and Williamson [GW95] for the max-cut problem can be efficiently derandomized
(Mahajan, Ramesh [MR99]). An efficient parallelization (RAC or NC algorithm) for the
random hyperplane method is terra incognita and a formidable challenge.

Practicability.  Todays research in the area of efficient algorithms is more and more
challenged by the legitimate question of practicability. Algorithms based on randomized
rounding are often practical, both because they are fast, easy to implement and of very
good performance of repeated several times [NRT87], [BS04]. NC algorithms designed
with the probabilistic method use a polynomial number of processors, and thus seem to
be impractical in view of real-world applications, where we have access to only a constant
number of parallel processors. Besides that, questions about communication overhead (e.g.,
synchronization, data communication between processors) or bottleneck situations when
accessing a shared memory arise. Interdisciplinary work together with computer engineers
will be necessary to get from theoretically efficient to practically efficient parallel algorithms.

This list is certainly incomplete. But we think that effort in these directions is sought to
advance the design of parallel algorithms through an interaction of theoretical and practical
issues.
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