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Anayopedeton 1 avTiypopt, anodixeucT xou dloavour| Tne Topoloug epyaotag, €€
ONOXATIPOL 1| TUAUATOS AUTAS, Yio euTtopixd oxomnd. Emtpénetar 1 avatimwon,
amoUxEVaT) XoU BLAVOUT] YLl GXOTO U1 XEPOOOXOTIXOG, EXTOUOEVTIXNASC 1) EQELVNTIXAG
pLONG, UTO TNV TEOUTOVEST] Vo oVOPERETOL 1) TNYT) TEOEAELUGTG XaL VoL Slartnpe(ton To
TapoY Uvupa. EpwtAuata mou apopolv T yehiorn TN epyasiag yia XxEpdooxomixd
ox0Td TEETEL Vo ameLYVVOVTOL TEOG TOV GUYYRPEA.

Ov andelg xou T CUUTERGOUATO TOU TEPLEYOVTAL OE QUTO TO £YYEUPO EXPEALOLY
TOV CUYYPOPEN Xl OEV TEETEL VAL EpUNVELVEL OTL OVTITPOCWTEVOUY TIC ETUOTUES
Véoeig Tou Edvixod Metodfou Ilohuteyvelou.



ITepiindmn

O oxondg g dtmAwuating auTthg pyaotag elvon 1 UEAETN xou avahuon THovVOTIXGDY
ahyopliuwy mou odnyolv oe xataoxevaoTxr anddeln tou " Lovasz Local Lemma”.
To anotéleopa autéd elvar Yvewoto otn Yewmpio mavothtwy and to 1975 xou €yel
yenowonomndel oe TOAES EQapUoYEC O GUVBUNCHO e TNV Tavotixr uédodo
(probabilistic method). H mdavotixs pédodog eivan évog tpdmog va amoduxviel
xavelc TNy Ul evOg GLVOLACTIXOU AVTIXEWEVOL UE YpNon THVOTHTWY.
Yuyxexppéva, ov Yewprioouue to evdeyduevo éva tuyaio avtxeluevo (oe xdmoto
detyatixd ywpo) va €yel xdmoto eminunth WLdTNTa xon amodel€ouvye 6Tt N
mdavoTnTo Tou EVOEYOUEVOL auToD elvol un undevixr, TOTe 1 Utaplr Tou
avTtixeévou etvan e€aopohiopévn. To ”Lovasz Local Lemma” avtiuetownilel
TpofAAuaTa 6T omola UTEEYEL Evat GOVOAO U1 EMIUUNTOVY IBLOTATODY. Lo
TOEABELY U UTOROVUE VO AVAPECOUUE TO TEOBANUA TNG IXAVOTIOLNGILOTNTUC AOYIXWY
npotdoewy (SAT) oe xavovixr culevxtixt| popey| (CNF form). Yo npdBinua autd,
T0 tuyato melpopa etvon 1 amovoun Ty akndeiog oTic Aoyixég HETUfBANTES Xon TO
{nrovuevo eivan va Bpedel av undpyel xdmota amovour| ahfieiag €ToL OOTE OAES OL
"clauses” va eivon ahndelc. Mn emduunty wiotnTa elvon 6L xdmoa ” clause” ebvou
$evdnc. To "Lovasz Local Lemma” avtiyetonilel tepintdoel 6mou dev €Youue
TATien ahAS depiny| ave&apTnotor AUTHY TV EVOEYOUEVLY Xal 1) amOBELEN UE
OtaopeTixd TeoTo Yo Aoy 6VoxoAn. H apynh anddeln tou ”Lovasz Local
Lemma” #jtav unaplaxt]. Anhadr aniog eac@diile TNV OTapdrn TOU aVTIXEWWEVOU
Y el va Oelyvel xdmolo 1pdmo yia var xataoxevaoTel. ‘Oung oe ToAES e@apuoYEc,
ouunephopPavouévne e xavoromnowdtntac (SAT), eivar emduuntéd va
XATUAGHEVACOUYE - UTONOYICOUUE TO avTiXElUeEVO. LT OITAOUTIXY, Vol UEAETACOUUE
v npdogatn (2010) andden twv R.Moser , G.Tardos 61t xdtt tétoto eivon E@ixto,
mou €yve ye ypron miavotxod alyopliuou. Eriong, Yo dolue pa Bertioon -
yevixeuorn tou "Lovasz Local Lemma” mou anodelytnxe apyixd unapdlaxd e
uedoooug tne Lratiotric Puourc, xan Yo SOUUE GTN CUVEYELD XaL WLdL
AATUACHELAOTIXY) AMOBELE T UE TN Ypenon Tou alyoplduou twv R.Moser , G. Tardos.
Na onuewcoupe €8¢ 6Tt Wi and Tig amodel€elg mou Yo TopoucLacToOY xol OQEAETOL
xupleg otov R.Moser mepiéyel wia evotagpépouca xovolpyta Yevixy| pédodo
anodelEng Tepuatiool Yo mavotixols alyoplduoug, n onola pog divel duvouxn
Yior TEPETAPW EPEUVAL.






Abstract

The purpose of this thesis is the study and analysis of randomized algorithms
which lead to a constructive proof of the "Lovasz Local Lemma”. This is a
well-known result in probability theory since 1975, which is also quite useful in
applications of the probabilistic method. The probabilistic method is a way to
prove the existence of a combinatorial object using probability. Specifically,
consider the event that a random object (in some sample space) has a desired
property. If we prove that the probability of this event to occur is non-zero, then
it’s existence is guaranteed. The Lovasz Local Lemma deals with problems in
which there is a set of undesired properties. We can give as an example, the
boolean CNF-SAT problem. In this setting, the random experiment is to assign
random values to the boolean variables. The problem is to determine whether or
not, there is a truth assignment that makes all clauses TRUE. So, for each
clause, we define the possibility for it to be FALSE as the undesirable property.
The Lovasz Local Lemma deals with instaces where there the events are not
mutually independent, so an alternative proof would possibly be more
complicated and harder. The initial proof of the Lovasz Local Lemma was
existential. That is, we could prove the existence of the object but we had no
clue how to construct it. However, in many applications, including SAT, it is
desirable to construct or compute the combinatorial object. In this thesis, we will
study the recent (2010) proof of R.Moser and G.Tardos who proved that this is
actually possible using a randomized algorithm. Moreover, we will see an
improvement-generalization of the Lovasz Local Lemma initially proved
existentially using methods of statistical physics, and it’s constructive
counterpart using the algorithm of R.Moser , G. Tardos. We should note here
that one of the proof presented (attributed to R.Moser) contains an interesting
new general method to prove the termination of a randomized algorithm under
certain conditions. This gives us potential for further research.

Keywords

probabilistic method , Lovasz Local Lemma, constructive proof, randomized
algorithms, mutual independence, entropy, sourse coding, compression
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Chapter 1

Introduction

1.1 DMotivation and statement of the lemma

The Lovasz local lemma is a very powerful tool that we can use in several interesting applications
of the probabilistic method. In particular, we often encounter the following setting: There is
a set of "bad” events {41, Ag, ..., A,} in a probability space € which correspond to specific
properties of some combinatorial object. We would like to prove the existence of such an
object which does not have any of the aforementioned ”bad” properties. Using the probabilistic
method, it is sufficient to prove that Pr[A];—A4;] > 0. Clearly, our ability to prove that will
depend on their probabilities as well as the dependencies between the events {A;}. Of course,
the only interesting case is when Vi Pr[A;] < 1 (otherwise that probability trivially equals 0).
Now, consider the following two special cases:

1. The events {41, Ao, ..., A,,} are mutually independent.

OR

Pr[Ai] + Pr[As] + ...+ Pr[A,] < 1 (1.1)

It is easy to see that in both the above cases we get a positive answer, and the proof is as
follows:

1.
Prinf,=Ai] = [ [ = Pr{Ai]) > 0 (1.2)
i=1
2. By a union bound we get:
Privi_ A < ZPr[Ai] <1= PriN~Ai]l=1—Pr[vii;Ai] >0 (1.3)
i=1

The Lovasz local lemma allows us to go even further and make the proof even under less
restrictive conditions. The general form of the LLL is most commonly stated as follows:
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Lemma 1.1.1 The Local Lemma (General case) [7]

Let {A1, Ay, ..., Ay} be events in an arbitrary probability space. A directed graph D=(V,E)
on the set of vertices V.= {1,2,...,n} is called a dependency digraph for the events {A;} for
each i, 1 < i < n, the event A; is mutually independent of all the events {A; : (i,7) ¢ E} .
Suppose that D=(V,E) is a dependency digraph for the above events and suppose there are real
numbers x1,xs, ..., T, such that 0 < x; <1 and

PriA) <a; [] (1—ay) (1.4)
(i,9)eE

foralll <i<n. Then PriAl_;=A;] > [[i_,(1—x;)) > 0. In particular, with positive probability
no event A; holds.

As a corollary of the above general case we get the following more convenient form of the
LLL:

Corollary 1.1.2 [The Local lemma (Symmetric case)]

Let {Ay, Ag, ..., Ay} be events in an arbitrary probability space. Suppose that each event A; is
mutually independent of the set of all the other events A; but at most d, and that Pr{A;] < p
foralll <i<mn. If

ep(d+1) <1 (1.5)
then Pr(Al";—A;] > 0.

1.2 Definitions

1.2.1 Some definitions and notation

e P: a finite collection of mutually independent random variables: Py, Ps, ..., P, in a fixed
probability space 2

o A={A;}: afamily of events in 2 determined by P.

e H(A;|Pj Pj,...Pj,) = 0 for some subset S; = {Pj,, P},, ..., Pj,} C P. Where H(|) denotes
the conditional entropy. So, S; determines A;.

e An evaluation of the variables in some S C P violates A; if it makes A; happen.
e vbl(A;) £ the minimal S;.

e Dependency graph: G4 is defined as the graph on vertex set A4 with an edge between
events A, B € A if A # B but vbl(A) Nwbl(B) # 0.

e I'(A;) =T'¢(A;): The neighbourhood of A; in G.

e Inclusive neighbourhood of a vertex A;: I't(4;) 2 T'(4;) U {A;}.

[u]: The event A; € A represented be node u in G.
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1.2.2 A note on the definitions

Definition 1.2.1 We call an event A € A elementary, if there is a single evaluation of the
variables in vbl(A) violating A.

Note that, for any elementary event, we can write the probability of it being violated as
follows:
priA]= ][] PrlP=ni
Peubl(A)

Also, the elementary events A and B are independent if and only if their variable sets are disjoint.
Consider the case where the variable sets are not disjoint. If they have a common variable for
which they "require” a different value in order to be violated, then they are mutually exclusive

and not independent.
Pr[A|B] =0, Pr[B|A]=0

On the other hand, if they ”require” the same value for each of their common variables, they
are positively dependent:

Pr[A|B] = 11 Pr[P = p;] > Pr[A]
Peuvbl(A)\vbl(B)

Note that, the definition of the dependency graph in the previous paragraph uniquely de-
termines a dependency graph, whereas the definition given in lemma 1.1.1 does not. Moreover,
it is obvious that if G C G’ (where C denotes the spanning subgraph relation) are two graphs
on n vertices and lemma 1.1.1 holds for G, then it holds for G’ as well. So, since the spanning
subgraph relation is a partial ordering over the set of all graphs with n vertices, we should only
be interested in applying the lemma to a minimal dependency graph w.r.t this relation.

In this sence, the following lemmas show the equivalence of the two definitions mentioned:

Lemma 1.2.2 For any set A of elementary events, there is a unique minimal dependency graph
(w.r.t spanning subgraph relation).

e Clearly, each event A; is mutually independent from any set of events B C P(.A) such that

(| vbl(B) ) Nwbl(A4;) =0 (1.6)

BeB

e Conversely, if A; is mutually independent from a set S C P(A), then 1.6 should hold for
B = S. Otherwise, there must be an event A; € S such that: vbl(A;) Nwbl(A;) # 0, so

(as mentioned before)

and A; cannot be mutually independent from S.

e Let B, B C P(A) be two maximal (w.r.t set inclusion) sets of events, mutually independent
from A. Then 1.6 holds also for the set BU B’. Indeed,

B ind from A= (Ugcgvbl(B) ) Nvbl(A;) =0
= ( |J wbu(B))Nwdl(4;) =0 =
B' ind from A= (Ugep vbl(B) ) Nvbl(A4;) =0 BeB'UB
(1.7)
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= BUB ind from A
However, B, B’ C BU B’ and using their maximality we get:

B=BUB =8

So, the maximal set is unique.

Also, let for each i, B; be this maximal set which corresponds to A;.
A; € Bi = vbl(A;) Nwbl(Aj) #0 = A; € B;

The second implication comes from equation 1.7 and the fact B; is maximal. Due to
symmetry, the opposite direction also holds.
So,

Aj eB; e A e Bj

This enables us to define an undirected graph G = (V, E) as follows:
V= {Az} and Vi : FJF(AZ') =V \ BZ

This graph is a spanning subgraph of every other dependency graph by the maximality of
Bi’s.

So, every set of elementary events can be mapped to a poset of dependency graphs (w.r.t
spanning subgraph relation) having graph G as the unique minimal element.

Lemma 1.2.3 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of elementary events determined by these variables. The (unique)
variable dependency graph is isomorphic to the (unique) minimal dependency graph on A (as
defined in lemma 1.1.1).

Proof:
Since the two graphs are on the same set of vertices, it suffices to prove that:

1. If the events A;, A; € A do not have disjoint variable sets (i.e they are connected by an
edge in the variable dependency graph), then they are also connected by an edge in every
possible dependency graph on A.

2. If the events A;, A; are connected by an edge in the minimal dependency graph, then their
variable sets are not disjoint.

We argued before that two elementary events are independent if and only if the their vari-
able sets are disjoint.

So, the conditional probability that A; is violated given that A; is violated, can be written
as follows:
PT[AZ N AJ]
Pr(A;]

So, 1 follows easily, as no set S > A; can be mutually independent from A;.

PrAi|A;] = # Pr{Ai] (1.8)

In order to prove 2, let the two events A;, A; be connected by an edge in the minimal
dependency graph G = (V, E), while vbl(A;)Nvbl(A;) = (). So, the events A;, A; are independent
and (using the proof of lemma 1.2.2) G’ = (V, E — {4;, 4;}) C G is also a dependency graph
(VI (4;) =V \(Ig(Ai) U{A;}) is a set of events, mutually independent from A;) implying
that G is not minimal. So, 2 is proved by contradiction.
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1.3 A recent improvement of the lemma

In a recent paper of Bissacot, et al [5] it was proved that the local lemma holds with even weaker
conditions. Before discussing their result, we have to rephrase the conditions of the local lemma
(general case) as follows:

Let u(A;) = T a(A)" We can easily see that:
Moreover, x(4;) = A Using this, from (1.4) we get:
1+ p(A)
1(As) 1(A;j) 1(As)
PrlA)| < ———— 1-— = 1.9
A= T (Z.QE( 1 +M(Aj)) i(n) 9

where

pilw) = T Q+u@D)= > ]I s (1.10)

vel'E (us) RCTE (u;) R

The improvement is shown in the next theorem:

Theorem 1.3.1 [Improved Lovdsz Local Lemma)]

Suppose that G is a dependence graph for the family of events {A;} each one with probability
P(A;) = p; and there exist u(A;) real numbers in [0,400) such that, for each event A;,

where

i (1) = [T #() (1.12)

Then Pr{A}_;—A;] >0

Remark:
Compare equations (1.10) and (1.12). The improvement brought by the above theorem is heavily
depending on the density of the dependency graph. More specifically, for a fixed event A;, the
upper bound on Pr[A;] is maximally (minimally) increased if the vertices in I'¢(A4;) induce a
clique (independent set).

1.4 Previous constructive results

The first attempt to prove the LLL constructively, was made by Beck [4]. Considering the
specific problem of hypergraph 2-coloring, he constructed a polynomial-time algorithm which,
given a hypergraph in which every edge contains at least k vertices and shares a common vertex
with roughly at most 2¥/4® other edges, outputs a 2-coloring of the vertices without producing a
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monochromatic edge. Note that, the existential symmetric version of the LLL allows for every
edge to share vertices with 2¥ /e other edges.

After that, there are many results that improve the bound in the number of dependencies.
Namely, it was improved by the works of: Alon [1] (2¥/8), Srinivasan [20] (2¥/*), Moser [15]
(2¥/2 and later [16] roughly 2¥=%). Finally, Moser and Tardos [17] made a constructive proof of
the asymetric (more general) version of the LLL making only minor restrictions to the original
lemma (see below), thus achieving (in the symmetric case) essentially the same bound in the
number of dependencies as in the existential version. The only difference from the existential
version is the assumption that there is a finite set of mutually independent random variables:
P = {P;} and each event A; is determined by a subset of P. Very recently, Wesley Pegden|[18]
improved the conditions on which the MT algorithm works, based on the recent work of Bissacot,
et al.[5] who gave an extension of the existential LLL through statistical mechanics.



Chapter 2

Constructive proof for SAT:
incompressibility method

2.1 Algorithm

2.1.1 Statement of the recursive algorithm

Given a k-SAT formula ¢ = Cy A Co A ... A Cpy, we will will try to investigate under which
conditions the following algorithm terminates after having found a satisfying assignment. We
need to consider that there is a total ordering ” <” over the set of clauses.

ALgorithm 1:

Local fix
Procedure: Fix(C)

1: resample vbl(C)
2: repeat
3: D < the smallest unsatisfied clause in the inclusive neighbourhood of C
4. Fix(D)
5: until the inclusive neighbourhood of C' is satisfied.
end procedure
Global fix

Take a uniformly random truth assignment
repeat

C < smallest unsatisfied clause.

Fix(C)
until the current assignment satisfies ¢.
return the current assignment

2.1.2 Intuition

The idea is to define a procedure that generates a string, we will call: the "LOG of execution”.
This can be subsequently used to recover all the random bits used by the algorithm. Such
reconstruction is possible if and only if the set of ”possible” random bit strings used by the
algorithm can be mapped injectively into the set of "LOGs of execution” or equivalently we
can reconstruct all the random bits used by the algorithm by just reading the LOG. By the
term ”possible”, we mean that they do not contain a prefix that leads to termination by itself.
Given that the random bits are mutually independent and uniform (i.e the algorithm uses a

13
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Kolmogorov random string), the mapping cannot be injective if the length of he "LOG” is
smaller than the input random string. So, a sufficient condition for the algorithm to terminate
is the ”compressibility of the LOG” (i.e if the average increase in the length of the LOG per
resampling is strictly less than the number of extra bits we are able to recover).

random bits
Alg1 truth assignment
LOG
LOG
Alg2 random bits

Figure 2.1: The first algorithm takes an input formula and a random bit string and produces
a LOG of execution and a (hopefully satisfying) truth assignment. The second algorithm takes
the LOG of the first and the same formula as input, and reconstructs the random bits. Simple
counting arguments imply that for almost all possible output strings, the length of the LOG
cannot be significantly smaller than the output of algorithm 2.

2.1.3 Random bits used by the algorithm
We can partition the random bits used by the algorithm 1, in two categories:
1. The n random bits used for the initial truth assignment.

2. The random bits assigned to the resampled variables: k£ bits for each resampling.

2.2 Proof

2.2.1 LOG of execution

During the run of the algorithm, we form a LOG in which we encode all the information about
which clauses (and with what order) were resampled. We also include the n bits of the final
(satisfying) assignment at the end of it. If the LOG does not lead to a satisfying assignment,
it will be called a ”partial LOG” and will encode all the execution up to some point. The
final (not satisfying) assignment is also explicitly written at the end of the ”partial LOG” in
this case. In order to achieve better compression, we will use two possible encodings for each
clause (entry in the LOG). So, the first part of the LOG is a string of symbols from the set
{C1,Co, ..., C,, C1, C5, ..., C, T} The first m symbols represent the clauses in an explicit man-
ner. The next d symbols represent the rank of the ¢ —th clause of the LOG in the lexicographical
ordering of some previous clause. Finally, the symbol ”T” is a terminating symbol that signs
the end of a recursive call. Each recursive call corresponds to one symbol from the second
category and one symbol ”7T” in the LOG (in case of partial LOG, we put at he end of LOGH,
as many symbols "7 as the number of recursive calls still running) , whereas each of the other
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calls corresponds to only one symbol from the first category. The second part of the LOG is a
string of n bits which represents a truth assignment. This is a satisfying assignment if and only
if the LOG is "complete” (not partial).

More formally:
e LOG = [LOG;LOG,]
o LOG, € {C4,Cs,...,Cy,,C1,C5,...,CHL T
e LOGy € {0,1}"

2.2.2 Encoding and reconstruction

As mentioned earlier, it is desirable to show that we can always use the encoding of the LOG
we have produced, to reconstruct all the random bits, the algorithm has used. The proof will
be made in two steps:

1. encoding of the LOG = LOG (decoding algorithm)
2. LOG = random bit string (reconstruction)

For the first step, we design a uniquely decodable code which is sufficient for our purpose.
Encoding:

o C}:1<j<d<— "0"+binary representation of j ([log(d + 1)] + 1 bits)

e C;:1<i<m<— [log(d+1)] + 1 zeros + binary representation of i — 1. ([logm] +
[log(d+1)] + 1 bits)

o T'+—"1” (1 bit)

Figure 2.2: Tree of the encoding

Decoding Algorithm:

1: repeat
2: repeat
3: s0 < next bit

4: if s0 =="1” then
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

print 71”7
end if
until s0 == 70" OR the remaining string is empty.

if the remaining string is not empty then
s0 < next [log(d + 1)] bits
if s0="all zeros” then
sl < next [logm| bits
Find the index ¢ : 1 < ¢ < m such that ¢« — 1 has binary representation sl

print ”C;”
else
Find the index j : 1 < j < d whose binary representation is s0
print "C}”
end if
end if

until the remaining string is empty

For the second step, we will show that using information about the exact order in which

the resamplings were performed (provided by the LOGe {Ci,Cy,...,Cy,,C1,Cy, ..., CL, T} x
{0,1}"), we can reconstruct all the random bits.

Bit reconstruction algorithm:

function reconstruct(¢,LOG)

{The argument ¢ includes a 2d matrix with entries vbl(7, j): the j-th variable of the i-th clause
and another 2d matrix with enries sign(i, j): the sign of the j-th variable in the i-th clause (e.g
0 if the variable appears negated and 1 otherwise)}

DN N NN NN P = s e e e e e

for:=1ton do
pointer(i) < i {the index of the next value of variable i in the random string }
end for
s+ 0
c+0
repeat
c+—c+1
s < the next symbol from the LOG
if s == C}; then
{not a recursive call}
Push ¢ {in the recursion stack}
for/=1to k do
rbits(pointer(vbl(i,1))) + 1 — sign(i,l) {reconstruct}
pointer(vbl(i,l)) < n+ (c—1)xk+1 {update pointer}
end for
elseifS::CJ’-:lngdthen
{recursive call}
s_parent < first element of the stack
Find the index i (in ¢) of the j — th neighbour of s_parent.
Push ¢
for/=1to k do
rbits(pointer(vbl(i,1))) + 1 — sign(i,l)
pointer(vbl(i,l)) < n+(c—1)xk+1
end for
else if s =="T” then
Pop



2.2. PROOF 17

27:  end if

28: until there are no remaining clauses in the LOG
29: for i =1 ton do

30:  rbits(pointer(i)) < next bit of the LOG

31: end for

32: return rbits

-~

n n+X

Figure 2.3: Up: array of pointers , Down: Random bit string

2.2.3 Incompressibility method and length of the encoding

Our proof relies on a simple fact: a typical uniformly random bit string is incompressible. In
other words, a simple counting argument shows that almost all strings of length [ cannot be
"represented” by strings of length significantly (e.g asymptotically) less than [. This can be
considered as an application of the general incompresibility method. In a typical proof using
the incompressibility method, one first chooses a random object from the class under discus-
sion. This object is incompressible. Then one proves that the desired property holds for this
object. The argument invariably says that if the property does not hold, then the object can
be compressed. This yields the required contradiction.

In our setting, the object is the random bits used by algorithm 1. We would like to prove
that algorithm 1 terminates deterministically if uses a specific "typical” (incompressible) string
instead of a random bit string. We are going to prove it’s contrapositive version: ”If algorithm
1 has not terminated after T steps, then it has used a non-typical random string ”. The proba-
bility of this happening will be exponentially small in T'— T for some value Tp. So the expected
“running time” is shown to be Ty + ¢, for some constant c.

In order to prove this exponential dependence on T', let D(T) = (n+ k x T) — |enc(LOG)].
We need to find the conditions under which the restriction of D(7') in an interval of the form
[t,+0o0] is a strictly increasing function of 7.

Not suprisingly, the symmetric form of the Lovasz local lemma gives us good evidence
supporting this property. More specifically, we have argued that the encoding of a recursive call
of procedure FIX (by another instance of FIX) needs only [log(d+1)]+1 bits and 1 more bit to
sign it’s termination. Implying that if we restrict the maximum degree to be at most 2873 — 1,
the desired condition for D(7T") could be met. To see this, note that if we add one more recursive

20
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call of Fix in the LOG, we use k — 1 bits to write it, but the algorithm has used k extra random
bits. However, it remains to prove that: ”As the number of resamplings increases, almost all
calls of FIX are recursive calls”. This is established by the following lemma:

Lemma 2.2.1 Given that a call of Fix terminates, then the number of unsatisfied clauses after
termination s strictly less that is was before that call.

Proof: By looking at the algorithm again, we notice that Vi : Fiz(C;) terminates if and
only if all the clauses adjacent to C;, and C; itself are satisfied. Let G = (V, E) be the de-
pendency graph for the formula ¢, and let V/ C V be the set of vertices-clauses which were
”explored” by that call of Fix. Obviously, all the decendants of this particular call in the re-
cursion tree must also terminate. So, by induction all clauses whose distance from V' is at
most 1 (e.g Uyeys I (u)) will be satisfied after the termination of Fix. All the clauses in the
set V' \ U,eys I (u) are not altered by this part of the execution. Also, at least one clause in
Uueys I (u) (namely C;) was unsatisfied before. This implies the lemma.

|
Using the above lemma, we can easily prove the following corollary:

Corollary 2.2.2 At any time during execution, the number of non-recursive calls that have
already been made is at most m.

Proof: Let U < m be the number of clauses unsatisfied by the initial random assignment.
By lemma 2.2.1, if at least U < m non-recursive calls have terminated, the algorithm has found
a satisfying assignment, and terminates.

We will now try to give some intuition about why the probability that the algorithm does
not terminate is zero. We will show that if it does run forever, the the following proposition
holds:

In, k, Ty : VT > Ty a random string of length n+kxT has a description of length at most n+(k—1)+T

At this point, we have to view the LOG as a string of two symbols: N, R where N stands
for "non-recursive call” and R stands for "recursive call”. Each symbol IV, R corresponds to a
"block” of [logm] + [log(d + 1)] 4+ 1 or [log(d + 1)] 4+ 1 bits respectively in the original LOG
(suppose that a termination symbol "7 is included in R as well). As we have seen in corollary
2.2.2, there cannot be more than m symbols " N”. Also, the condition:

d<2k3 1

implies that: |R| = [log(d + 1)] +1 < k — 2. Obviously, |[N| = [logm] + [log(d + 1)] + 1 >
[logm] > k in general.
Now, fix a (probably partial) LOG: L = C;,C},...C;, and consider it’s length (in bits) as a
function of the resampling step t.
Namely,
f(t) = ‘Cllcl2clt|

A qualitative graph of this function is demonstrated below:
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Figure 2.4: Horizontal axis: number of resamplings , Vertical axis: number of bits

The ”blue line” is the number of random bits the algorithm has used up to step (i.e
resampling) ¢. It’s value is clearly: n+ k-t

The 7red line” is the graph of the function f(¢) for the fixed LOG L. Notice that this is
a piecewise linear function whose slope changes between two values: [logm] + k — 1 and
k—1.

The ”green line” is an upper bound for f(¢) for all steps ¢ and for any fixed LOG. The
existence of an upper bound of this form is quaranteed by corollary 2.2.2. Tt follows from
that, that the number of ”jumps” in the red line are at most U < m.

The red line coinsided with the green line if it happens that it makes U non-recusrive
calls in the beginning (slope = [logm]| + k — 3+ 1 = [logm] + k — 2) and continues with
recursive calls only (slope =k —2+1=Fk—1).

The starting point for all the three lines is (0,7n) and corresponds to

Let (Ty,n + k - Tp) be the coordinates of the intersection of the blue and green lines.

Claim 2.2.3 If algorithm 1 is given as input a formula with mazimum clause degree: d <
28=3 _ 1 and hasn’t terminated after T > Ty for some Ty < m - [logm] steps, then the random
bit string it has used can be "represented” by another bit string which is at least T — Ty bits
shorter.

Proof: By definition, the green curve is the graph of the function

gt)=(k—1) - t+C

for the last part (which is where the intersection takes place). Also, we have f(t) =n+k-t.
At the intersection, it holds that

f(To) = g(To)
ntk-To=(k—1)-Ty+C

T() =C—-n
For the value of the constant C' consider the following: The first green line segment has
equation:
go(t) =n+ ([logm] + [log(d+1)] +1) -t
Also,
90(U) = g(U)
+([logm1+[log(d+1ﬂ ) U=(k-1)-U+C
+ ([logm] +k—-2)-U=(k-1)-U+C
C=n+U-([logm] —1)

So,

To=U - ([logm] —1) < m - [logm]
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For T' > T} the difference betwwen the blue and red curve yields:

f&)—gt)=n+k-t—(k—-1)-t—C (2.1)
=n+t—n—U-([logm] —1)
=t—U-([logm] —1)=t—1T)

This proves the claim as for every t, g(¢) is an upper bound for the value of the red line
at step t. Recall that, the red line represents the binary length of the LOG, and as we have
seen before there is an algorithm which uses this LOG of length at most g(t) and some extra
constant size (with respect to t) information (i.e the formula) and recostructs the random string
of length f(t).

Theorem 2.2.4 Let ¢ be a k-CNF formula, in which every clause has a common variable with
at most 2873 —2 other clauses (i.e d < 2873 —1). Then ¢ is satisfiable. Moreover, algorithm 1 on
input ¢ terminates after an expected number of steps at most m - [logm| + 1. More specifically,
the probability that it has not terminated after m - [logm] + ¢ steps is at most 27°.

Proof: Suppose that there is an unsatisfiable k-CNF formula ¢ in which every clause has
a common variable with at most d = 273 — 1 clauses (including itself). Now, we are able
to ”compress” a random string. More specifically, if we give ¢ as an input to algorithm 1, it
will never terminate as ¢ is unsatisfiable. However, we can produce the LOG of ececution and
encode it as we described above. Let |enc(LOG(t))| be the length of this encoding for the first
t steps, and RB(t) be the number of random bits used. The following holds:

. |lenc(LOG(t))] . CH+(k—-1)-t k-1
PV < -
tliglo RB(t) - tllglo n+k-t k

The random bit string is an incompressibe object. We just showed that in can be recovered by
a bit string which is shorter by a constant factor. So this is a contradiction as the incompress-
ibility method indicates. So, ¢ is satisfiable.

Now, fix a number ¢y and consider the set S;, of all bit strings of length n + & - ¢¢:
Sty = {01}

Also let L be set of all possible LOGs that can be produced by at most n + & - ty bits. Notice
that, the cardinality of L is, in general, less that the cardinality of Sy,. The reason for this is
that if a string w € S;, has a prefix that makes the algorithm on input ¢ terminate, then all
strings having this prefix, will correspond to the same LOG. We say that these strings form an
equivalence class of Si,. So, the number of equivalence classes will be equal to the cardinality
of the set L. We are interested in the set of strings that do not contain a prefix that leads
to termination. Namely, the random bit strings that either terminate at step ty or haven’t
terminated yet. We call that set Sj . The fact that we can use the LOG to reconstruct the
random string, implies that there is no pair of distinct strings: wi, we € S{O that produce the
same LOG. Otherwise, the reconstruction would not be possible.

le,wg S Séo w1 7'5 W9 = LOG(wl) 75 LOG(WQ) (2.4)

Also, let T be the step at which the algorithm terminates. The probability of termination can

now be expressed as follows:

S
PriT) > ty] = ;StO’
to
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Figure 2.5: Up: Set of all possible strings of length n + k - tg , Down: Set of all possible LOGS
produced by at most n + k - tg random bits. The set of strings is partitioned into equivalence
classes of strings producing the same LOG (only if they have a common terminating prefix).
Each LOG corresponds to exactly one equivalence class. The LOGS with ¢y clauses (which
either terminate at step tp or not) are mapped to a single string

However, equation 2.4 implies that |5} | < |L|. Also, if tg = Tp + ¢ then for every LOG I € L,
[I| <n+k-ty—c (see claim 2.2.3).

So, an upper bound on the number of possible LOGs is:
|L| < 2n+k-t0—c

So,

’S£0| |L‘ 2n+k-to—c
= < <

’Sto| N ‘Sto| ~ 2ntkdo

PT[Tl ZTQ—I—C] =2

e 00
EL-To) =) Prii-Ty>i] <) 27 =1«
i=1 i=1

So,
EMNM]|<To+1=U":[logm]+1<m- [logm] + 1
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Chapter 3

The Moser-Tardos Algorithm and
witness trees

3.1 Sequential algorithm

3.1.1 Preliminaries

As it was mentioned before, we will work under the assumption that there is a finite set of mu-
tually independent random variables: P = {P;} and each event A; is determined by a subset of
P as we can see in the figure below along with the corresponding dependency graph. Note that:
for a given vertex u of the dependency graph, the set of vertices non-adjacent to u represent a
set of events which are mutually independent of [u]. However this set is not guaranteed to be
maximal (e.g two events A;, A; could be independent even though vbl(A;) Nvbl(A;) # 0).

Figure 3.1: Up: Dependency graph , Down: Events and variables

The following non-recursive algorithm outputs an evaluation of the random variables {P;}
which does not violate any of the events {A;} if the sufficient conditions of the local lemma are
satisfied.

Theorem 3.1.1 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of events with a dependency graph G determined by these variables.

23
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funcion sequential 111(P, A)

H
@

for all P € P do

uy, < a random evaluation of P

end for
while 34 € A : A is violated do

pick an arbitrary violated event A € A.
for all P € vbl(A) do

up, < a new random evaluation of P
end for

end while
return (up)pep

Figure 3.2: The sequential solver

If there exists an assignment of reals x : A — (0,1) such that

VA€ A: PriA] <z(4) J[ (1-x(B)) (3.1)
Belq(A;)

then there exists an assignment of values to the variables P; not violating any of the events in
A. Moreover the randomized algorithm described above resamples an event A; € A at most an
expected ©(A;)/(1 — x(A;)) times before it finds such an evaluation. Thus, the expected total

number of resampling steps is at most ZAieA 1

z(A;)
z(A;)

We will need some definitions and a couple of lemmas before we can prove the theorem.

Definitions:

Log of execution: Let C': N — A list the events as they have been selected for resampling

in each step. We call C the log of the execution.

Witness tree 7 = (T, o7): a finite rooted tree T together with a labelling or) : V(T) — A

of its vertices (with events) such that the children of a vertex u € V(T') receive labels
from ' (o (u)).

A witness tree is called proper if distinct children of the same vertex always receive distinct
labels.

Notation: V(1) £ V(T), [u] £ or(u).

We say that the witness tree 7 occurs in the log C if there exists ¢ € N such that 7¢(t) = 7.

Before doing that, we will introduce the witness trees which by definition are constructed
by the following iterative procedure:

1.

Tg) (t) = an isolated root vertex labelled C(t) (the event that was resampled at step t).
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2. For each i=t-1,t-2,...,1 we find the "deepest” vertex v such that '
C(i) € T§([v]) and attach to it a new vertex u labelled C(i) to construct T(Zfl)(t) from

. . . C
T((;) (t). If no such vertex exists we define: Tg_l)(t) = Tg) (t).

3. Finally, 7¢(t) = Tg)(t)

Note that, given the dependency graph, the family of the witness trees has 2 parameters
(the 3rd in only used in the construction process). Namely, there is a injection from the tuples
(C,t) to the set of witness trees, where C denotes the execution log and t is the resampling step.

Here is an example of a witness tree construction:

Execution log: C' = [Ag, Ao, Ay, Az, As, Ay, Ao, Ag]

J

Figure 3.3: Left: Example of witness tree , Right: Dependency graph

Clearly, given the execution log and the dependency graph (green nodes) we can construct
a unique witness tree.

Lemma 3.1.2 Let 7 be a fized witness tree and C the (random) log produced by the algorithm.
(i) If T occurs in C, then T is proper.
(it) The probability that T occurs in C'is at most [ [,y () Pr{[v]]-

Proof: (i): The procedure cannot output a tree in which 2 vertices v,u with the same label

have a common parent w. If w.l.o.g vertex u was created after vertex v, then u could be placed
as a child of v (which has greater depth than w). So, (i) is proved by contradiction.
(ii): Consider the following procedure that we call 7 -check: In an order of decreasing depth
(e.g., reversed breadth first search order) visit the vertices of 7 and for a vertex v take a random
evaluation of the variables in vbl([v]) (according to their distribution, independent of possible
earlier evaluations) and check if the resulting evaluation violates [v]. We say that the 7 -check
passes if all events were violated when checked.

Clearly, Pr[r-check passes|=]],cy () Pr[[v]]. We are going to prove that:

T occurs in C = the T — check ( on the same random source) passes
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We assume that for each variable P; € P the random source produces an infinite list of indepen-
dent random samples f’i(o), Pi(l)7 ..., and whenever the algorithm calls for a new random sample
of P; we pick the next unused value from this sequence.

Let Sy(P;) = {w € V(1) : d(w) > d(v) A P; € vbl(w) Nwvbl(v)} where d() denotes the depth
of a node. From the construction of the witness tree, we have that all vertices of the same depth
correspond to mutually independent events. So, in our decreasing depth order every event P;
is resampled at most once per depth value taking the value Pi(lsv(P)') no matter in which order
we choose to resample events of the same depth. From that we can also deduce that when P;
is resampled for the k-th time in the algorithm, it is resampled for the k-th time in the 7-check
as well because we take decreasing depth order. Finally, the fact that a vertex v is evaluated

by the 7-check means that:

The event [v] is in the execution log C = it was violated the time it was written in C
= the T — check will find that [v] is violated

We are now ready to calculate the expected running time of the algorithm.

Note that the number (Ng4,) of times an event A; is resampled equals the number of oc-
currences of A; in C (the execution log) as well as the number of distinct proper witness trees,
with A; as the root, occurring in C.

To prove this, recall that if ¢; is the number of the j-th time step in which the event A; is
resampled then 7¢(t;) contains exactly j nodes with label A;. So, 7¢(tj) = 7¢(ty) = j = k.

3.1.2 Random generation of witness trees

Let us fix an event A; € A and consider the following Galton-Watson branching process for
generating a proper witness tree having it’s root labelled A;:

1. Produce a singleton vertex labelled A;.

2. For each new vertex v, and for each event B € I'"([v]) add to v a child node with the
label B independently with probability z(B).

3. Repeat step 2 until no new nodes are added.

Note: This process may continue forever with positive probability.
The following lemma will finally help us count the number of resamplings:

Lemma 3.1.3 Branching Lemma [17]: Let T be a fized proper witness tree with it’s root
vertex labelled A;. The probability p, that the Galton-Watson process described above yields
exactly the tree T is

o 1-— w(AZ) ’
pr=—cay 11« (32)

where

#(B)22(B) [[ (1-2(C) (3.3)
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Proof: Let W, C I'"([v]) be the set of inclusive neighbours of [v] that do not occur as a
label of some child node of v. Since the root node A; is always produced we have that:

[T @) T @ —a(u))) (3-4)

’UGV(’T) ueWy

1
= A

Note that, in the 2nd product we don’t consider the children of v in order to avoid duplicates.
Equivalently, we have:

=gt T s T o= o3
veV(r) uel*([v])

We divided by (1 —z([v])) in the first product in order to change the subscript in the second to
be the (more convenient) inclusive neighbourhood of v.
if we now replace inclusive with exclusive neighbourhood, we get:

er=25020 T 6 T a-al) (3:6)
T ey el
_ 1—.%'(AZ) :C/ .
-~y I ) (.1
(]

3.1.3 Counting the number of resamplings

Let T4, be the set of all proper witness trees having their root labelled A;.
By linearity of expectation:

E[Na,] = Z Prir occurs in C)| (3.8)
TETAi

<> I Priv (3.9)

T€T A, veV(T)

S | () (3.10)

TET 4, vEV(T)

By lemma 5.3 we have:

BINa < Y I () (3.11)

TET A, veEV(T)

td) 5~ (3.12)

1= x(A;) reT,
z(4;)
< T—2(A) (3.13)

This bounds the expected number of resamplings for each event and proves theorem 3.1.1.

Remark:

The reason we have chosen that particular Galton - Watson process is the following.

We want to construct non-zero probabilities for every witness tree possible to occur in the
log, which are also big enough, so that if write each term of equation (3.11) in the form: cp;,



28 CHAPTER 3. THE MOSER-TARDOS ALGORITHM AND WITNESS TREES

(where 7 is the witness tree that corresponds to that term), ¢ will have a small value. The value
of ¢ is critical, since the expected number of resamplings finally depends on that.

As we will see later, we can get better results using a modified Galton-Watson process which
satisfies both the above properties and guarrantees even greater probabilities for each witness
tree occuring in the log.

3.2 Parallel version of the algorithm

It turns out that there is a very similar parallel version of the MT algorithm discussed above,
which has a significantly greater performance (as it was also proved in [17]).

The algorithm should now be written as follows:

funcion parallel 111(P, A)

for all P € P do
up +— a random evaluation of P

end for

while 94 € A : A is violated do
S <+ a maximal independent set in the subgraph of G 4 induced by all events which are
violated, constructed in parallel.

6: for all P ¢ U vbl(A) do

AeS
up < a new random evaluation of P {in parallel}

. end for
9: end while
10: return (up)pep

Figure 3.4: The parallel solver

It’s performance is quarranted by the following theorem:

Theorem 3.2.1 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of events determined by these variables. If € > 0 and there exists an
assignment of reals z : A — (0,1) such that

VA; € A: PrlA;] < (1 —e)x(A) H (1 —-=x(B)) (3.14)
Bel' 4(4i)
then the parallel version of our algorithm takes an expected O(—log Z —————) steps before
g AcA 1-— x(AZ)
it finds an evaluation violating no event in A.
: : : r(A;) . :
Note that, if 4, is bounded away from 1 for every i, the the Z ———— is proportional
¢ AeA 1-— .Z'(AZ)

to the number of events. So, the paralell algorithm allows an exponentially greater number of
events for the same number of resamplings needed.
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Proof:

In the parallel case we form the execution log C sorting the events in increasing step num-
ber. We also call s; the segment of C that corresponds to the events resampled at step j (whose
order is chosen arbitrarily).

The main idea of the proof is to show that in every step of the parallel algorithm, an extra
node is added to any witness tree having a root from that step(segment). Namely,the size of
every witness tree whose root belongs to s; is strictly greater that the size of any other having
a root in s;_1. Then, we can use this to get a better bound on the running time. Keep in mind
that larger witness trees are less likely to occur in the log, so the probability that the many
resamplings will be needed is low as well.

The following lemma implies something even stronger: ”Every new step strictly increases
the depth of the witness trees”.

Lemma 3.2.2 Ift € s; , then the depth of Tc(t) is j - 1.

Proof:
Let:

° i = Zf:_f |31| + 1.

o T = Tgk)(t) for k < j and for some fixed ¢ € s;.

So, t; is the first number in the segment s and 75 is the ”partial” witness tree which describes
the resamplings done at all steps between k and j. Also, the events resampled in each parallel
step are independent.
So by definition we have: 7; = ng )(t) which is a tree with only one vertex labelled : C(t).
For k < j, Ti+1 is a subgraph of 7 , which has some extra vertices corresponding to the k-th
parallel step of the algorithm. As these vertices have independent labels, they add at most one

to the depth (none can be a child of another).

We will prove that they also add at least one to the depth: Consider a vertex v of 7441 of
maximal depth=d. If 7, has no vertex with depth d+1, then from the parallel step k to the
resampling corresponding to v no event from I'*([v]) was resampled.

So, [v] was violated since step k and the algorithm did not chose it for resampling so it did
not chose a maximal independent set at step k, which is a contradiction.

To finish the proof, notice that 7¢(t) = 1.
(]

Lemma 3.2.3 Let X be an integer-valued random variable. If there is a constant € € (0, 1] and
another constant C > 1, such that:
VEeN*: PriX >kl <(1-eF.C (3.15)

then
1+e¢

E[X] < élog(C’) + (3.16)



30 CHAPTER 3. THE MOSER-TARDOS ALGORITHM AND WITNESS TREES

Figure 3.5: Different colors correspond to different resampling steps. There should always be a

path containing every color.

Proof:
Let ko be the smallest integer such that: C - (1 —¢)¥ < 1. By taking logarithms, we get:
log(C)
k() > 71
log( ——
og(y—)
Since kg is the smallest integer we can write:
log(C log(C
Ll)+1>ko>Ll) (3.17)
log(—>) log(—>)
1—c¢ 1—¢
Using the inequality: logx < x — 1 we have:
1.
1 1 € 1 1—-¢ 1
l -1= & =--1
Og(l—s)_ 1—¢ 1—¢e  log[(1—¢)71] € £
2.
logl—e)<1l—ec—1=—-c< —log(l—¢)>c¢
o 1ol
log[(1—¢)"1] ~ ¢
Thus, from (3.17) we get:
1 1
glog(C) +1> ko> (g — 1)log(C) (3.18)

Let X' = X — kg. Then we have:
Pr(X' >kl =Pr[X > k+k) <C-(1—e)ftho < (1 -¢)k (3.19)
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The random variable X', takes only integer values greater or equal to —kg.
So,

EX|= Y i PriX =i
i=—ko
[e.e] [e.e]
< Zz PriX'=1] = ZPT[X' > i
i=1 i=1
- ; 1 1
l—g)i= == 3.20
Thus,
1 1
E[X] <ky+ = < =log(C) + Jgrg (3.21)
U

Let: Q(k) 2 Prlisteps > k.

By Lemma 3.2.2, some witness tree of depth k - 1 (which has at least k vertices) must occur
in the log. Let T4, (k) be the set of witness trees in T4, having at least k vertices.

< Z Z Pr[t occurs in the log C] (3.22)
A€ ATET, (k)
<> > I[ Pri) (3.23)

A€ ATET, (k) veV (1)

a=o"> > I (3.24)

A€ ATET, (k) veV (T)

IN

where the last inequality follows from the assumption in Theorem 3.2.1.

Q) <(1-eF > > H (3.25)

A; EATETA ( )veV

A€ A Y reT, (k)
z(A;)
<A-of Y /. (3.27)
A;eA 1- x(AZ)
if we set: M = ZA €A z( (121 5 and T be the number of steps, we have:
Pr(T >kl <M-(1-¢)k (3.28)
So, by lemma 3.2.3 ,
1

E[T] = O(glog(M)) (3.29)



32 CHAPTER 3. THE MOSER-TARDOS ALGORITHM AND WITNESS TREES

3.3 Dealing with superpolynomially many bad events

The following theorem gives sufficient conditions so that the number of resamplings of the MT
algorithm remains polynomial in the number of variables n = |P|, even if the number of events
is exponential in n.

Theorem 3.3.1 Suppose there is an € € [0,1) and an assignment of reals x : A — (0,1) such
that:

VAi€ A: PriA)] < (1—-e)z(4;) [[ (1-x(B)) (3.30)
BeT(4;)

Wi . : ‘ -
ith § denoting nin 4, H (1 —=z(B)), we have
Ber'(4;)

T:= Z x4, < nlog(1/9) (3.31)
AiG.A

Furthermore:

1. If e = 0, then the expected number of resamplings done by the MT algorithm is at most

v = T,E{j?ﬁ 1—735(14) , and for any parameter
A > 1, the MT algorithm terminates within Avy resamplings with probability at least
1—1/X\.

2. If ¢ > 0, then the expected number of resamplings done by the MT algorithm is at most
vo = O(glogg), and for any parameter A > 1, the MT algorithm terminates within Avg
resamplings with probability 1 — e,

Proof:

The first part of the theorem follows immediately from theorem 3.1.1, because we have

TA,
proved that if e = 0, then the expected number of resamplings cannot be more than Z Ai <
AZEA a xAi
T- gnaﬁ 1 . Also, the rest of the first part is proven by a simple application of Markov’s
i€ — .’.EAZ.
inequality.
Now, we will prove the bound on T.
Let,

Api = {AZ € A|B S Ubl(AZ)} (3.32)

Now, it is sufficient to prove that

VP : Z zp <log(1/6) since A=UpepAp, and |P|=n
BEAPi

Let A; € Ap , P € P be the event with the smallest x-value.
By definition, we have:

s<wa, [[ (-zp)= “A [T @ -z5) (3.33)
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1

o If xy, < %, then fﬁ;i <1=6< HBeAp(l —xp) < e_ZBEAPZ» l?B‘ Then by taking the
logarithm of both sides, we get:

Y ap <in(1/6) < log(1/6)

BEAPZ-

o If T4, > %, let B € Ap — {Az}
Then,

s<za, J[ @Q-2p)=240-2zp5) II «a-zn (3.34)

BeAp—{A;} BeAp—{A;,B1}
<, (1—wp,)e SoeAP- (406} o8 (3.35)

Since x4, is the smallest x-value, % <wy, <zp, <L
Then, by using some calculus (see [10]) we can show that

va,(1—zp,) < e aten) (3.36)
So, we get the same upper bound for ¢ as before:
§ < e ZBeap, P (3.37)

So, > pea, T8 < In(1/6) <log(1/§) as required.
We are now ready to prove the 2nd part of the theorem. In the proof of theorem 3.2.1, we
have proved the following:

Z Z Prr occurs in the log C] < (1 —e)k Z . TA (3.38)
A €ATET, (k) Aea T

So, the expected number of witness trees with at least k vertices is at most w. So, if we let k;
be the smallest integer such that w < 7 , then k; < 1log(l - doAeA "4 ) 41 (see the proof of

lemma 3.2.3).
By applying Markov’s inequality, the probability that there is at least one witness tree of
size at least k, is not greater than the expected number of w.t of size at least k. More formally,

Pr(3r :|1] > kAT occurs in the log] < E[fw.t : |7| > k] (3.39)

Also,
Pr] max |7| > k] < Pr[37 :|7| > kA (7 occurs in the log)] (3.40)

T occuring in C

So, if the expected number of witness trees larger than k£ decreases exponentially in &, then the
probability that the size of the biggest witness tree exceeds k also decreases exponentially in k.

In particular,

Pr| max |7| >k < (1—¢)* Z 0 TA; (3.41)
T occuring in C AeA — T4,
Thus, by lemma 3.2.3 the expected maximum size of |7| is O(%log(ZAieA 1f%;‘)) It is also

argued in [17] that for every assignment of x-values satisfying (3.30) there is an equivalent as-
signment, still satisfying all the requirements, which has all x-values bounded away from 1.
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In particular, if

VA € A: PriA] < (1-e)a(4) [] (1-a(B)) (3.42)
BeT(A;)

then if we set 2/(A4;) = (1 — §)x(4;), we will get:
Vj:a'(4j) <1—¢/2 A VA, € A: PrlA;] < (1—¢/2)z(4) H (1—-=z(B)) (3.43)
BeT'(A;)

this is easily proven by the identity: (1 —£)? >1—e.

So, 74, < 1-¢/2 = 1_3‘”, < % Also, the expected maximum size of |r|, which
J

za, . 1 o
is O(%log(ZAieA 1_72;)), can be rewritten as O(glog(T - max )) and simplified to

M = O(tlog(%)).

Now, the construction of the witness trees implies that none of the n variables P; can be
resampled more than M times (otherwise not only the size, but the depth would also be grater
than M). So, the expected running time of the MT algorithm is at most O(glog(%)).

The above theorem shows that the number of resamplings needed by the MT algorithm is
polynomial in n (the number of variables in P) even if the number of events m is exponential
in n. However, the running time is not yet guarranteed to be polynomial in n, because before
we resample we have to find a violated event. Of course, we cannot do this ,in general , in
polynomial time if the number of events is exponential. The definitions and theorems following,
will help us overcome this obstacle.

Definition 3.3.2 (Efficient verifiability): A set A of events that are determined by vari-
ables in P is efficiently verifiable if, given an arbitrary assignment to P, we can efficiently (in
polynomial time) find an event A; € A that holds or detect that there is no such event.

In cases where the set A of events is not efficiently verifiable itself, we will need the following
definition:

Definition 3.3.3 A set A’ C A will be called a core subset of A if it has the additional property
of being efficiently verifiable.

At this point, we will need the following theorem from [10]:

Theorem 3.3.4 Suppose there is an assignment of reals x : A — (0,1) such that (3.1) holds.

Let B be any event that is determined by P. Then, the probability that B was true at least once

during the execution of the MT algorithm on the events in A, is at most Pr|[B| H (1—zc)" L
Cer(B)

In particular, the probability of B being true in the output distribution of MT obeys this upper-

bound.

Proof:
As shown in [17], if B be was true at least once during the execution, then there must be a
witness tree with root node B and non-root nodes V/(1) C A — {B}. So, we can bound the
expected number of such trees and then apply Markov’s inequality.
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Let 7 be a fixed proper witness tree with its root vertex labeled B. Also for A € T'(B), let
T4 be the subtree starting from A if it is chosen as a child of B during the branching process.
Following the proof of lemma 3.1.3 and keeping in mind that the products are only over non-root
nodes, we get that the probability that this particular tree is produced by the Galton-Watson
branching process defined in section 3.1.2, is exactly :

Pr[r|B is the root] = H x(A) - Pr[ra] H (1 —z4) (3.44)
Ael'r(B) Aelg(B)\I'r(B)
= [ a-=) [ 2 (3.45)
Ael'¢(B) ueV/'(r)

In a similar way as in equations (3.8) - (3.13), we can deduce that

Eltwitness trees with root B] < Pr[B| Z H Pr([v]] (3.46)
7€l veV (r)\{B}

<prB] >[I 2w (3.47)

T€TB veV (T)\{B}

=prB] [ @==(4)" > p (3.48)
AiEF(B) 7€l

<PrB] J] (1—a(4)! (3.49)
A;€l(B)

So, by Markov’s inequality:
Prltwitness trees with root B > 1] < E[twitness trees with root B|
we get the desired upper bound.

The following theorem examines the performance of a modified Monte Carlo version of the
MT algoritm (which is to run the MT algorithm only on the core subset) and gives bounds on
the failure probability.

Theorem 3.3.5 Let A" C A be an efficiently verifiable core subset of A. If there is an e € [0,1)
and an assignment of reals x : A — (0,1) such that:

VA€ A: PriA] < (1-e)x(A) [[ 1-x(B)) (3.50)
Ber'(4;)

Then the modified MT-algorithm can be efficiently implemented with an expected number of
resamplings according to theorem 3.5.1. The algorithm furthermore outputs a good assignment
with probability at least 1 — Z TA,-

A€ A-A

Proof:
The expected number of resamplings is given by theorem 3.3.1 , if we apply it on A’. So, the
only thing we have to care about, is the failure probability of the modified MT algorithm. The
inequality (3.50) gives:
z(A) > PriA] [ —a2(B)™! (3.51)
BeT'(4;)
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Using the above inequality together with theorem 3.3.4 the probability that a non-core event
A; is violated by the output assignment of MT algorithm, is at most x(A;) (the core events are
surely not violated). So,by a simple union bound, the algorithm fails with probability at most

> aeaa T(A;) as desired.

In order for the above theorem to be applicable, there are a couple of more things to consider.
Firstly, we must be able to find the ”core subset”, and secondly, the sum of the x-values in the
non-core events should be strictly less than 1. Otherwise, the theorem is obviously useless. The
following theorem deals with the aforementioned issues, given some slightly stricter conditions.

Theorem 3.3.6 Suppose log(1/d) < poly(n). Suppose further that there is a fized constant
e € (0,1) and an assignment of reals x : A — (0,1 — &) such that:

VA; € A: Prld] = < z(4)) H (1 —x(B)) (3.52)

BeT'(A;)
Then for every p > Wl(n) the set A" = {A; € A: Pr[A;] > p} has size at most poly(n),
and is thus essentially always an efficiently verifiable core subset of A. If this is the case, then
there is a Monte Carlo algorithm that terminates after O(n - logn) resamplings and returns a

good assignment with probability at least 1 — n™¢, where ¢ > 0 is any desired constant.

Proof:
Since by definition : A; € A" = z(A4;) > p and

> #(B) < ) 2(B) < O(nlog(1/9))

BeA’ BeA

we deduce that : |A'| < O(mgTW) = poly(n) , so A’ is efficiently verifiable.

For € > 0 sufficiently small, as we have agued before, we have :
VA; € A: PriA;] <z(4;)) <1—¢

So, equation (3.52) now becomes:

Pr(Aj] < PriAFz(4) [ (1—x(B)) (3.53)
BeT'(4y)

<(@-erx(d) J[ a-=(B) (3.54)
Bel'(4)

One can easily verify (by applying de L’Hospital rule twice) that :

1-(1—¢)F

ig% g2 =1
So, we can rewrite (3.54) as follows:
PriA] < (1-0@E)e(a) [ (-=(B)) (3.55)
BGF(AZ')

and the apply theorem 3.3.1. So, the algorithm terminates with high probability after O(nlogn)
resamplings (assuming ¢ is a small positive constant).
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It remains to prove the bound on the failure probability:

> @A) <) @(A) = poly(n)

A;e A=A A;eA
Particularly for the non-core events the following inequality holds:
VA€ A= A PriA] < (1—e)2"(4) [ (1-2(B) (3.56)
BeT'(A;)
where 2*(A4;) = p® - x(4;). So, theorem 3.3.1 can be applied using the z*-values so

> @ (A) = O(p° - poly(n)) = O(p° - n*)
A;eA-A’

s(kte) — —L __ then by theorem 3.3.5 the failure probability is at most
poly(n)

n~¢ on non-core events, while the core is always avoided.

and if we choose p = n~

3.4 The lopsided version of LLL

3.4.1 Existential version

An improved version of the existential LLL was introduced by Erdés and Spencer in [6]. The
improvement comes from the fact that for every possible dependency graph G, we can contruct
a 7sparser” dependency graph G’ on the same set of events such that: (i,5) € G' = (i,j) € G
but the converse is not nessesarily true. So, this makes the conditions in equation (1.4) weaker.
We will call G’ the lopsidependency graph of the set of events {A;}

Definition 3.4.1 Lopsidependency graph
Let Ay, Ao, ..., A, be events in a probability space, G a graph on the indices We say G is a
lopsidependency graph (for the events) if

Pr(A;| \ 4j] < Pr[Aj] (3.57)
S

for all i, S withi & S and no j € S adjacent to 1.

Remark: In the original version, the inequality (3.57) becomes an equality due to mutual
independence. So, the lopsidependency graph is clearly ”sparser” than the dependency graph.

Using the above definition of the dependency graph, we can prove the following:

Theorem 3.4.2 Lopsided General Local Lemma:
Let {Ac}oer be a finite set of events in some probability space. Let T'(C) be a subset of I for
each C € I such that for every subset J C I\ (I'(C)U{C}) we have

Pr[Ac| /\ —Ap] < Pr[Ac]
DeJ
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Suppose there are real numbers 0 < xc < 1 for C € I such that for every C € I we have

PriAc)<zc [[ (1-=p)
DeT(C)

Then
Pr[ /\ Ac] >0
Cel
The corresponding symmetric version can be stated as follows:

Theorem 3.4.3 Lopsided Symmetric Lovdsz Local Lemma
Let Ay, Ag, ..., Ay, be events with lopsidependency graph G and suppose all the events have
probability at most p and that each i € G has degree at most d. Assume 4dp < 1. Then

Pr[/n\ A >0 (3.58)
=1

3.4.2 Constructive version

Moser and Tardos [17] tried to adapt this notion to their setting (the case where each event is
determined by a subset of a set P of mutually independent events).

Definition 3.4.4 We say that two events A,B € A are lopsidependent if there exist two
evaluations f and g of the variables in P that differ only on variables in vbl(A) Nwvbl(B) such
that f violates A and g violates B but either f does not violate B or g does not violate A.

Definition 3.4.5 The variable lopsidependency graph is the graph on the vertex set A,
where lopsidependent events are connected by an edge. We write I'(A) = I"4(A) for the neigh-
borhood of an event A in this graph.

Clearly, if vbl(A) is disjoint from vbl(B), then A and B cannot be lopsidependent, so we
have I'V(A) C T'(A), which makes the conditions (3.1) weaker.

Definition 3.4.6 We call an event A € A elementary, if there is a single evaluation of the
variables in vbl(A) violating A.

Note that, the elementary events A and B are lopsidependent if and only if they are mutu-
ally exclusive. Indeed, if the unique assignment in the set vbl(A) that violates A, also ensures
B is not violated, then the unique assignment in vbl(B) that violates B has to assign different
values to the variables in vbl(A) Nvbl(B). The converse is true by the definition of elementary
events and lopsided dependence.

Example: Given a CNF formula with m clauses, we can define the set of events Ay, As, ..., A
as follows:
A; : clause 1 is not satisfied

The above events are clearly elementary, since they are determined by the set of literals they
contain, and they are true if and only if each of them is false.

Additionaly, two (elementary) events A;, A; are mutually exclusive (or equivalently lopside-
pendent) if and only if the corresponding clauses have at least one common variable appearing
in complementary literals. Let x; be one of those variables. Indeed, if for example x; appears
in the clause A; complemented, then A; is violated only if x; is True, which satisfies A;. Con-
versely, if the events are mutually exclusive, the unique assignment in vbl(A;) and the unique
assignment in vbl(A;) differ in vbl(A) Nvbl(B). So, since the events are elementary, the two
clauses have at least one common variable appearing in complementary literals.
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3.4.3 Comparing definition 3.4.1 and definition 3.4.5

By looking more carefully into the definitions of lopsidependency graph (definition 3.4.1) and
variable lopsidependency graph (definition 3.4.5), we notice that latter uniquely determines a
graph G, whereas definition 3.4.1 doesn’t.

Example:

Suppose X and Y are two independent tosses of a fair coin, where we designate 1 for heads and
0 for tails. Let the third random variable Z be equal to 1 if both coin tosses resulted in ”heads”
or both resulted in "tails”. Then jointly the triple (X,Y, Z) has the following probability dis-
tribution:

((0,0,1) with probability 1/4

(0,1,0) with probability 1/4
(X.Y,Z) = (3.59)
(1,0,0) with probability 1/4

(1,1,1) with probability 1/4
It is easy to verify that:

1. PriZ|X| = Pr[Z] < Pr|Z] & X and Z are independent

2. Pr[Z|Y] = Pr[Z] < Pr[Z] < Y and Z are independent

3. PriZ|X,Y]=1> Pr[Z]
Similarly,

4. Pr[X|Z] = Pr[X] < Pr[X]
5. Pr[X|Y] = Pr[X] < Pr[X] < X and Y are independent

6. Pr(X|Z,Y]=1> Pr[X]
And similarly,

7. PrlY|X] = PrlY] < Pr[Y]
8. Pr[Y|Z] = PrY] < Pr[Y]
9. PrlY|X,Z] =1 > Pr[Y]

So, we can easily verify that there are three minimal dependency graphs shown below (whereas
according to definition 3.4.5 we get the middle graph):

Figure 3.6: The three possible dependency graphs

However, the following theorem holds:
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Theorem 3.4.7 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of elementary events determined by these variables. The (unique)
variable lopsidependency graph (definition 3.4.5) is a subgraph of every possible lopsidependency
graph (definition 3.4.1) on A.

Proof:
Since the two graphs are on the same set of vertices, it suffices to prove that: If the events
A;, A; € A are lopsidependent, they are also connected by an edge in every possible lopside-
pendency graph on A.

We argued before that two elementary events are lopsidependent if and only if the are
mutually exclusive.
So, we get:

Az’ = —|Aj

Aj = —A;
The conditional probability that A; is violated given that A; isn’t, can be written as follows:

PT[AZ‘ N —|Aj] PT’[AZ]
PriA;|-A;] = PrioA]  ProA > Pr[A;] (3.60)
So, if they were not adjacent in some lopsidependency graph, then by (3.57) we get a
contradiction.
Example:
Let ¢ be a k-SAT formula, in which every variable is TRUE of FALSE with probability 1/2.
We define the events:

A; s the i —th clause of ¢ is not satisfied ,\1 <i<m

As mentioned before, all events are elementary and also every pair of them which has at
least one common variable appearing in complementary literals, is lopsidependent.
So, by (3.60) we get:

PT[AZ] . 2_k
Pr[-A;]  1-27Fk

In case, A;, Aj have no variables that appear in complementary literals, which makes them
independent in the lopsided sence (not adjacent in the variable lopsidependency graph), let
0 < s < k be the number of their common literals.

Let’s see how these two events depend on each other with regard to s. If A; holds, then s
out of k literals of the i — th clause are already FALSE.

So,

Pr[A;|-4;)] = > 27k (3.61)

PrlA;|A;] = 27 (k=) (3.62)
which denotes the probability that the remaining k — s literals are also FALSE.
Using the law of total probability, we have:
PT‘[AZ|AJ]P’I“[AJ] + PT‘[AZ'|—‘A]']PT‘{—|A]'] = PT‘[AZ] (363)

or equivalently,

PrlA;] — Pr[A;|Aj|Pr[A;] 27k —2-(k=s)p=k  o=k(1 _ o= (k=5)
PrlA;|-Aj] = (A PT[LAj}J] A _ T = (1 — ) (3.64)
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We can verify that if s=0 (the clauses consist of completely different variables, so the events
are independent) Pr[A;|—A;] = 27% = Pr[A4;] as expected. Also, if s=k (the clauses are identi-
cal) Pr[A;]—A;] = 0 as expected. Note also that, the conditional probability in equation (3.64)
is a strictly decreasing function of s.

Theorem 3.4.8 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of events determined by these variables. If there exists an assignment
of reals © : A — (0,1) such that:

VA€ A: PriA] <z(4) ] (1-=x(B) (3.65)

BeT,(Ay)

then there exists an assignment of values to the variables P not violating any of the events in
A. Moreover,the randomized algorithm resamples an event A; € A at most an expected 1f§g‘?j2_)
times before it finds such an evaluation. Thus the expected total number of resampling steps is
A;
at most Y, c 4 1f55<,4),-)-
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Chapter 4

Improvements on the analysis of MT
algorithm

4.1 Improved analysis of the sequential algorithm

In a very recent work, Wesley Pegden [18] managed to fit the improvement of Bissacot,et al.[5]
into the algorithmic framework of Moser and Tardos[17] and thus give a constructive proof of
the ”Improved Lovasz local lemma” (section 3).

The main idea is the observation that the set of witness trees that can actually occur in the
random log of the MT algorithm is much smaller than the set of possible outputs of the Galton
- Watson process. In particular, we can modify the Galton - Watson process to (randomly)
choose witness trees from a proper subset of ”proper” witness trees, which we will call ”strongly
proper” witness trees.

Definition 4.1.1 If a witness tree has the property that any two children of a common vertex
have labels which are nonadjacent in the dependency graph, we will call it a strongly proper
witness tree.

Notice that, every witness tree that occurs in the log is necessarily strongly proper. So, our
random branching process does not need to produce witness trees outside of this set.

We are going to prove the following theorem:

Theorem 4.1.2 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of events with a dependency graph G determined by these variables.
If there exists an assignment of reals p: A — (0,400) such that

pi < Rj = (4.1)

where

0} (1) = > I ww (4.2)

RCTE(Ai),R indep UER

43



44 CHAPTER 4. IMPROVEMENTS ON THE ANALYSIS OF MT ALGORITHM

then there exists an assignment of values to the variables P; not violating any of the events in
A. Moreover the MT algorithm resamples an event A; € A at most an expected pu(A;) times
before it finds such an evaluation. Thus, the expected total number of resampling steps is at

most Y a.c 4 H(A:).

Modifying the branching process:
To prove the theorem, we will need an improved branching lemma, and to get to that we need
to redefine the branching process, so that it only produces strongly proper witness trees. So,
_ A

1+ p(A)
instead of x(A4;)), but when we finish the choice of one node’s children we check if they form an
independent set,otherwise we choose another random set of children until they form an indepen-
dent set. By doing this, we ensure that no non-strongly proper witness tree will be produced,
and also any set of children of the same node will correspond to an independent set in the

the modified process will be exactly the same as the original (we will use x(4;)

dependency graph.

Notice that the modification does not act in favour of any independent set, which means
that the likelihood of the choice of each independent set I, is weighted according to:

w(l)=[za, ] Q-2a) 1) (4.3)

vely veElg (u)—1Iu

which is exactly the probability I, is chosen from the set of vertices:I'5(u) by the unmodified
process.

So,

Pr[l, is chosen] = (4.4)

ICFzv (u),I indep

Lemma 4.1.3 [Improved Branching lemma] For any strongly proper witness tree T with
root labelled A,, the probability p'y that the modified branching process described above produces

ezactly the tree T is
_ H MU

ueT Z H HA

ICTE (u),I indep Ael

Proof:
For each node u € T, let I,, be the set of it’s children in T (which is an independent set in G).
According to the process, we choose the children of every node independently.
So,
P = H Pr[I, is chosen from I'5(u)] (4.6)
u€T

Pr[l, is chosen]

/ = 4.7
Pr Pr[l, is indep] (47)
ueT

Hl’Au H (1—2xp)

B H vely Berg(uw)—Iu

u€T Z H TA H (1-zp)

ICTE(u) I indep A€ BeTE(u)—1I.
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by dividing the numerator and denominator by [] Ber (u)(l —xp), we get:

1
1—2za4,

€l,
gy I
ICTE (u),1 indep A€u
T #w
_ ueT—{r} (410)
1 > 1
u€T 1T (u),] indep ACTu
where 1 is the root of T and u(v) = . " or equivalently:
J— xA,U
1 ()
/
br = H (4.11)
wr) gy IT ~4)
ICTE (u),I indep A€ u
O
Now, we would like to calculate the expected number of resamplings for each event.
Let Ti_ be the set of strongly proper witness trees with root A;.
By lemma 3.1.2 we have:
E[Ny,] = Z Pr[r occurs in C] (4.12)

S
TETAi

> 1T Priw (4.13)

TETS veEV(T)

IN

A

<3 TI pA) (4.14)
TS veV(r) ) [ #w)
' RCT'(A)R indep vER
=pa, Y Pr<pa, (4.15)

TETfi

since at most one strongly proper witness tree from T;i, is generated by the branching process
each time (or none if it doesn’t terminate).

So, the expected number of resamplings made by the MT algorithm is again ) 4 4 p4.

4.2 Improved analysis of the parallel algorithm

We are now going to examine the parallel case:
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Theorem 4.2.1 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of events with a dependency graph G determined by these variables.
If there exists an assignment of reals p: A — (0,400) such that

pi <(1- s)“ff“) (4.16)

where

i (n) = I nw) (4.17)

RgFg(Ai),R indep UER

then the parallel version of our algorithm takes an expected O( log Z A;)) steps before

AjeA
it finds an evaluation violating no event in A.

Proof:
It is easy to see that lemma 3.2.2 still holds. So, the equations (3.22)-(3.24) become:

< Z Z Pr[r occurs in the log C]| (4.18)
Ai€ATeTs (k)

<>, > H Pr{[v (4.19)

Ai€ATeTs (k) veV(r

Ai
<@1-oF Y Z I1 pA) (4.20)
A;eA TET;? (k) veV(T) Z H /J’(u)
‘ RCTE(A:),R indepu€R
where the last inequality follows from the assumption in Theorem 4.2.1.
So,
Ai
e <i-oY ¥ I ) (4.21)

A;eA TeTi_(k) veV (1) Z H ,u(u)

RCTE(A:),R indep uER

= (1= > uwA) > pr (4.22)

A;eA TETS (k)

<(1-of Y A (4.23)

A;eA

If we set: M =3, . 4 1(A;), and T be the number of steps, we have:

Pr(T >kl <M-(1-¢)k (4.24)

So, by lemma 3.2.3 ,
1
E[T] = O(glog(M)) (4.25)
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4.3 Superpolynomial number of events

The next theorem is an analogue of theorem 3.3.1 which also exploits the improvement first
introduced in [5].

Theorem 4.3.1 Let P be a finite set of mutually independent random variables in a probability
space. Let A be a finite set of events with a dependency graph G determined by these variables.
If there exists an assignment of reals p: A — (0,+00) such that

pi < (1—¢)= (4.26)

where
i (n) = I nw) (4.27)
ueER

RQFE(AZ-),R indep
A; 1
then with § denoting min L ——— we have
AeA 1+ pu(4) BT 1+ u(A4)
p(Ai)
T:= — < 1 4.2
3 h ity <ries9 (4.25)

Furthermore:

1. If e = 0, then the expected number of resamplings done by the MT algorithm is at most
v =T(1+ max w(Ai)) , and for any parameter
i€

A > 1, the MT algorithm terminates within Avy resamplings with probability at least
1—1/A

2. If e > 0, then the expected number of resamplings done by the MT algorithm is at most
vg = O(glog%), and for any parameter A > 1, the MT algorithm terminates within Avy

resamplings with probability 1 — e .

Proof:

The first part of the theorem follows immediately from theorem 4.1.2, because we have
proved that if e = 0, then the expected number of resamplings cannot be more than ) AeA w(A;) <
T - (14 maxa,eap(A;)). Also, the rest of the first part is proven by a simple application of
Markov’s inequality.

The bound on T is easily proven by making the substitution: u(A;) =
following the proof of theorem 3.3.1.

z(A

1—x(j4i) and then

Finally, the proof of the 2nd part can be done in exactly the same way as in theorem 3.3.1
, because from equations (4.18)-(4.20) we have

A

Z Z Prr occurs in C] < (1—¢)* Z Z H p(Ai)
Ai€ATeTs (k) Ai€ATeTd (k) veV(r) Z H pu(w)
’ ’ RCT(A:),R indepUER
(4.29)
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istead of (3.38) , so we finally get

Pl max 2 H<0-9 Y Y ] 4l4)
T occuring in Az‘e-ATETAS_(k)’UEV(T) Z H u(u)
‘ RCTE(A:),R indepUER

A

(4.30)

instead of (3.41). By applying lemma 3.2.3 and using the argument that the x-values can be
bounded away from 1, we can show that the expected number of steps that the algorithm
performs is O(Zlog(L)).

In order to exploit "effcient verifiability” the way we did in section 3.3, we will need the
following theorem, an analogue of theorem 3.3.4.

Theorem 4.3.2 Suppose there is an assignment of reals p : A — (0,4+00) such that (4.1)

and (4.2) hold. Let B be any event that is determined by P. Then, the probability that B

was true at least once during the execution of the MT algorithm on the events in A, is at

most Pr|B| Z H w([u]). In particular, the probability of B being true in the output
RCI'(B),R indepu€R

distribution of MT obeys this upper-bound.

Proof:
Similarly to the proof of theorem 3.3.4, we calculate the probability that the witness tree 7 is

produced by the modified brancing process conditional that B is the root.

Consider the neighbours of node B in G. Then the desired probability is (using lemma 4.1.3):

Pr[r|B is the root] =

= Pr[['r(B) is chosen] - H ,u;lil H ulu (4.31)

)
A;el'p(B) ueT Z H Ha

ICFJCZ, (u),I indep A€

Note that, each child of B is a root of a subtree generated by an independent random process.
By comparing equations (4.6) and (4.9) we can see that :

I =

1—x4,
PrI'p(B) is chosen| = velr(B) I (4.32)
Z H 1—24
ICFE(B),I indep AEI'T(B)

[T wD

_ ’UEFT(B) (4 33)

> I~

ICTL(B),I indep AET'T(B)

So,

Pr[r|B is the root] =
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[T~

vel'r(B) _ u
_ T NI () (4.34)
> I @ A elp(B)  weT > I #a
ICFE(B)J indep A€I'r(B) ICFE(u),] indep Ael

- L : H(w) 4.35
S0 oew s e (4:3)

ICfé(B)J indep A€T'T(B) ICI‘g(u),I indep AE!

If we work in a similar way as in equations (4.12)-(4.15), we get that the expected number
of such witness trees is upper bounded by:

prBl Y ] () (4.36)

RCI'(B),R indep u€R
So, by simply applying Markov’s inequality, we get the desired upper bound.

In the following two theorems, we show that theorems 3.3.5 and 3.3.6 can be extended to
apply to our new setting as well.

Theorem 4.3.3 Let A" C A be an efficiently verifiable core subset of A. If there is an e € [0,1)
and an assignment of reals x : A — (0,1) such that:

1(A;) 1

1+ p(A;) Z H w(u)

RQFE (A;),R indep UER

VA;e A: Prl4) <(l-—¢) (4.37)

Then the modified MT-algorithm can be efficiently implemented with an expected number of
resamplings according to theorem 4.5.1. The algorithm furthermore outputs a good assignment

‘ . 1(A;)
with probability at least 1 — —_—
A¢§A’ 1= 'M(Az)

Proof:
The expected number of resamplings is given by theorem 4.3.1 , if we apply it on A’. So, the
only thing we have to care about, is the failure probability of the modified MT algorithm. The
inequality (4.37) gives:

1(Ai) 1

VA, € A: Pr[4;) < T (A S T o (4.38)
RQFE(A,’),R indep u€R
VA; € A: _mA) Pr[A;] > IT ww) (4.39)

1+ u(A4;) —
plAs) RCTE(Ai),R indepueR

Using the above inequality together with theorem 4.3.2 the probability that a non-core event
A; is violated by the output assignment of MT algorithm, is at most ; iff(‘i‘)_) (the core events

are surely not violated). So,by a simple union bound, the algorithm fails with probability at

A; .
most Y- 4 ca- % as desired.
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Theorem 4.3.4 Suppose log(1/§) < poly(n). Suppose further that there is a fixed constant
€ (0,1) and an assignment of reals p : A — (0,400) such that:

VA; € A: PriA]i—s < A0 ! (4.40)

1+ p(Ay) Z H u(A

RCT(A;),R indep BER

Then for every p > ( y the set A" ={A; € A: PrA; > p} has size at most poly(n),
and is thus essentially always an efficiently verifiable core subset of A. If this is the case, then
there is a Monte Carlo algorithm that terminates after O(nlogn) resamplings and returns a good
assignment with probability at least 1 — n=¢, where ¢ > 0 is any desired constant.

Proof:
By carefully following the proof of theorem 3.3.6, we can prove that |A’| = poly(n) and instead
of equation (3.55) we now have:

PriA] < (1 — 6(e2) A0 L (4.41)

L+ p(A;) Z H u(A

RCT'(A;),R indep BER

Then, theorem 4.3.1 is applicable. From that we get the desired O(nlogn) bound in the
number of resamplings.

Also, theorem 4.3.3 is applicable. So, the error probability is upper bounded by:
p(Ai) p(Ai)

DI ) B ) R

A e A=A L+ pu(Ai) A;eA 1+ p(4i)

Particularly for the non-core events the following inequality holds:

VA € A— A PrlA)] < (1—e)a*(Ay) ! (4.42)

> I na

RCI'(A;),R indep BER

(A =y - )
where x (Az) =p° 1+p(A:) "

> @ (A) = O(p° - poly(n)) = O(p° - n*)

A;e A-A

So, theorem 4.3.1 can be applied using the x*-values so

and if we choose p =n" = c(kte) — poly(n) then by theorem 4.3.3 the failure probability is at most

n~¢ on non-core events, while the core is always avoided.



Chapter 5

Tightness results for the Lovasz
Local Lemma

5.1 Introduction

5.1.1 Definitions

As we have already seen, the Lovész local lemma, provides sufficient conditions for a combina-
torial object to exist. It is an interesting question whether these conditions are also necessary.

In a recent work, H. Gebauer et’al [10] have partially answered this question, by showing that
the local lemma is asymptotically tight for SAT. They construct unsatisfiable k-CNF formulas
with distinct literals in each clause, where every variable appears in at most (2 +o( 1))% clauses.
They also use the lopsided local lemma (theorem 3.4.3) to prove that every k-CNF formula where
every variable appears in at most % . % — 1 clauses is satisfiable.

More interestingly, it has been proven that the k-SAT problem with bounded number of
occurences undergoes a very sharp ” complexity phase transition”. In order to explain that more

formally, we will use the following definitions:

Definition 5.1.1 A k-CNF formula is called a (k,s)-CNF formula if every variable appears in
at most s clauses.

Definition 5.1.2 Let f(k) be the largest integer s such that every (k,s)-CNF formula is satis-
fiable.

Theorem 5.1.3 For every k > 3 the (k, f(k) + 1) — SAT is already NP-complete.

This means that if s=f(k) k-SAT is trivial, but if we allow just one more occurence in each
variable, it becomes NP-complete. This explains the term: ”complexity phase transition”.

In order to use the Lovasz Local Lemma to give a lower bound for f(k), it is more convenient
to introduce a different number as follows:

Definition 5.1.4 Let l(k) be the largest integer number satisfying that whenever all clauses of
a k-CNF formula intersect at most l(k) other clauses the formula is satisfiable.

5.1.2 Lower bounds for number of occurences and intersections

So, we are going to prove the following corollary of the LLL for k-SAT.

Corollary 5.1.5 Let ¢ be a k-CNF formula, for k > 2.
Ifl(k) < % — 1, then ¢ is satisfiable.

51
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Proof:

Using the symmetric version of the LLL (equation 1.5), we get:
e-p-(I(k)+1) <1= ¢is satisfiable
Since p = 27% and using the hypothesis, we get:

k
e-p-(I(k)+1) §6~2_k'2;:1
So, the corollary holds.

We can easily observe that this bound lower bound is asymptotically optimal. The formula
all possible k-clauses on k variables is clearly unsatisfiable and contains only 2* clauses, which
are pairwise intersecting. This means that I(k) < 2% — 1.

However, H.Gebauer et’al [10] proved that the factor of % cannot be improved, as we will
see next.

We can use corollary 5.1.5 to give a lower bound for f(k) as well. Indeed, let ¢ be an
unsatisfiable instance where the maximum degree of some clause is I(k) + 1. We fix a clause C;
in ¢ which intersects with I(k) + 1 other clauses. Each of it’s k variables may cause C; intersect
with some other clause, and using the pidgeonhole principle, it is clear that there must be a
variable appearing in at least L%J + 1 clauses, which implies that:

k
sy = B > 2 (5.1

Now, we are going to use the (stronger) lopsided version of the LLL to obtain a factor 2
improvement and then show that the bound is tight up to an asymptotically smaller additive
term.

Theorem 5.1.6 Let ¢ be a k-CNF formula and f(k) be the largest integer s such that every
(k,s)-CNF formula is satisfiable. The following lower bound on f(k) holds:

2k+1

Flk) = [ ] (5.2)

(k+1)
Proof:
Let ¢ be a (k,s)-CNF formula with s = Le?;;ill)j Also, let n; be the number of occurences of
the literal I in ¢.
Consider the following random experiment:
FEach variable x; is set to:

2n-|mi—s

2sk

o TRUE with probability: P, = % +

2nﬁzi —s

o FALSE with probability P-,, = 1 — =54

Note that,
1 2n-, —s 1 2n-, —s
P, =-—-——" " >_ 4= 5.3
T2 sk~ 2 2sk )
Ng; + Mgy —5 <0 (5.4)

which holds by definition.
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So, every literal | is satisfied by this assigment with probability at least % + 2"2;’,; -

For every clause C; of ¢, we define it’s neighbourhood I'(C') in the lopsidependency graph
to be:

I(C):{D|FleDst: -leC}

From this definition, it is clear that every clause D ¢ I'(C) has either no common variables
with C' or their common variables appear in identical literals. As this is the case, we can
use an argument similar to what we have used in section 3.4, and claim that for every J C
V(G)\ (I(C)U{C;}), knowing that the event: /\ —Ap occurs cannot increase the probability

DeJ
of Ac,, so the conditions for the lopsidependency graph

VC': PriAc| \ —Ap] < Pr{Ac]
DeJ

are met.

It remains to prove the validity of equation 7?7 to be able to use the lemma.
A clause C of ¢ is violated if and only if all the literals it contains (I1,ls, ...,lx ) are FALSE.

So, we get:
k
PriAc) = [ - B) (5.6)
i=1
K 1 2n_; —s
< - .
< E(Q o (57)
14 Moy —s. 14 1 2ny
< — 1——" )= 14+ - - —= .
— 2k 1:1( sk ) 2k 11_11( + k sk ) (5:8)
k
1 1 2ny -e(k+1)
527 (1+E_ ok+1 . L ) (59)
i=1
k
1 1 ny-e no-e 1 1 n-y - e
= 11O+ ——— = o7 = 110+ D) = —; 1
By setting:
_ e
Viix, == oF
and using the identity:
1—-2)*>14a-z, forallze0,1)anda>1
we get:
k
(1+ )" n
Pr[Ac] < T’ﬁ D (5.11)
=1
e
< (- )T ()l (5.12)
=zc [[ (1-2p) (5.13)
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We have just shown that all the conditions of the lopsided local lemma hold. So, if we sample
the variables of ¢ independently and according to the proposed distm’butz’oqﬂ, ¢ is satisfied with
2k+1

strictly positive probability. This means that ¢ is satisfiable for s = Lmj, meaning that
2k+1

OEIE =]

Remark:

Notice that, in order to gain the most benefit from the stronger lopsided LLL, we needed
to assign values to the variables x; in a biased way, which is reasonable as n,,,n-,, can be
arbitrary. However, the way we it is done may seem counter-intuitive at first glance. It turns
out that when sampling the most frequent variables (which appear to be the bottleneck), we
favor their less frequent literal satisfying on average less clauses directly from this literal. The
reason behind this, is that the clauses that contain the less frequent literal intersect with more
clauses in general, which makes it harder to satisfy them. Even though this bias is sometimes
reversed for less frequent variables (e.g less than s/2 occurences), no literal with more than s/2
occurences has a probability to be satisfied which is greater than 1/2.

5.1.3 Unsatisfiable CNF formulas from binary trees

In this section, we will show a way to construct unsatisfiable k-CNF formulas using binary trees.
The same procedure was used in [10]. All non-leaf nodes of the trees we consider, will have
exactly two children.

Given such a tree T' and a positive integer k, we define the k-CNF formula Fy(T') as follows:

1. For every non-leaf node, we generate a new variable x; and label it’s left and right children
with literals x; and —x; respectively.

2. For every leaf node w, we build a k-clause C\, by picking as literals the first k labels of
nodes we encounter if we follow the unique path towards the root (which is not labelled).

Lemma 5.1.7 The formula Fi(T) is unsatisfiable.

Proof: Consider an arbitrary truth assignment « for the constructed variables. Now, form
a path starting from the root r in which every label represents a literal where a has assigned
the value FALSE. This path will eventuallly stop at a leaf node u. It is now obvious that the
clause C,, is not satisfied. These is at least one such clause for each truth assignment. So, F' is
unsatisfiable.

If there is an unsatisfiable formula in which every variable appears in at most s clauses, then
f(k) < s. So, using the above construction, it suffices to prove the existence of a binary tree

with every node having a bounded number of close leaf decendants in order to derive an upper
bound for f(k).

Definition 5.1.8 A leaf w is said to be l-close to a node v, if v is an ansestor of w and their
distance is at most .

Definition 5.1.9 A binary tree T will be called a (k,d)-tree if
1. Every leaf has depth at least k + 1.

2. For every node v of T, there are at most d leaves which are k-close to v.
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The following lemma explicitely states the connection between the existence of (k, d)-trees
the values of f(k) and (k). It particular, we can prove the upper bounds for these values by
proving the existence of specific witness trees.

Lemma 5.1.10 Let T be a (k,d)-tree. With regard to the unsatisfiable formulas: F(T) and
Fy1(T), the following hold:

1. The formula Fy1(T) is a (k+1,2d)-CNF formula where every clause intersects (k+ 1)d
other clauses. So, l(k+1) < (k+1)(d—1)—1.

2. The formula Fy(T) is a (k,d)-CNF formula. So, f(k) <d—1.
Proof:

1. By the definition of the (k, d)-tree, for every node v there are at most d leaves k-close to it.
So, the corresponding literal can appear in at most d of the clauses constructed. Consider
that in order v to be included in a clause Cy, of size k + 1, the leaf w must be k-close
to v. Since there are exactly two nodes in T' representing the two complementary literals
of te same variable, there are at most 2d clauses where a particular variable may appear.
So, Fi4+1(T) is a (k + 1,2d)-CNF formula. Also, if we fix a clause C' = (I3 A ... Al41) of
Fy11(T), each of the k + 1 literals it contains, appear in at most d — 1 other clauses (as
many as the rest of the leaves k-close to some l;). So, every clause intersects (k+1)(d—1)
other clauses. This implies that:

Wh+1)<(k+1)(d—1)—1a (k) <k(d-1)-1

2. Consider two nodes u, v which have a common parent node p. Clearly, their labels will be
x;, ~x; respectively for some i. By definition, there are at most d-leaves k-close to p, which
(by induction) implies that there are at most d-leaves (k — 1)-close to u or (k — 1)-close to
v. So, there are at most d leaves w such that C,, contains either x; or —x;. This implies
that Fi(T) is a (k,d)-CNF formula and f(k) <d—1.

5.2 The bound on f(k) is asymptotically tight for powers of 2.

The asymptotical tightness of the bound in equation 77 can be reduced to the existence of
(k, ©(%))-trees via lemma 5.1.10.
In particular, we are going to prove the following:

Lemma 5.2.1 For k=2"m €N, (k, QkTJrz)-trees exist.

Proof:

Let T be a full binary tree of height k (i.e Tp it has 2F leaves at depth k). We enumerate
those leaves starting from the leftmost to the rightmost. So we label them as follows:

los 11, oovy Lok

Now, at each leaf [;, we attach a full binary tree of height h = i mod (g) The resulting tree
will be denoted 7. Also, let r(v) denote the number of leaves k-close to node v. We need to
upper bound the value of r(v). We make the proof by induction. By the construction, the root
node (vg) is k-close to the leaf /; if and only if i = 0 mod &.
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Figure 5.1: The depth of the red nodes is k

The construction for £ = 8 can be seen in the following figure:

So,

r(vo) = 5 =

2k 1 2k:+2
k22 ko

Now, suppose that the result doesn’t hold and that u is a node of least depth, for which

2k+2

r(u) > =5—. Let, u’ be the parent of u. We consider the following two cases:

Depth(u) =i <

Let u' be the sibling of w and u” be their common parent. Also, let r4(u) be the number
of leaves at distance exactly d from u. Due to the symmetry of the construction and since
u and u/ cannot be leaves, it holds that exactly half of the leaves k-close to u” are also
(k — 1)-close to u (the other half are (k — 1)-close to u').

Formally,

+ 1 (u)

2k]:2. Also, the value of ri(u) can

The minimality of the depth of u implies that r(u") <
be computed as follows:

Firstly, there are exactly 2¥~% leaf decendants {I;} of node u in or first tree (7p). Out
of these nodes, there are exactly 2,:—/; of rank r = i mod % Each of these nodes has 2¢
decendants at the level k + ¢ of T (which we are interested in) and no other [; does.

So,

ok—i  ok+l
Tk’(u) = k’/2 ‘2= L
Finally,
’ r(u’) ok+2
r(u) = 5 +rp(u) < I

So, this holds for every node wu.
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In this case, it is clear that :

since there is no node of T' with depth at least k + g —1.

5.3 Complexity phase transition

We consider CNF formulas with bounded number of variable occurences.

Definition 5.3.1 A k-CNF formula is called a (k,s)-CNF formula if every variable appears in
at most s clauses.

Now, we can define the following decision problem:

Definition 5.3.2 (k,s)-SAT:
Let ¢ be a (k,s)-CNF formula. Is ¢ satisfiable?

By the definition of the value f(k), it is clear that the problem: (k,s)-SAT is trivial for
every s < f(k). Of course, (k,00)-SAT = k-SAT, which is NP-Complete. So, it is reasonable to
ask if there is a finite s such that (k,s)-SAT is NP-complete. If there is such s, where does this
compexity hardness jump occur and how sharp it is? As it turns out, this ”complexity phase
transition” is the sharpest it could be. The following theorem [8, 12] shows that it takes place
between two consecutive values of s.

Theorem 5.3.3 Let k > 3. The (k, f(k) + 1)-SAT problem is already NP-complete.

Proof: We first introduce a useful gadget:
Given a set of j > 2 variables U = {0, x1, ..., ;1 }, the 2-CNF formula

({L‘O V —|l’1) VAN (131 V —|l'2) VANPYRAN (l’jfl V l‘o)

is called an equaliser of U. The equaliser of a singleton set U is the empty formula.

Now let F' be a k-CNF formula, k& > 3. For each variable x € vbl(F'), we replace every
occurrence (as x or —x) by a new variable inheriting the sign of z in this occurrence. For each
variable z € vbl(F'), we add an equaliser for the set of variables that have replaced occurrences
of . It can be easily proved that:

F' is satisfiable < F is satisfiable
and every variable occurs at most 3 times in F”.
To see this, consider that the formula we constructed is the same as the originalif we disre-
gard that we now put new variables in the different occurences of the same variable. However,

we compensate for that by adding the ”equalizers”.

Example:
F = ($1 V —x9 V —|$3) A (1'2 V —x3 V .1‘4)

F' = (.%'1 V —xo V —|.%'3> A ($4 V x5 V $6) VAN (xg V —|$4) VAN (.14 V —|l'2) A (.%'3 V —|$5) A (.%'5 V ﬁ1‘3)

We are now going to introduce another gadget defined as follows:
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1. Fix some minimal unsatisfiable (k, f(k) 4+ 1)-CNF formula G.

2. Choose some clause C' in G and replace one of its literals by —z for a new variable z.

This new formula, which we denote by G(z), has the following properties:
1. It is satisfiable (otherwise G would not be minimal).
2. Every satisfying assignment has to set = to 0 (since otherwise G would be satisfiable).
3. All variables have degree at most f(k) + 1.

The reduction:
We are given a formula F' (instance of k-SAT).

1. We generate F’ from F as described above.

2. We augment each 2-clause in F' by k—2 positive literals of new variables so that it becomes
a k-clause.

3. For each of the new variables 2 we add a copy of G(z) to our formula using new variables
each time.

The new formula F” is k-CNF with at most k-|F|+k?-|F|+k(k—2)|G| literals and is satisfiable
ift F' is satisfiable.

Moreover, the maximum variable degree is maxz{3, f(k)+1} which is f(k)+1, since we assumed
k> 3.

The equivalence can be proved as follows:
It suffices to prove that
F" is satisfiable < F'is satisfiable

If F” is satisfiable, all the literals added in step 2 of the reduction should be FALSE in every
satisfying assignment. Then clearly F’ should also be satisfiable. Conversely, if F’ is satisfi-
able, then merging one of it’s satisfying assignments with the satisfying assignments for each
G(z) (their variable sets are disjoint) will give us a satisfying assignment for F”. Since F” is
satisfiable, we can satisfy all clauses from step 2 by the first or the second literal in each clause
(which come from F’). These are the only clauses that can contain literals from F’ and some
G(z) at the same time. So the "merging” is feasible.
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