Inapproximability Reductions and Integrality Gaps

Preyas Popat

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Computer Science
New York University
May 2013

Professor Subhash Khot



To the Courant administrative staff: for always being friendly, efficient and

affectionate.

1



Acknowledgements

First and foremost, I thank my advisor Subhash Khot, who was the perfect mentor
for me in every way I can think of.

I thank my committee members: Assaf Naor, Richard Cole, Joel Spencer and
Oded Regev for their valuable time and input, especially Oded for his detailed
comments which significantly improved this thesis. In addition, I thank my excel-
lent collaborators: Rishi Saket, Venkatesan Guruswami, Ryan O’Donnell, Madhur
Tulsiani, Yi Wu and Nisheeth Vishnoi for the pleasure of working with them.

I thank the Courant administrative staff, especially Rosemary, for being on top
of things and shielding us PhD students from all kinds of bureaucracy.

Finally I thank my parents, brother, sister-in-law and friends for their contin-

uous support throughout the PhD.

1l



Abstract

In this thesis we prove intractability results for several well studied problems in
combinatorial optimization.

Closest Vector Problem with Pre-processing (CVPP): We show that
the pre-processing version of the well known CLOSEST VECTOR PROBLEM is hard
to approximate to an almost polynomial factor (210g1_6”) unless NP is in quasi
polynomial time. The approximability of CVPP is closely related to the security
of lattice based cryptosystems.

Pricing Loss Leaders: We show hardness of approximation results for the
problem of maximizing profit from buyers with single minded valuations where
each buyer is interested in bundles of at most & items, and the items are allowed
to have negative prices (“Loss Leaders”). For k = 2, we show that assuming
the UNIQUE GAMES CONJECTURE, it is hard to approximate the profit to any
constant factor. For & > 2, we show the same result assuming P # N P.

Integrality gaps: We show Semi-Definite Programming (SDP) integrality
gaps for UNIQUE GAMES and 2-T0O-1 GAMES. Inapproximability results for these
problems imply inapproximability results for many fundamental optimization prob-
lems. For the first problem, we show “approximate” integrality gaps for super
constant rounds of the powerful Lasserre hierarchy. For the second problem we

show integrality gaps for the basic SDP relaxation with perfect completeness.
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Chapter 1

Introduction

In this chapter, we describe the problems of interest to us, motivation for studying
them, related previous research and progress made in this thesis. The first few
sections below describe the various problems while the last section summarizes the

contributions of this thesis.

1.1 Closest Vector Problem with Pre-processing

An integer lattice B is a set of vectors {d_1" | a;b; | a; € Z}, where by, by, ... b, €
Z™ are linearly independent vectors, called the basis of the lattice. Given (the
basis of) an integer lattice B and a target vector ¢ in Z™, the CLOSEST VECTOR
PROBLEM (CVP) asks for the vector in B nearest to ¢t under the £, norm. All
norms p > 1 are interesting although the case p = 2 has received the most atten-
tion. An important variant of CVP is the pre-processing version of the problem
where the lattice B is known in advance and the algorithm is allowed arbitrary
pre-processing on B before the input ¢ is revealed. This is known as the CLOSEST

VECTOR PROBLEM WITH PRE-PROCESSING (CVPP).



A related problem is the NEAREST CODEWORD PROBLEM (NCP) where the
input is a generator matrix C' of a linear code over Fy and a target vector t. The
goal is to find the codeword nearest to ¢t in Hamming distance. Again, if C'is known
in advance and arbitrary pre-processing is allowed on it, the problem is known as
the NEAREST CODEWORD PROBLEM WITH PRE-PROCESSING (NCPP).

The approximation version for all these problems with approximation factor
K asks for a lattice vector (or a codeword) whose distance from the target vec-
tor t is within factor K of the minimal distance. The approximation version is
interesting from both algorithmic and hardness perspective, namely designing an
efficient K-approximation algorithm as well as showing that K-approximation is
computationally infeasible under a reasonable complexity hypothesis, for specific
approximation factors K.

Pre-processing problems arise in cryptography and coding theory where, typi-
cally, a publicly known lattice (or a linear error-correcting code) is used to transmit
messages across a faulty channel. The decrypting or decoding of the received word
amounts to solving an instance of CVP for this lattice. The security of the cryp-
tosystem relies on the assumption that CVP is hard to solve even up to fairly
large approximation factors. Since the lattice is known publicly and an adversary
may carry out arbitrary pre-computation, it is important to understand whether
the pre-computation might compromise the security of the cryptographic protocol
(see [FMO04, Reg04] for more details). From this perspective, it is desirable to have
an inapproximability result showing that CVP remains hard to approximate even
after revealing the lattice in advance.

Potentially, the pre-computed information could make CVPP much easier to

approximate than CVP. Indeed, using the so-called Korkine-Zolotarev basis, La-



garias et al. [LLS90] designed an O(n'®) approximation algorithm for CVPP,
which is significantly better than the best known almost-exponential
20(nloglogn/logn) approximation known for CVP [MV10, Sch87]. This was fur-
ther improved to O(n) by Regev [Reg04] and subsequently to O(y/n/logn) by
Aharonov and Regev [AR05].

On the inapproximability side, CVP is known to be inapproximable within an
almost polynomial factor [ABSS97] (i.e. factor 2°8" " for any constant ¢ > 0.
Dinur et al. [DKRSO03] obtain an even stronger hardness factor n©(/lglosn)),
Obtaining inapproximability results for CVPP has been a more challenging task.
Feige and Micciancio [FMO04] proved a 2 — e factor NP-hardness for NCPP for
any constant € > 0. This was improved to 3 — € by Regev [Reg04]. These authors
observed that a factor K hardness for NCPP implies a factor K'/? hardness for
CVPP under the ¢, norm for any 1 < p < oo. Also, a hardness result in the /5 case
implies essentially the same hardness result in the ¢, case for any p > 1 as shown
by Regev and Rosen [RR06] via the norm-embedding technique.

The inapproximability results were improved in [AKKV05] who proved a fac-
tor K NP-hardness for CVPP and NCPP for any constant K and a hardness of
(logn)? for some constant § > 0 under the assumption that
NP ¢ DTIME(2P°¥(ogm))  They also gave another reduction which achieves a
hardness factor of (logn)'~¢ for NCPP for any constant ¢ > 0. The latter reduc-
tion was under a certain hypothesis about the pre-processing version of the PCP
Theorem.! A similar hypothesis was later proved in [FJ12] who also initiated a

systematic study of various pre-processing problems. The hypothesis needed by

[AKKVO05] can be deduced from the work of [FJ12].

IThe authors claimed to have a proof, but did not include it in the paper.



1.2 Pricing Loss Leaders

Consider the problem of pricing n items under an unlimited supply with m buyers.
Each buyer is interested in a bundle or subset of the n items. These buyers are
single minded, which means each of them has a budget and they will either buy
all the items if the total price is within their budget or they will buy none of the
items. The goal is to price each item with profit margin pi,ps,...,p, so as to
maximize the overall profit.

There is a flurry of work on understanding the approximability of this problem
(e.g., see [GHK'05, HK05, BB06, GVLSU06, BK06, DHFS06, ESZ07, BBCHO07,
KKMS09, ERRS09, GvL.U10, GS10, GR11, Wull]). The best approximation algo-
rithm is an O(log n +log m)-approximation given by Guruswami, Hartline, Karlin,
Kempe, Kenyon and McSherry [GHK'05]. The best hardness of approximation
result is a factor of (logn)¢ for some € > 0 assuming NP ¢ BPTIME(2"") for some
0 < § <1 given by Demaine, Feige, Hajiaghayi and Salavatipour [DHFS06].

We think of the items as vertices on a graph and buyers as hyper-edges, and
denote the problem described above as VERTEX PRICING. The special case where
each buyer is interested in bundles of at most k items is denoted as VERTEX
PRICING,. When k = 2, the problem is also known in the literature as the GRAPH
VERTEX PRICING problem. Another special case is the HIGHWAY PRICING prob-
lem when the items (toll-booths) are arranged linearly on a line and each buyer
(as a driver) is interested in paying for a path that consists of consecutive items.
For VERTEX PRICING; Balcan and Blum [BB06| give an algorithm with approx-
imation ratio O(k). In particular, for GRAPH VERTEX PRICING, their algorithm
gives a 4-approximation. On the hardness side, it is known that even the simple

GRAPH VERTEX PRICING problem is APX-hard [GHK'05] and UNIQUE GAMES-



hard to get better than 2-approximation by Khandekar, Kimbrel, Makarychev and
Sviridenko [KKMS09].? This UG hardness result even holds when the underlying
graph is bipartite, which is tight since [BB06] give a 2-approximation for bipartite
graphs. Note that a factor ¢ hardness for £ = [ also translates to a factor ¢ hardness
for all £ > [ since we allow bundles with at most k items. The HIGHWAY PRICING
problem is known to be strongly NP-hard by Elbassioni, Raman, Ray and Sitters
[ERRS09] and very recently a PTAS is obtained by Grandoni and Rothvofl [GR11].

All of the above results assume the seller always prices each item with a positive
profit margin. Much less is known for the problem when the seller is allowed to price
some of the items below their margin cost. The motivation for pricing certain item
below cost is to stimulate the sales of other more profitable items. Such a pricing
strategy is also widely used in practice and these items sold at price below cost
are called “loss leaders”. For example, a printer company may sell the printer at a
low price (as the loss leader) to make more profits from selling the ink cartridges.
Consider the following concrete example: there are three items A, B, C' and three
customers: one values {A} at $10 above the margin cost, one values {C} at $10
above the cost and one values {A, B,C} at $10 above the cost. By pricing A, C
at $10 above the cost and B at $10 below the cost, the seller makes a total profit
of $30. On the contrary, if no item is allowed to price below its cost, it is easy to
verify that the maximum profit of the seller is at most $20. .

To formally study the problem of pricing loss leaders, Balcan, Blum, Chan and
Hajiaghayi [BBCHOT7] proposed two reasonable theoretical models: the discount
model and the coupon model. The discount model is the most direct one: it assumes

that the profit the seller collects from a bundle of items is the sum of the profit

2UNIQUE GAMES-hard or UG-hard means NP-hard assuming the UNIQUE GAMES CONJEC-
TURE. We refer the reader to Section 1.3.1 for details about the UNIQUE GAMES CONJECTURE



margin on each item in the bundles. One drawback of the discount model is that
it does not make sense to assign a negative profit margin when the margin cost
of each item is 0 (e.g, for the HIGHWAY PRICING problem). To address this,
the authors also propose the coupon model which assumes that the profit on each
bundle is at least 0; i.e., if the sum of the profit margin on each item in the bundle is
negative, then the seller has profit 0 on that bundle. This model also assumes that
a customer is interested in a particular set of items and will not purchase a superset
even if it is cheaper, which is true for problems such as HIGHWAY PRICING where
the driver is only interested in travelling a particular path and would not like to
travel additional stretches to save tolls. It is shown in [BBCHO7, BB06] that the
maximum profit under either the coupon model or discount model can be as large
as Q(logn) times the maximum profit when only positive profit margin prices are
allowed. Such a gap of Q(logn) holds even for the HIGHWAY PRICING problem
when all the drivers have the same valuation (budget). Given the possibility of
making more profit, understanding the approximability of pricing loss leaders for
GRAPH VERTEX PRICING, HIGHWAY PRICING as well as the general item pricing
problem are formulated as open problems in [BB06,BBCHO07]. It was shown in
[Wull] that VERTEX PRICING3 is UG-hard to approximate to any constant factor

when Loss Leaders are allowed.

1.3 Integrality gaps

Semi-definite Programming (SDP) has played a central role in designing approxi-
mation algorithms since it was first used in this context by [GW95]. The current

best approximation to many natural computational problems is achieved by solv-



ing an SDP relaxation for the problem and rounding the vectors so obtained to
an integral solution. On the other hand, existence of an integrality gap instance
is taken as evidence that an algorithm based on LP/SDP relaxation is unlikely
to give a good approximation. An integrality gap instance is a specific instance
(or a family of instances) where the optimum of the LP/SDP relaxation differs
significantly from the integral (i.e. true) optimum. Hence, constructing integrality
gaps for optimization problems against a certain class of SDPs can serve as an
important indicator for the hardness of the problem.

In this thesis we consider the problem of constructing integrality gaps for two
variants of the well studied LABEL COVER problem which are significant for prov-
ing hardness of approximation results. We introduce the problems and review

related work in the next two subsections.

1.3.1 Unique Games Conjecture

Since its introduction in 2002, the Unique Games Conjecture (UGC) of Khot
[KhoO2b] has proved highly influential and powerful in the study of probabilisti-
cally checkable proofs (PCPs) and approximation algorithms. Assuming the UGC
yields many strong — and often, optimal — hardness of approximation results
that we have been unable to obtain assuming only P # NP. Perhaps the acme of
this line of research so far is the work of Raghavendra [Rag08], who showed the

following result:

Theorem 1.3.1. ([Rag08], informally.) Let C be any bounded-arity constraint
satisfaction problem (CSP). Assume the UNIQUE GAMES CONJECTURE. Then
for a certain semidefinite programming (SDP) relazation of C, the SDP gap for

C is the same as the optimal polynomial-time approximability gap for C, up to an



additive constant € > 0 which can be arbitrarily small.
We first introduce a couple of definitions to state the UGC formally.

Definition 1.3.2. (LABEL COVER) An instance L (G(U,V, E), L], [K],{7e}ecr)
of LABEL COVER is given by a bipartite graph G = (U, V, E) and for each edge
e = (u,v) € E, a projection m, : [L] — [K]. A labeling to the graph consists of
an assignment A : U — L,V — [K]. An edge e = (u,v) is said to be satisfied by
an assignment A if me(A(u)) = A(v). The value of an instance is the mazimum
fraction of edges that can be satisfied by any assignment. We call L as the “label

size” of the LABEL COVER instance, and denote the value of L as Opt(L).

Definition 1.3.3. (UNIQUE LABEL COVER) An instance of LABEL COVER is
called an instance of UNIQUE LABEL COVER if every projection w, corresponding

to an edge e 1s a 1-to-1 mapping, i.e. a permutation. In this case, we can take

L=K.

Notice that given an instance of UNIQUE LABEL COVER with value 1, it is
easy to find a labeling satisfying every edge in polynomial time. For historical
reasons, the UNIQUE LABEL COVER problem is also known in the literature as

the UNIQUE GAMES problem.

Conjecture 1.3.4. (UNIQUE GAMES CONJECTURE) [Kho02b]
For every e > 0 there is a K = K(¢€) large enough such that given a UNIQUE
LABEL COVER instance with label size K it i1s NP-hard to distinguish between the

cases,
e The value of the instance is at least 1 — €

e The value of the instance is at most €



Despite significant work, the status of the Unique Games Conjecture is un-
resolved. Several approximation algorithms for UNIQUE GAMES have been de-
veloped in an attempt to refute the conjecture [Kho02b, Tre05, GT06, CMMO6].
All these algorithms are based on LP or SDP relaxation and find a near satisfy-
ing assignment to a UNIQUE GAMES instance if there exists one. However their
performance deteriorates as the number of labels and/or the size of the instance
grows, and therefore they fall short of disproving the UGC. On the other hand,
Khot and Vishnoi [KV05] give a strong integrality gap for a basic SDP relaxation
of the UNIQUE GAMES problem (the algorithmic result of Charikar, Makarychev,
and Makarychev [CMMO06] essentially matches this integrality gap).

In addition to providing evidence towards the validity of the UGC, SDP gaps for
Unique Games have served another important role: they are the starting points for
strong SDP gaps for other important optimization problems. A notable example
of this comes in the work of Khot and Vishnoi [KV05] who used the UG gap
instance to construct a super-constant integrality gap for the Sparsest Cut-SDP
with triangle inequalities, thereby refuting the Goemans-Linial conjecture that
the gap was bounded by O(1). They also used this approach to show that the
integrality gap of the Max-Cut SDP remains 0.878 when triangle inequalities are
added. Indeed the approach via Unique Games remains the only known way to
get such strong gaps for Max Cut. Recently, even stronger gaps for Max-Cut were
shown using this framework in [KS09, RS09]. Another example of a basic problem
for which a SDP gap construction is only known via the reduction from Unique
Games is Maximum Acyclic Subgraph [GMROS].

In view of these results, it is fair to say that SDP gaps for Unique Games

are significant unconditionally, regardless of the truth of the UGC. Thus, it is



worthwhile to investigate whether stronger LP /SDP relaxations help for problems
like UNIQUE GAMES, MAXIMUM CUT or SPARSEST CUT. One can obtain stronger
relaxations by adding (say polynomially many) natural constraints that an integral
solution must satisfy.

Natural families of constraints considered in literature include the Lovasz-
Schrijver LP and SDP heirarchies, the Sherali-Adams LP heirarchy, and Lasserre
SDP heirarchy. Instead of attempting a complete survey of known results, we refer
the reader to the relevant papers [ABLT06, STT07b, STT07a, GMPTO07, SchO08,
CMMO09, RS09, KS09]. and focus on the results pertaining to the Sherali-Adams
and Lasserre heirarchies. The t-round Sherali-Adams LP hierarchy enforces the
existence of local distributions over integral solutions. Specifically, a solution to
such an LP gives a distribution over assignments to every set of at most ¢ vari-
ables and the distributions over pairwise intersecting sets are consistent on the
intersection. Strong lower bounds have been obtained by Charikar, Makarychev,
and Makarychev [CMMO09] for up to n° rounds of Sherali-Adams relaxation for the
MaxiMuM CuTt problem. Their result shows 2 — € gap for MAXiMuM CuUT, and
since the gap of the basic SDP relaxation is at most aa‘l/[/, their result shows that
even a large number of rounds of the Sherali-Adams hierarchy fail to capture the
power of the basic SDP. In recent work, Raghavendra and Steurer [RS09] have ob-
tained integrality gaps for a combination of a basic SDP and (log log n)*!) rounds
of the Sherali-Adams LP: they obtain a strong gap for UNIQUE GAMES, agqy, — €
for MaxiMum CuUT and (loglogn)®® for SPARSEST CUT. Simultaneously, Khot
and Saket [KS09] also obtained similar but quantitatively weaker results.

One may also consider the t-round Lasserre SDP hierarchy [Las01] which intro-

duces a SDP vector for every subset of variables of size at most ¢t and each integral

10



assignment to that subset. Appropriate consistency and orthogonality constraints
are also added. As it turns out, a vector solution to the t-round Lasserre SDP also
yields a solution to the ¢t-round Sherali-Adams LP, and therefore the Lasserre SDP
is at least as powerful as the Sherali-Adams LP.

Currently, we know very few integrality gap results for the Lassere hierar-
chy. Schoenebeck [Sch08] obtained Lasserre integrality gap for MAX-3-LIN and
Tulsiani extended it to MAX-k-CSP, and also obtained a gap of 1.36 for VER-
TEX COVER. However, we already know corresponding NP-hardness results, e.g.
Hastad’s [Has01] hardness result for MAX-3-LIN and Dinur and Safra’s 1.36 hard-
ness result for VERTEX COVER. Indeed Tulsiani’s integrality gap for VERTEX
COVER follows by simulating the Dinur-Safra reduction. It would be very inter-
esting to have Lasserre gaps where we only know UGC-based hardness results, e.g.
2 — ¢ for VERTEX COVER, 045‘1,[, — ¢ for MAXIMUM CuUT, and a superconstant gap
for SPARSEST CUT. Currently, such gaps are not known even for the fifth level of
Lassere hierarchy, leaving open the tantalizing possibility that a constant round
Lasserre SDP relaxation might give better approximations to these problems, and

consequently disprove the UGC.

1.3.2 2-to-1 Games Conjecture

As mentioned in Section 1.3.1, the UNIQUE GAMES CONJECTURE has strong
implications for the approximability of many fundamental optimization problems.
Unfortunately, because of the additive € term in Theorem 1.3.1, Raghavendra’s
work is not applicable (even granting the UGC or any related conjecture) for the
important case of completely satisfiable CSPs; equivalently, PCPs with perfect

completeness. A good example of this comes from coloring problems; e.g., the very

11



well known problem of coloring 3-colorable graphs. The UGC does not help in
deducing any hardness result for such problems. Indeed the first strong hardness
result for it, due to Dinur, Mossel, and Regev [DMR09], used instead certain
variants of UGC which have perfect completeness, namely, the “2-to-1 Conjecture”,
the “2-to-2 Conjecture”, and the “a-Constraint Conjecture”. An instance of Label-
Cover with a-constraints was also implicit in the result of Dinur and Safra [DS05]
on the hardness of approximating minimum vertex cover. Recently, several more
works have needed to use these alternate conjectures with perfect completeness:
e.g., O’Donnell and Wu [OW09] and Tang [Tan09] on Max-3CSP, Guruswami and
Sinop [GS09] on Max-k-Colorable-Subgraph.

We describe the 2-T10-1 GAMES CONJECTURE below, the other two conjectures

will be described in Chapter 4.

Definition 1.3.5. (2-T0-1 LABEL COVER) An instance of LABEL COVER is
called an instance of 2-10-1 LABEL COVER if every projections w. corresponding

to an edge e is a 2-to-1 mapping. In this case we can take L = 2K.

Similar to UNIQUE LABEL COVER, the 2-TO-1 LABEL COVER problem is also

known in the literature as the 2-T0-1 GAMES problem.

Conjecture 1.3.6. (2-T0-1 GAMES CONJECTURE) [Kho02b]
For every e > 0 there is a K = K(€) large enough such that given a 2-TO-1
LABEL COVER instance with label size K it 1s NP-hard to distinguish between the

cases,

e The value of the instance is 1 i.e. there is a labeling satisfying all edges

e The value of the instance is at most €

12



Given the importance of 2-to-1 and related conjectures in reductions to satisfi-
able CSPs and other problems like coloring where perfect completeness is crucial,
SDP gaps for 2-T0-1 LABEL COVER and variants are worthy of study even beyond
the motivation of garnering evidence towards the associated conjectures on their

inapproximability.

1.4 Contributions of this Thesis

1.4.1 Hardness of Approximating the Closest Vector Prob-

lem with Pre-processing

In this thesis we prove that unless NP is in quasi-polynomial time, the CVPP
problem is hard to approximate to an almost polynomial factor. This appears as
a joint work with Subhash Khot and Nisheeth Vishnoi [KPV12]| and the proof is

given in Chapter 2.

Theorem 1.4.1. Unless
NP C DTIME(21°gO<l/E>"), NCPP and CVPP are hard to approzimate to a

factor within glog'~“n for an arbitrarily small constant € > 0.

This improves on the previous hardness factor of (logn)? for some § > 0 due
to [AKKV05] and essentially matches the almost polynomial factor inapproxima-
bility of Dinur et al. [DKRS03] for CVP. We emphasize that unlike the case of
CVP where the best approximation algorithm achieves a factor of 2mleglogn/logn

the best approximation algorithm for CVPP achieves an approximation factor of

O(y/n/logn).
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1.4.2 Hardness of pricing Loss Leaders

In this thesis we prove strong hardness of approximation results for VERTEX
PRrICING;, and HIGHWAY PRICING problems. The results are stated in the next
few paragraphs. These appear as a joint work with Yi Wu [PW12] and the proofs
are given in Chapter 3.

For the GRAPH VERTEX PRICING problem (aka VERTEX PRICING;) we prove

the following theorem.

Theorem 1.4.2. GRAPH VERTEX PRICING under the coupon model is UG-hard

to approzimate to any constant factor, even when the graph is bipartite.

Next, we prove a simple lemma which relates the approximability of HIGHWAY

PRICING to the approximability of GRAPH VERTEX PRICING on a bipartite graph.

lemma 1.4.3. If GRAPH VERTEX PRICING on bipartite graphs is hard to approx-
imate to factor o under the coupon model, then HIGHWAY PRICING is also hard

to approzimate to factor o under the coupon model.

Combining Theorem 1.4.2 and Lemma 1.4.3 we get the following hardness of

approximation result for the HIGHWAY PRICING problem.

Corollary 1.4.4. HIGHWAY PRICING under the coupon model is UG-hard to ap-

proximate to any constant factor.
For the VERTEX PRICING3 problem we prove the following theorem.

Theorem 1.4.5. VERTEX PRICING3 under the coupon or the discount model s

NP-hard to approzimate to factor Q(logloglogn).

14



It is instructive to compare our hardness results with the known approximation
algorithms for the corresponding problem using positive profit margin prices only.
For the general pricing problem, there is a 4-approximation algorithm when k& = 2
and B—E—approximation algorithm for k& = 3 [BB06]. As for the highway problem,
there exists a PTAS [GR11]. All of the three problems have (at least) a constant
approximation algorithm for positive profit margin prices while our corresponding
hardness results for pricing loss leaders are (at least) super-constant. Conceptually,

our results indicate that the problem of pricing loss leaders is substantially harder.

1.4.3 Integrality gap for 2-to-1 Label Cover

In this thesis, we show the following theorem on the limitations of the basic semidef-

inite programming relaxation for 2-10-1 LABEL COVER.

Theorem 1.4.6. There are instances of 2-TO-1 LABEL COVER with alphabet size
K and optimum value O(1/+/log K) on which the SDP has value 1. The instances

have size 225

This appears as a joint work with Venkatesan Guruswami, Subhash Khot, Ryan
O’Donnell, Madhur Tulsiani and Yi Wu [GKO"10] and the theorem is proved in
Chapter 4. We also prove similar results for 2-10-2 LABEL COVER and o LABEL
COVER which are stated and proved in Chapter 4.

We note that if we only require the SDP value to be 1 — € instead of 1, then
integrality gaps for all these problems easily follow from gaps for UNIQUE GAMES
constructed by Khot and Vishnoi [KV05] (by duplicating labels appropriately to
modify the constraints). However, the motivation behind these conjectures is ap-

plications where it is important that the completeness is 1. Another difference
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between the 2-T0-1 LABEL COVER and the UNIQUE LABEL COVER is the fact
that for 2-T0-1 LABEL COVER instances, it is consistent with known algorithmic
results of [CMMO6] that OPT be as low as K¢ for some ¢ > 0 independent of
€, when the SDP value is 1 — €. It is an interesting question if OPT can indeed
be this low even when the SDP value is 1. Our constructions do not address this
question, as we only show OPT = O(1/+/log K).

We also point out that our integrality gaps are for special cases of the LABEL
COVER problem where the constraints can be expressed as difference equations
over [Fo-vector spaces. For example, for 2-T0-2 LABEL COVER, each constraint ¢,
is of the form x—y € {a, a+7} where o,y € F are constants. For such constraints,
the problem of deciding whether an instance is completely satisfiable (OPT = 1) or
not (OPT < 1) isin fact in P. To see this, one can treat the coordinates (zy, ..., z)
and (y1,...,yx) as separate boolean variables and introduce an auxiliary boolean
variable z, for each constraint. We can then rewrite the constraint as a conjunction
of linear equations over Fy: [/\f:1 (i — yi — ze v = ;) .| Here x;, y;, o, 7; denote
the i coordinates of the corresponding vectors. Deciding whether a system of
linear equations is completely satisfiable is of course in P. Alternatively, one can
note that constraints z —y € {o,a + v} mod F& are Mal’tsev constraints, and
hence deciding satisfiability of CSPs based on them is in P by the work of Bulatov
and Dalmau [BD06].

Despite this tractability, the SDPs fail badly to decide satisfiability. This situ-
ation is similar to the very strong SDP gaps known for problems such as 3-XOR

(see [Sch08], [Tul09]) for which deciding complete satisfiability is easy.
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1.4.4 Approximate Lasserre integrality gap for Unique La-

bel Cover

In this thesis, we make partial progress towards constructing Lasserre integrality
gaps for UNIQUE LABEL COVER. This appears as a joint work with Subhash
Khot and Rishi Saket [KPS10]. We describe our result informally in the next few
paragraphs and give a formal statement and proof in Chapter 5.

We show that if the constraints of a t-round Lasserre SDP are allowed to
have a tiny but non-zero error § > 0, then a strong integrality gap exists for
the UNIQUE GAMES problem. Using standard reductions from UNIQUE GAMES,
similar integrality gaps can be obtained for MAX-CuT, VERTEX COVER etc. (we
omit the details in this thesis). In fact the error can be made as small as desired
independent of other parameters (except the size of the instance). All recent
integrality gap constructions involving Sherali-Adams LP (see [CMMO09, RS09,
KS09]) first construct such approximate solutions followed by an error-correction
step. However correcting Lasserre vector solution seems challenging (due to a
global constraint of positive definiteness) and we leave this as an open problem.
On the other hand, our result does demonstrate that a Lasserre SDP relaxation
will not give good approximation if it is insensitive to a tiny perturbation of the
vector solution. At the time of publication of our work, all known algorithms fell
into this category. Subsequent to our work, an algorithm which uses the full power
of the Lasserre hierarchy was developed by [GS11].

Our integrality gap instance is based on the integrality gap instance of [KV05].
Subsequent to our work, it was shown in [BBH'12] that such instances cannot be

used to construct an exact integrality gap for super constant rounds of the Lasserre
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hierarchy.
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Chapter 2

Hardness of Approximating the
Closest Vector Problem with

Pre-processing

In this chapter we prove Theorem 1.4.1, restated below.

Theorem. (Theorem 1.4.1 Restated) Unless
NP C DTIME(2°e°"" ") NCPP and CVPP are hard to approzimate to a

factor within glog' ~‘n for an arbitrarily small constant € > 0.

In the next section, we provide a high level overview of our reduction.

2.1 Overview of the proof

We show a hardness factor of 28" " for NCPP. As mentioned in Section 1.1, a
factor C' hardness for NCPP implies a factor v/C hardness for CVPP under the

Il norm hence this suffices to prove the theorem. For the sake of presentation, we
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find it more convenient to consider the MINIMUM WEIGHT SOLUTION PROBLEM
WITH PRE-PROCESSING (MWSPP) which is simply a reformulation of NCPP.
The input to this problem consists of a set of fized linear forms described by
By € FYN | a set of variable linear forms B, € Fy*Y and a target vector t € F,.
The goal is to find a solution z € FY to the system Byz = ¢, which minimizes
the Hamming weight of the vector B,z. We allow arbitrary pre-processing on all
parts of the input except the vector t. The equivalence of MWSPP with NCPP is
shown in Section 2.2.1. We henceforth focus on the MWSPP problem.

The authors in [AKKV05] present two reductions to MWSPP. The first one
is a direct reduction from the hyper-graph vertex cover problem from [DGKRO05]
whereas the second one is a reduction from the pre-processing version of the PCP
Theorem (proved later in [FJ12] as mentioned before). Our reduction builds on
the second one.

We first quickly elaborate on the PCP Theorem and its pre-processing version.
The PCP Theorem [FGL196, AS98, ALM*98] is a fundamental result in the area
of inapproximability and serves as a starting point for almost all hardness reduc-
tions. The theorem may be stated from two equivalent viewpoints, a proof checking
viewpoint and a reduction viewpoint. The equivalence between the two viewpoints,
thought not difficult to see, has led to many illuminating insights and exciting
research over the last two decades. From the proof checking viewpoint, the PCP
Theorem states that there is a way to write a proof for an NP-statement such
that its correctness can be verified by a probabilistic verifier that uses logarithmic
randomness and a constant number of queries to the proof. The proof system is
complete in the sense that a correct proof of a correct statement is accepted with

probability 1 and is also sound in the sense that any proof of an incorrect state-
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ment is accepted with probability at most s for some constant s strictly less than
1 (this probability can be reduced to any small constant by running the verifier
O(1) times). From the reduction viewpoint, the PCP Theorem states that there
is a polynomial time reduction from any NP-complete language to GapCSP, 4, a
promise problem with a set of boolean variables and constraints such that every
constraint depends on O(1) variables and the instance is guaranteed to be either
satisfiable or no assignment satisfies more than a fraction s of the constraints.

When the PCP Theorem is stated as NP-hardness of GapCSP, the constraints
may be taken as 3SAT constraints or, as will be convenient for us, quadratic
equations over o, with each equation involving exactly three variables. Let the
variables be 21, ..., 2, and the constraints be C4, ..., C,, where the j* constraint
is of the form p;(zj,, 2j,, 2;,) = vj. Here p is a quadratic polynomial over Fy and
v; € Fy. In the pre-processing version of the CSP, arbitrary pre-processing is
allowed on the polynomials {p, };”:1 and only the right hand sides of the equations,
namely {v;}7_, is the actual input. The pre-processing version of the PCP Theorem
then states that even the pre-processing version of GapCSP; s is NP-hard. To be
more precise, there is a polynomial time reduction from any NP-complete language
L that maps input x to an instance {(p;,v;)}j; of the GapCSP; , such that the
set of polynomials {p;}72, depends only on the size of z and not on z itself (the
right hand sides {v;}72, of course depend on z).

As we said, the PCP Theorem serves as a starting point for almost all hardness
reductions. A vast majority of these reductions begin by reducing the GapCSP in-
stance given by the PCP Theorem to a problem called LABEL COVER (defined orig-
inally in [ABSS97]) and then amplifying the hardness of LABEL COVER via Raz’s
Parallel Repetition Theorem [Raz98]. An instance G = (V, W, E| [R], [S], {7¢ }ecr)
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of LABEL COVER is given by a bipartite graph G(V,W, E) and for each edge
e = (v,w) € E, a function 7, : [R] — [S]. A labeling to the graph consists of an
assignment A : V. — [R], W — [S]. An edge e = (v,w) is said to be satisfied by
an assignment A if w.(A(v)) = A(w). The value of an instance is the maximum
fraction of edges that can be satisfied by any labeling. The PCP Theorem and
the Parallel Repetition Theorem together imply that for every constant R, given
an instance of LABEL COVER it is NP-hard to distinguish whether the value of
the instance is 1 or at most R~7 (called the soundness) for some absolute constant
v > 0.

When the pre-processing version of the PCP Theorem is used as a starting
point, one obtains the hardness of approximation for the LABEL COVER PROBLEM
WITH PRE-PROCESSING (LCPP), defined in [AKKV05]. In the LCPP problem,
the label set [R] for each vertex v € V comes with a designated partition, and an
allowable set from the partition. The vertices in V' are required to receive labels
only from their respective allowable sets. Pre-processing is allowed on all parts
of the LCPP instance except for (the choice of) the allowable set for each vertex
velV.

The authors in [AKKV05] present a reduction from LCPP to MWSPP. The
reduction uses constructions of LABEL COVER with an additional property called
smoothness. An instance of LABEL COVER (with or without pre-processing) is
called d-smooth if any two labels i # i’ of v € V map to different labels of w €
W with probability at least 1 — § over the choice of a neighbor w of v. The
smoothness property was introduced in [Kho02a] and has been used for several
hardness of approximation reductions [FGRW09, GRSW10, KS11]. The hardness
factor achieved by the reduction from LCPP to MWSPP is upper bounded by 1/
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and 1/s where ¢ is the smoothness parameter and s is the soundness of the LCPP
instance. The reduction of [AKKVO05] fails to give a hardness factor better than
(logn)t= for MWSPP because they use construction of LABEL COVER which
requires size n®(1/9) to ensure d-smoothness.

To get a better hardness factor using this reduction, we require hardness of
LCPP with very good smoothness and soundness simultaneously (relative to the
size of the instance). This is exactly our main technical contribution, except that
we are able to show this only for a hyper-graph variant of label cover (the un-
derlying structure is a multi-layered hyper-graph instead of a two-layered, i.e. bi-
partite, graph). This is sufficient for our purpose since the reduction from LCPP
to MWSPP can easily be modified so as to start with the hyper-graph variant.
This new variant is named as the HYPER-GRAPH LABEL COVER WITH PRE-
PROCESSING (HLCPP). It is a labeling problem just as LCPP but differs from

the latter in the following respects (see Definition 2.3.5 for a formal description).

e The vertex set is multi-layered instead of two-layered.

e The constraints are given by hyper-edges rather than edges. A hyper-edge
e in itself contains several edges between pairs of variables inside e and the
constraint associated with the hyper-edge e is a boolean AND of constraints

on all the edges inside it.

e The constraints associated to edges are more general many-to-many con-

straints instead of the many-to-one (projection) constraints as in LCPP.

Our reduction is a reworking of the (original algebraic) proof of the PCP The-

orem. More specifically, the proof of the PCP Theorem (see for instance Arora’s
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thesis [Aro94]) can be broken into three phases where the number of queries the ver-
ifier makes is successively reduced to poly(logn), poly(logloglogn) and finally to
O(1). In the first phase, one rewrites an instance of an NP-complete language, say
3SAT, as an algebraic CSP (say quadratic equations over a finite field), the PCP
proof consists of a polynomial encoding (i.e. Reed-Muller encoding) of a supposed
satisfying assignment to the CSP, and then the verification procedure consists of
the Low Degree Test to check that the given proof is indeed a valid encoding of
some assignment and the Sum Check Protocol to check that the assignment indeed
satisfies the CSP.

Our reduction is a reworking of this first phase with two additional ingredients:
firstly, we need to work out each step in its pre-processing version, and in particular
start by proving the basic (i.e. without gap) NP-hardness for a pre-processing
version of an algebraic CSP (this was also proved in [AKKVO05]). Secondly, the
quantitative setting of parameters is quite different from that in the proof of the
PCP Theorem. The proof of the PCP Theorem encodes an n-bit assignment by a
table of values of a function f : F)* — F, where |Fy| = poly(logn). On the other
hand, we use a much larger field size |F,| = nP°¥(e™)  Also, in a typical CSP
instance, the number of constraints is comparable (i.e. linear or polynomial) to
the number of variables. On the other hand, we in the very first step, blow up the
number of constraints to nPY1°8") o that the soundness is roughly the inverse of
the number of constraints and hence much lower than the inverse of the number
of variables.

Just like the (first phase of the) proof of the PCP Theorem, we end up with
a PCP with O(logn) queries (each query is a block of poly(logn) bits). It is

easily observed that the proof can be partitioned into O(logn) layers and that
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each PCP test reads one query from each of the layers except the last and two
queries from the last layer. This naturally leads to the hyper-graph variant of the
label cover problem. We would like to point out that in principle the last two
phases of the proof of the PCP Theorem can also be worked out similarly (along
with the appropriate quantitative setting of parameters), yielding a full proof of
the pre-processing version of the PCP Theorem. However we refrain from such an
attempt since we do not need it and more importantly, [FJ12] already give a full
(and much less tedious) proof via Dinur’s proof of the PCP Theorem [Din07]. We
now give a more detailed and technical outline of our reduction and its analysis
below.

We start with an instance of F,-QUADRATIC CONSTRAINT SATISFACTION
PRrROBLEM (F,-QCSP) for ¢ = 2". The instance consists of k& homogeneous de-
gree 2 polynomial equations over [, with n variables, where & = poly(n). Each
equation is of the form p(zy,...,2,) = v, and further, depends on at most 3 vari-
ables. It can be shown that deciding if there is an assignment which satisfies all the
equations is NP-hard (see Theorem 2.2.3), even when the left hand sides of these
equations (i.e. the polynomials p) are available for pre-processing. We denote the
pre-processing version by F,-QCSPP. Our first step is to boost soundness, i.e., to
reduce the fraction of satisfied equations by any assignment, while keeping the
number of variables small. This is done by combining an instance of F,-QCSPP
with an appropriate Reed-Muller code over g. We will eventually set ¢ = nlos®/n.
This allows us to construct an F,-QCSPP instance where it is hard to distinguish
between perfectly satisfiable instances and those where any assignment satisfies
at most k/q fraction of the polynomial equations. An important feature of this

reduction is that the variable set remains the same, so the number of variables is
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n, number of equations is ¢ and the soundness is k/q (which is essentially same
as 1/q). This (somewhat strange) quantitative setting of parameters is crucial for
our result as the number of variables becomes negligible compared to the number
of equations, and the reciprocal of the soundness. The details of this reduction
appear in Section 2.2.2.

Each equation can now depend on almost all of the n variables and the next
task is to deal with this. This is done by reducing checking an assignment for such
a system of polynomial equations to the task of constructing a PCP which makes
O(logn) queries and has soundness 1/¢¢ for some small constant e > 0. This is
achieved by combining the low degree test and the sum check protocol and is the
technical heart of the PCP construction.

First, the variables are identified with {0,1}!°®™ and embedded as a sub-cube
of F" where m def logn. With this mapping, any assignment can be thought of
as a function from {0,1}™ to F, and can be encoded as a polynomial over [}’
of degree at most m. In this setting, if the equation was >, ;o c(i, j)ziz; = v =
Za,,@e{o,l}m c(a, B)z(a)z(B); z, ¢ can be thought of as polynomials of degree at most
m and 2m respectively. The Arora-Sudan points-vs-lines low degree test can be
employed to ensure that z corresponds to a small list of degree m polynomials (as-
signments). This test is able to list-decode an assignment with success probability
as low as 1/¢° for some small constant e > 0.

Once an assignment for the variables can be decoded, the task of verifying the
polynomial equations }_, e 1ym ¢(a, 8)2(@)z(B8) = v is equivalent to performing
a weighted sum check over the sub-cube {0,1}™. We use the sum-check protocol
of [LFKN92] to verify that the decoded assignment satisfies the equations. It can

be shown that the soundness of the combined low degree test and the sum check
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protocol is at most 1/¢/ for a small constant f > 0.

The result is a PCP with 2m + 2 = O(logn) layers where the first 2m layers
correspond to the sum check protocol while the last two layers correspond to the
lines and the points table (in the low degree test) respectively. Only the values
to be assigned to the first layer will depend on the right hand sides of the [F -
QCSPP instance. Further, the use of low degree polynomials in encoding the
assignments implicitly gives our PCP smoothness properties which are used in the
final reduction. While the preliminaries of the low degree test and the sum check
protocol appear in Sections 2.2.3 and 2.2.4 respectively, the PCP construction
appears in Section 2.3.1.

This view of the PCP naturally leads to constructing an HLCPP instance
which is the starting point of the reduction to MWSPP and appears in Section
2.3.2. The reduction from HLCPP to MWSPP is similar to the reduction of
[AKKV05] from LCPP to MWSPP. This appears in Section 2.3.3. For the re-
duction to work, we define a notion of smoothness for HLCPP which is similar
to the one for LCPP and we also need that the hyper-edges of the hyper-graph
satisfy a uniformity condition which is inherited from the PCP construction.

The main differences in our reduction compared to the reduction of [AKKV05]

are the following:

e As mentioned earlier, the constraints in the HLCPP graph are many-to-
many constraints rather than many-to-one constraints. However, the earlier
reduction to MWSPP still goes through in a relatively straightforward man-

ner.

e We manage to construct an instance of HLCPP where the smoothness and
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soundness are both at most 1/¢/ for some absolute constant f > 0 and
the size of the instance is ¢°™. Here m = logn where n is the number
of variables in the original F,-QCSPP instance. It is not clear that such
constructions are possible if we stick to the LCPP problem. The hardness

1/m

factor can be made essentially as large as ¢*/" and we set ¢ to be very large

compared to m to get a good hardness factor relative to the size of the

. . O(1/¢)
instance. Specifically, we set ¢ = n'°8 n,

We believe the PCP constructed in the course of our proof is of independent
interest and we state its properties in the theorem below. This theorem can be

inferred from the construction in Section 2.3.1.

Theorem 2.1.1. For any NP-complete language L there is a PCP with the fol-

lowing properties:

1. For an input of size n, the PCP wverifier uses O(logn - logq) random bits
and makes O(log n) queries into the proof. The answer to each query is an
element of F,. Here q can be chosen as any power of two such that ¢ > n?

for an absolute constant d > 0.

2. The acceptance predicate of the verifier involves O(logn) linear equations (of
the form Y . a;x; = b where a;,b € Fy), and one quadratic equation in the
symbols it reads. The verifier accepts if and only if all the equations are
satisfied. Furthermore, the equations depend only on n, except for the r.h.s.

i one linear equation which may depend on the input instance.

3. If the input instance is in L then there is a proof which the verifier accepts

with probability 1.
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4. If the input instance is not in L then, for every proof, the verifier accepts

with probability at most 1/q¢ for some absolute constant ¢ > 0.

2.1.1 Organization

The rest of the chapter is organized as follows.

In Section 5.3, we formally define the problems and state existing tools and
results which will be useful in our reduction. In Section 2.2.1 we define the problems
considered and summarize known reductions about them. Section 2.2.2 states a
lemma about boosting the soundness of a particular CSP using codes. Sections
2.2.3 and 2.2.4 are devoted to introducing the tools of Low Degree Test and Sum
Check Protocol respectively.

In Section 5.4.2 we present our reduction. The beginning of Section 5.4.2
describes how that section is organized.

Finally, Section 2.4 contains proofs of certain lemmas and theorems omitted

from the main body of the chapter.

2.2 Preliminaries

In this section we state the problems we will consider and state basic results which

will be useful in the construction of our PCP and the reduction.

2.2.1 Problem Definitions and Basic Results

We first formalize the notion of computational problems which allow pre-processing

on a part of the input. A part of this formalism is taken from [AKKV12].
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Pre-processing problems. Consider a problem II where the input is split into
two components (A, B) and the length of each component is polynomial in the size
parameter n. In the pre-processing version, denoted by IIP (suffix of P to II to
emphasize the pre-processing), we consider subproblems where the first component
A depends only on n and is called as the fized input.

An algorithm which solves TIP(A,-) with pre-processing is a polynomial time
algorithm that solves the instance IIP(A,-) given a polynomial sized advice. The
advice captures arbitrary computation or pre-processing on the fixed input A and
polynomial amount of stored information. The pre-processing version IIP(A, ) is
called NP-hard if there is a polynomial time reduction from SAT to IIP(A, -) such
that the fixed input A depends only on the size of the SAT instance.

In the definitions that follow, we will not explicitly split the input as (A, B) but
we will indicate for each problem the part of the input on which pre-processing is
allowed. We first define the quadratic CSP problem and its pre-processing version

that will be a starting point of our reduction.

Definition 2.2.1. F,-QuaDRATIC CSP (F,-QCSP): A F,-QCSP instance Q <
({1 {e;}my) consists of a set of polynomial constraints over variables

{z1,29,...,2,}. Fach equation is of the form

pj(21a227 s 7Zn) = Cy,

where p; s a homogeneous polynomial of degree 2, and c; € F,. The goal is to
find an assignment to the variables {z1, 22, ..., z,} each taking a value in F, which
satisfies as many constraints as possible. Let OPT(Q) denote the mazimum, over

assignments to the variables of QQ, of the fraction of equations satisfied.
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Definition 2.2.2. F,-QUADRATIC CSP WITH PRE-PROCESSING (F,-QCSPP):

Given a F,-QCSP instance

Q= ({phmy {ehmy)

over variables {z1, 2z, . .., 2, } taking values in Iy, the F,-QCSPP problem allows
arbitrary pre-processing on the polynomials {p; Ly before the inputs {cj};-”:l are

revealed.

The following theorem can be proved in a similar manner as Theorem 4.2 in

[AKKV05]. We include a proof in Section 2.4.1.

Theorem 2.2.3. For all ¢ = 2", there is a reduction from a 3-SAT instance of

size n to an F-QCSPP instance of size poly(n, q) which runs in time poly(n, q).

Next we define the problem that we prove is hard to approximate and show that

it is equivalent to the NEAREST CODEWORD PROBLEM WITH PRE-PROCESSING.

Definition 2.2.4. MINIMUM WEIGHT SOLUTION PROBLEM WITH AND WITH-
OUT PRE-PROCESSING: An instance of MWSP consists of a set of fixed linear
forms described by By € FYN | a set of variable linear forms B, € IFZQ/XN and a
target vector t € F. The goal is to find a solution x € FY to the system Byx =t,
which minimizes the Hammaing weight of the vector B,x. In the pre-processing ver-
sion, MWSPP, we allow arbitrary pre-processing on all parts of the input except

the vector t.

Definition 2.2.5. NEAREST CODEWORD PROBLEM WITH AND WITHOUT PRE-
PROCESSING: An instance of NCP is denoted by (C,t) where C € Fy** t € Fy.

The goal is to find a solution x € F5 which minimizes the Hamming distance
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between C'xz and t. In the pre-processing version, NCPP, we allow arbitrary pre-

processing on all parts of the input except the vector t.

We note that MWSP is actually same as the NCP problem in disguise, though
we find it convenient to think of it as a separate problem. To see the equivalence
with NCP, let ¢ be a fixed vector such that Bfzg = t, let w = B,x, and consider

the code C' & {Byz | zst. Bz =0}. Then

min §(w, B,x) = min  §(By,xo, B,z) = min wit(B,z).
x:Byr=0 x:By(x+x0)=t x:Brr=t

Here §(-, -) measures the Hamming distance and wt(-) denotes the Hamming weight
of a string.

Finally we note that proving the hardness for NCPP implies the hardness for
CVPP.

Theorem 2.2.6. [FM04] Let 1 < p < co. If NCPP (MWSPP) is hard to ap-
prozimate to factor f then CVPP, under the £, norm, is hard to approximate to

factor fY/P.

2.2.2 Boosting Soundness through Codes

The following lemma shows how to boost soundness of the F,-QCSPP instance
although it increases the number of variables per equation. The proof of this lemma

employs Reed-Muller codes and appears in Section 2.4.2.

lemma 2.2.7. Let Q be an instance of F,-QCSPP over n variables and k =
poly(n) equations, for any q = 2". There is an instance P of F,-QCSPP over the

same set of variables and q equations such that:
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e [fOPT(Q)=1 then OPT(P) =1 and

e if OPT(Q) <1 then OPT(P) < k/q.

logo(l/

In our reduction ¢ would be n In and, hence, ¢ > k.

2.2.3 Low Degree Test

Now we move on to the tools necessary for keeping the number of queries in our
PCP small. The first step in this is the Low Degree Test. The Low Degree Test
is a crucial ingredient in the (original) proof of the PCP theorem. We will use a
quantitatively stronger version of the test proved in [RS97, AS03].

In this section we state the basics, the test and the theorem which will be used.

An affine line in F}" is parameterized by (a,b) € (F7*\{0}) x F¢* such that
Loy o {az +b: 2z € F,}. Sometimes, we will drop the subscript if it is clear from
the context. In what follows, if it helps, one can think of m dof logn and d L as
will be the case in our reduction. For a polynomial g : " — F, of degree d and

def

a line L & Loy, let g|p be the restriction of g defined as g|.(x) = g(ax + b) for

x € IF,. For two polynomials ¢, h we denote g = h if they are identical.

Definition 2.2.8 (Low Degree Test). The Low Degree Test takes as input the
value table of a function f : Fy' — Ty and for every (affine) line L of F7*, the
coefficients of a degree d polynomaial gr,.

The goal is to check that f is a degree d polynomial. The intention is that gy,
1s the restriction of f to the line L.

The test proceeds as follows:

1. Pick a random point x € F" and a random line L containing x.
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2. Test that gr(x) = f(x).

The following theorem can be inferred from Theorem 1 and Lemma 14 in

[AS03).

Theorem 2.2.9 (Soundness of Low Degree Test). There are absolute con-
stants 0 < c¢y,¢c9 < 1 such that for o aof 1/¢%, 1 o q, if [ Fy — F, passes
the Low Degree Test (Definition 2.2.8) with probability p, then there are | degree d

polynomials f*, f2,..., f' such that :

Ei[gL(as):f(x) & dje{1,2,...,1} : gLEfle] >p—0.

In words, whenever the Low Degree Test accepts, except with probability o,
the test picks a line L such that g corresponds to the restriction of one of the
polynomials f*, f2,..., f" to L.

We assume here that d < q (in our application, d < O(logq)).

2.2.4 Sum Check Protocol

We will also need the Sum Check Protocol for our PCP. Like the Low Degree Test,
the Sum Check Protocol [LFKNO92] is an essential ingredient of the original proof
of the PCP theorem. We start with some definitions, state the test and the main
theorem needed for our proof. Think of M = 2m and, hence, Ffl” =F' x F" in
the discussion below. Also one can think of d = 4m. We first need a notion of

partial sums of polynomials.

Definition 2.2.10 (Partial Sums). Let g : F)' — F, be a degree d polynomial.
For every 0 < j < M — 1 and every ai,as, ...,a; € F, we define the partial sum

Yai,a,....a; @S a polynomial from Fy — Fy as follows:
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def
gal,ag,...,aj<z) = E g(a17a27"'Jajaz7bj+27"'7bM)-
bjya,.,bare{0,1}

When 57 = 0 we denote the polynomial as gy. When j = M — 1, the summation
is gust g(ay,...,apr—1,%). Note that all the polynomials so defined are of degree at

most d.

Definition 2.2.11 (Sum Check Protocol). The Sum Check Protocol takes as
input a value table for a function g : IF(]]” — F,, a target sum ¢ € F, and for
every 0 < j < M — 1 and every ay,aq,...,a; € Fy, the coefficients of a degree d

polynomial pa; a,.,....a; -

The goal is to check whether Z g(z) = c. The intention
2€{0,1}M

is that g is a degree d polynomial and pa, a,,..a; correspond to partial sums of g

as in Definition 2.2.10. The test proceeds by picking x def (a1, a9,...,ap) € Fé‘/’

uniformly at random and accepts if and only if all of the following tests pass.

1. pp(0) +po(1) = c.
2' FOT all 1 S j S M - ]-) pal,az,...,aj_l(aj) - pal,az,...,a]- (O) +pa1,a2,...,a]-<1)'
3. pa1,a2,---,aM71(aM) = g(m)

We state the soundness of the Sum Check Protocol in a somewhat different

form that is convenient for us. The proof appears in Section 2.4.3.

Theorem 2.2.12 (Soundness of Sum Check Protocol). [LFKN92]
Let g, ¢%, ..., 4" : IF(]]VI — IFy be degree d polynomials and g : IFéW — [y an arbitrary

function. Suppose for every 1 < j <1, Z ¢’ (2) #c. Forx € F), let P(z) be
2€{0,1}M
the event that the Sum Check Protocol (Definition 2.2.11) accepts on inputs g, ¢
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and polynomials pg, as...q; for 0 <i < M — 1. Here x is the choice of randomness

-----

in the Sum Check Protocol.
Then

Pr [P(z) & 3je{l,....0} : g(z) =¢(x)] < Mdl/q

zeFM
In words, the probability that the Sum Check Protocol accepts when g is con-

sistent with one of g*, g2, ..., g' is at most Mdl/q where g', g2, ..., g" are degree d

polynomials whose sum is not the required value.

2.3 The Reduction

The following is the main theorem about the reduction and implies Theorem 1.4.1

via Theorem 2.2.6.

Theorem 2.3.1. Unless NP C DTIME(21°gO(1/€) "), MWSPP is hard to approz-

imate to factor glog' ~“n for an arbitrary small constant € > 0.

Towards the proof of this theorem, we will give a reduction from F,-QCSPP

to MWSPP. The reduction proceeds in three steps:

e Reduction from F,-QCSPP to a PCP with low query complexity (Section

2.3.1).
e Viewing the PCP as an HLCPP instance (Section 2.3.2).
e Reduction from HLCPP to MWSPP (Section 2.3.3).

Finally, we will complete the proof in Section 2.3.4 where the choice of parameters

is made.
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2.3.1 Smooth PCP with Low Query Complexity

Note that the F,-QCSPP instance given by Lemma 2.2.7 has almost all the vari-
ables appearing in every equation. For the reduction to MWSPP we require a
PCP where every test depends on a few variables. We will also crucially need
a smoothness property from the PCP similar to the one described for LCPP in
Section 2.1. To this end, we use the Low Degree Test of [AS03] and the Sum Check

Protocol of [LFKN92].

2.3.1.1 Describing the PCP

Let P be the instance of F,-QCSPP given by Lemma 2.2.7 over variables
{z1,...,2,}. Let m dof logn. Here we assume that n is a power of 2. We think
of the variables of P as being embedded into {0,1}™ within F;". Henceforth,
we will refer to the variables by their corresponding points in {0,1}™. Thus, an
assignment A : {0,1}™ — F, to the variables can be extended to a degree m
polynomial f : F;* — [, such that f is consistent with A on {0, 1}™.

Let the equations be Ey, ..., E, where each equation is of the form

E;=P(z1,...,2,) =C; = Z ci(s,t)zsz = C; = Z cilay, B)zazs = C;.
s,t€[n] a,p€{0,1}™
For an assignment A to {2 }acfo,13m, let fa denote the degree m polynomial en-
coding A. Now, checking whether an equation E; € P is satisfied by A amounts to

checking
> cilen B)fala) fa(B) = Ci.

a,B€{0,1}3™

Note that ¢;(a, 8) can be thought of as a degree 2m polynomial over ]Fgm and is a

37



part of the pre-processing.

The PCP we will construct expects the following tables:

1. Points Table: The value of a function f : F' — F, at every point in
Fy'. The intention is that f is a degree m polynomial which encodes a
satisfying assignment to P within {0, 1} i.e., for a satisfying assignment A,

f(a) = fa(a) for all @ € {0,1}™. The size of this table is ¢™.

2. Lines Table: The coefficients of a degree m polynomial gy, for every (affine)
line L of Fy'. The intention is that gy, is the restriction of f on L. The size

of this table is at most ¢*™ - (m + 1).

3. Partial Sums Table: For every equation E; € P, every 0 < 7 < 2m — 1
and every as,as,...,a; € F,, the coefficients of a degree 4m polynomial

Pi,a1,az,...a;- Lhe intention is that p; a4, q,...q, correspond to partial sums of g

(Definition 2.2.10) where g;(av, f) o ci(a, B) f(a) f(B) where

- (a1,...,a,) and 8 dof (@mat, - - -, Gom). Note that g; has degree at most

4m and the size of the j-th partial sum table is ¢ - ¢/ - (4m + 1).

PCP Test:
Pick equation FE; € P uniformly at random. Pick « o (a1, az, ..., an) € FY,
I53 aof (Qmi1, Gmioy - -+ Qom) € ;" uniformly at random. Let L be the line passing

through « and . Read the following values from the corresponding tables:
o f(a), f(B) € F, from the Points table.
e The polynomial gy from the Lines table.

e The polynomials p; 4, a,,..q; from the Partial Sums table for every 0 < j <

2m — 1.
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Acceptance Criteria for the Test:

Accept if and only if all of the following tests pass.

L. gr(a) = f(a) and g (B) = f(B).
3- FOI" au 1 S ] S 2m - 17 pi,al,az,‘..,aj,l(aj) = pi,al,ag,...,aj (O> +pi,a1,a2,...,aj<1)-

4. pi,a1,a27~--,a2m71(a2m) = Ci(av ﬁ)f((X)f(ﬁ)

Note that we allow arbitrary pre-processing on everything except {C;}." ;.

2.3.1.2 Completeness and Soundness of the PCP

We prove the following theorem here:

Theorem 2.3.2 (Low Degree and Sum Check). Let P be a F,-QCSPP instance.
Then

1. If OPT(P) = 1, then there is a PCP proof such that the Test succeeds with

probability 1.

2. If OPT(P) < k/q and k < q¢° for a small enough ¢, then the test succeeds

above with probability at most 1/q¢ for some constant e > 0.
The proof of the theorem follows from the following two lemmas.

lemma 2.3.3 (Completeness). If there exists an assignment A to {z1, ..., z,} such
that OPT(P) =1, i.e., Ey, ..., E, are all satisfied, then there is an assignment to

all the tables such that the test accepts with probability 1.
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Proof. We let f dof fa, 91 dof falr for all L, and for all i € [¢], 0 < j < 2m — 1,

and ai,...,a; € Fy,

def
Diay,..., aj — E hi(aly"'7aj7z)bj+2""7b2m>7

b]'+2 ..... b2m€{071}

where h;(z,y) is the polynomial of degree at most 4m representing

ci(x,y)fa(x)fa(y). It is clear that the test succeeds with probability 1. O

lemma 2.3.4 (Soundness). There is an absolute constant e > 0 such that if
OPT(P) < k/q and k < ¢° for a small enough c, then the PCP described above

has soundness at most 1/q°.

Proof. We first observe that Step 1 of the test is equivalent to running a low degree
test (Definition 2.2.8) on L and « with input tables g, and f respectively. This is
because the choice of 3 is independent of a and uniform in F". Let 0 < ¢j,cp <1
be the constants given by Theorem 2.2.9. Let f', f2,..., f be the list of [ % g2
polynomials promised by Theorem 2.2.9.

The following events can happen on a run of the PCP:

1. The Low Degree Test between L and « fails. That is, gz () # f(«). In this

case, the PCP does not accept.

2. gr(B) # f(B). In this case, the PCP does not accept.

3. The low degree test accepts (gr(a) = f(a)) but there is no 1 < j < such
that gr = f7|;. By theorem 2.2.9, this happens with probability at most

5L 1/q%.
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If none of the events listed above occur, then we have that g;, is the restriction
of f7 for some 1 < j < [. Also, since Step 1 accepts, we must have f(a) = f/(a)
and f(8) = f7(B).

Let E; be an equation not satisfied by any f7 for 1 < j < [. Note that Steps
5.8, 3 and 4 are equivalent to running the Sum Check Protocol (Definition 2.2.11)
on g; : F2™ — T, defined as g;(a, 3) o cila, B)f(a)f(B). g; has degree at most
Am. Let ¢/ (a, B) < (o, B) f7 () f1(B). Finally, for z € F2", let P;(z) be the event
that the Sum Check Protocol accepts.

Applying Theorem 2.2.12,

Pr [Pia) & 3jef{l....l} ¢ g2) = gl(a)] < (2m)dl/q

z€FZm
Thus, when none of the events in the list occur, the PCP accepts with prob-
ability at most (2m) - (4m) - [/q conditioned on choosing E;. Note that every f7
may satisfy at most k of the g equations.
Thus, the total probability that the PCP accepts is at most § + (1 — lk/q) -
O(m?l/q) and it is easy to check that by our choice of parameters this is smaller

than 1/¢¢ for some absolute constant e > 0. ]

2.3.2 PCP as Hyper-Graph Label Cover

It will be useful to think of the PCP as a graph labeling problem. The labeling
problem we consider is similar to the well-known LABEL COVER problem except

for the following differences:

e The graph is not bipartite but consists of several layers, with edges between

consecutive layers. In addition, there are hyper-edges which consist of several
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edges. The goal is to find a labeling which satisfies the maximum fraction
of hyper-edges, where the constraint corresponding to a hyper-edge is the

logical AND of the constraints corresponding to each of its edges.

e The constraints corresponding to edges are not projection constraints as in
the case of LABEL COVER, but the more general many-to-many constraints.
For an edge e = (u,v), a many-to-many constraint is described by an ordered
partition of the label set of u and the label set of v such that the constraint is
satisfied if and only if both u and v receive labels from matching partitions.
Formally, let e = (u,v) be an edge and [R,], [R,] be the label sets of vertices
u and v. Then the many-to-many constraint is described by a pair of maps
Te : [Ru] = [Re], 0c : [Ry] — [Re] where [R,.] is a label set associated to e. A

label [ to u and a label I’ to v is said to satisfy edge e if 7. (l) = o.(I').

We now formally describe the HYPER-GRAPH LABEL COVER problem. While
the term HYPER-GRAPH LABEL COVER can be potentially used for a more general
class of problems, in this thesis we restrict our attention to a very special class of

graphs useful for our reduction.

Definition 2.3.5. HYPER-GRAPH LABEL COVER PrROBLEM (HLCP)
An instance G(V, E, &, [Ry|, [R1], . . ., [Rom+1], {Te, Oc }ecr, {Sv, Svtver,) of
HLCP consists of:
o A graph G(V, E). The vertices are partitioned into 2m + 2 disjoint layers,
def

V=L UL U---ULogyuysi. The edges in E are always between a vertex in

L; and a vertex in L;y1 for some 1.

o Label sets [R;] for vertices in layer L;. Furthermore, for every vertex v € Ly,

there is a partition S, of [Ry] and an allowable set of labels S, € S,.

42



o A many-to-many constraint for every edge. Let e = (u,v) be an edge where
u € L;, v € Li1. The instance contains projections . : [R;] — [Re], o :

[Rit1] — [Re]. A labeling (1,1") to (u,v) is said to satisfy e if me(l) = o.(l').

o A set of hyper-edges £. FEvery hyper-edge consists of one verter from the
first 2m + 1 layers and two vertices from the last layer, such that there is an
edge between any pair of vertices in adjacent layers. A labeling to the graph

satisfies a hyper-edge if all the edges contained in it are satisfied.

The goal is to find a labeling to the vertices which satisfies the mazimum fraction
of hyper-edges. Vertices in L; are required to receive a label from [R;]. Furthermore,

vertices in Ly are required to receive labels from their allowable set.

We also define a pre-processing version of HLCP similar to the LCPP problem
of [AKKVO05].

Definition 2.3.6. HYPER-GRAPH LABEL COVER PROBLEM
WITH PRE-PROCESSING (HLCPP)

Given an instance G(V, E,E,[Ro], [R1], ..., [Rom+1], {Te, 0c}ecr, {Sv, Svtver,)
of HLCP, the HLCPP problem allows arbitrary pre-processing on all parts of

the input except the allowable sets {S,}ver,-

We will need a notion of smoothness similar to the definition of SMOOTH LABEL

COVER.

Definition 2.3.7. (Smoothness)
We say that an HLCPP instance
G(V,E,E,[Rol, [R1],- -, [Roms1], {Tes O tecr, {Sv, Sv}very) is 6-smooth if for every

0<i<2m,ue€Ll;l#!€l|R;] we have
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Pr [m(l) =m()] <o

e=(u,v)€E

Here v € L;y1 and (m,, 0.) is the many-to-many constraint associated to e.

Lastly, we will need that the hyper-edges of the graph are regular in a certain

sense.

Definition 2.3.8. (Uniformity)
Let G(V,E,E,[Ro), [Ri], - -, [Romt1)s {Te, Oc ecr, {Sv, Svtver,) be an HLCPP

instance. We say that the instance is uniform if the following conditions are sat-

isfied:

1. For every 0 <1 < 2m + 1, every vertex in layer L; has the same number of

hyper-edges passing through it.
2. For every 0 <1 < 2m, the following two distributions are equivalent:

e Select an edge between a vertex in layer L; and a vertex in layer L; 4

uniformly at random.

o Select a hyper-edge H € £ uniformly at random and then select an edge
from H between a vertex in layer L; and a vertex in layer L; 1 uniformly
at random. Recall that a hyper-edge contains exactly one edge between
layers L; and L;11 for 0 < 1 < 2m — 1 and two edges between layers

£2m and £2m+1 .

We next briefly describe how the PCP described in Section 2.3.1 can be thought

of as an HLCPP instance.
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e Layers L, and L,,,11: These are the Lines table and the Points table
respectively. There is a vertex L in Ly, corresponding to every line in F;".
There is a label to L for every possible univariate degree m polynomial over
F,. Hence, the number of vertices in La,, is at most ¢*™ and the size of
the label set for each vertex is Ry, = ¢™*!. There is a vertex o in Loy,41
corresponding to every o € Fi". There is a label a to « for every possible
a € [F,. Hence, the size of the vertex set in Ls,,11 is ¢"* and size of the label

set is Ropi1 = q.

There is an edge between L and « if the point a belongs to the line L. The

constraint between the two vertices corresponds to Step 1 of the PCP.

e Layers Ly through L£,,,: These are the Partial Sums table and the Lines
table respectively. For 1 < j < 2m — 1, there is a vertex corresponding to
(i,a1,aq,...,a;)in L; for every equation E; € P and every ay, as, ..., a; € F,.
There is a label to (i, a4, a9, ...,a;) for every possible univariate degree 4m

polynomial over [F,.

The layer corresponding to 7 = 0 is a special case since that is the only
layer with a partition on the label set for each vertex. For 7 = 0, there is
a vertex (i,()) corresponding to every equation E; € P. There is a label to
(4,0) for every univariate degree 4m polynomial over F,. Furthermore, there

is a partition of the label set into ¢ parts, indexed by F, as follows:
P, aof {all polynomials p of degree at most 4m

over F, such that p(0) + p(1) = a}.
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The allowable set of labels for every vertex corresponds to the part that

satisfies Step 5.8 of the PCP.

Thus, for 0 < j < 2m — 1, the size of £; is ¢ - ¢ while the size the label set

is RO = Rl — .. = Rmel = q4m+1.
For 1 < j < 2m — 1, there is an edge between a vertex (i, a1, az,...,a;_1) in
L; 1 and a vertex (i',ay, ay, ..., a}) in L£; if i =i and ap = aj for 1 <k <

J — 1. The corresponding constraints are given by Step 3 of the PCP.

There is an edge between vertex (i,as,as,...,Gm—1) in Lop_1 and vertex
L in L,,, if there is an a,, € F, such that for o def (a1,...,am), B dof
(@mi1,---,Gom), the line L passes through a and 5. The corresponding

constraints are given by Step 4 of the PCP. Note that Step 4 requires the
values of the function at points o and [ both of which lie on line L. Thus,

a label to L specifies the values of f at o and .

It can be checked that the constraints so defined are many-to-many constraints.*
Note that we allow pre-processing on everything except the allowable set of labels
for vertices in layer £y as required.

It can be seen that the HLCPP instance so constructed is 4m/g-smooth, since
no two distinct degree 4m polynomials over F, can agree on more than 4m/q
fraction of points in F,.

We record this identification of the PCP with an HLCPP instance as the

following theorem.

! Actually, the constraint between vertices in layers £s,,_1 and Ls,, is not many-to-many when
¢i(a, 8) = 0 but this happens for at most 2m/q fraction of vertices for every equation hence we
can afford to ignore these vertices and any hyper-edges containing them.
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Theorem 2.3.9. There is a reduction from an F,-QCSPP instance P over n
variables to an HLCPP instance
L= G(V7 E7 ga [Rﬂ]a [Rl]a ) [RZm—i-l]a {71'5, Ue}eEEa {Sva Sv}veﬁo) where m = log n,

such that
1. If OPT(P) =1, then OPT(L) = 1.

2. IfOPT(P) < k/q and k < ¢° for a small enough ¢, then OPT(L) < 1/¢° for

some constant e > 0.

Furthermore, the HLCPP instance L is (4m/q)-smooth (Definition 2.5.7) and
uniform (Definition 2.5.8).

2.3.3 Reduction to MWSPP

The reduction from HLCPP to MWSPP is very similar to the reduction from
LCPP to MWSPP described in [AKKV05].

Let G(V, E,E,[Ry], [R1], ..., [Roms1], {Tes e tecr, {Sv, Su}wer,) be an instance
of HLCPP. For each vertex v € V and each label [ to v we have a variable w,, ;.
We now describe the fixed linear forms By of the MWSPP instance. Below, €
denotes addition over Fs.

Vertex constraints:
LVI<j<2m+1, Vv € L), PByen,wor = 1.
2. Yv e Ly, VS €8,

@ww =1if S =5, and 0 otherwise. (2.1)
leS

Notice that only the r.h.s. depends on the input (which is S,).
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Edge constraints:
Let e = (u,v) be an edge where u € L;, v € L;1;. Let m. @ [Ri] — [Re],
0e : [Riy1] — [Re] be the projections describing the many-to-many constraint

associated to e. For every element a € [R.] we add the following fixed linear form:

@ Wy, = @ Wy, - (22)

le[R;]:me(l)=a l€[Ri41]:0c(l)=a
We now describe the variable forms B, for the MWSPP instance. Let g;
be the number of vertices in layer £;. Let ¢ dof ijg ! g;. For every layer L;,
0 <j<2m+1, every vertex v € £; and every label [ to v, we have the variable
form w,; repeated ¢/q; times. This completes the description of the MWSPP

instance. It remains to prove the completeness and the soundness of this reduction

which we do next.

2.3.3.1 Soundness of the MWSPP instance

Here we show that the MW SPP instance constructed has a large gap.

Theorem 2.3.10 (Reduction from F,-QCSPP to MWSPP). Let h be such that

1/(m3h)3™ > 1/¢¢ for large enough m and for some fived small constant e.

e Completeness: If P is satisfiable then the MWSPP instance constructed

in Section 2.3.3 has a solution of weight at most (2m + 2) - q.

e Soundness: If P is such that OPT(P) < k/q then the MWSPP instance

constructed in Section 2.3.3 has no solution of weight less than h-(2m—+2)-q.

Proof. Completeness. If the F,-QCSPP instance P is satisfiable then the

HLCPP instance has a labeling which satisfies all constraints (Theorem 2.3.9).
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For an MWSPP variable w,; corresponding to vertex v and label [ to v, we let
w,,; = 1 if v was assigned the label [ and 0 otherwise. It is easy to see that this

satisfies all fixed linear forms and gives a solution of weight

2m+41 2m+1
SN 1dfg =) g5 dfg;=(2m+2)-q.
J=0 veL, j=0

Soundness. In this case we are given that OPT(P) < k/q and, hence by
Theorem 2.3.9, any labeling to the HLCPP instance satisfies at most 1/¢¢ fraction
of the hyper-edges for some small constant e. The number of hyper-edges in the
instance is |[g] x F;* x F*| = ¢*™**. Suppose there is a solution to the MWSPP
instance of weight h-(2m+2)-¢ which satisfies all fixed linear forms. We will give a
(randomized) labeling to the HLCPP instance which in expectation satisfies more
than 1/(m3h)3™ > 1/¢° fraction of the hyper-edges, contradicting Theorem 2.3.9.

Let {w,,} be a solution of weight at most h - (2m + 2) - G. Call a label [ for
v nonzero if w,; = 1. (Note that our variables are allowed only 0/1 values.) We

know from our assumption that

2m—+1

Z Z Wy - q/q; =h-(2m+2)-q

7=0 UELJ‘,I

Let n, denote the number of nonzero variables for the vertex v. Then the above

can be written as
2m—+1

Z va/Qj =h-(2m+2).

7=0 UE,CJ'
Hence, for all j, > . ;M /q; < h-(2m + 2). Hence by Markov’s inequality, for
every 7, the fraction of vertices v for which n/ > m3h is at most h - (2m +2)/(m? -

h) < 3/m? for large enough m. We remove all vertices from the graph which have
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more than r % h - m3 non-zero labels. This removes at most 3/m? fraction of

vertices from each layer. Next, we remove all hyper-edges containing any vertex
removed in this step. To bound this number notice that our graph has the property
that number of hyper-edges per vertex of layer j is at most ¢*"*1/¢; (by Item 1
of the uniformity property: Definition 2.3.8). Since number of vertices removed
per layer is at most 3¢;/m?, the number of hyper-edges removed in layer j is at
most 3¢*™ ™! /m?. Hence, the number of hyper-edges removed overall is at most
3-(2m + 2)¢*™ 1 /m? < 9/m - ¢! for large enough m. Thus, the total fraction
of hyper-edges removed is at most 9/m which is negligible. Thus, we have an
HLCPP instance where every vertex has at most r non-zero labels and we wish
to satisfy more than 1/¢° fraction of the queries.

Labeling. We define a randomized labeling for the HLCPP instance: ran-
domly assign a non-zero label independently for each vertex. This is possible as
the sum (over Fy) of the variables corresponding to each v is 1 and hence not all
variables for a vertex can be 0.

The next claim shows that the expected fraction of hyper-edges satisfied is at

m

least r—3™ = (h - m3)~3™ which is larger than 1/¢¢ by our assumption.

Claim 2.3.11. Conditioned on the hyper-edge not being removed, the expected
fraction of hyper-edges satisfied by the randomized labeling defined above is at least

r=3" where r = hm?.

Proof of Claim. We first remove all edges e in the graph for which some pair of
non-zero labels map to the same label via the constraint associated to e. Formally,
let e = (u,v) be an edge, [ # I’ be two non-zero labels for v and (m,, o.) be the

maps describing the many-to-many constraint associated to e. We remove the edge
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e if m.(l) = m.(I"). Since the instance is 4m/g-smooth (Definition 2.3.7), taking
a union bound over all pairs of non-zero labels implies that the fraction of edges
removed in the graph is at most 4mr?/q.

Next, we remove all hyper-edges containing any edge removed in the previous
step. Using Item 2 of the uniformity property (Definition 2.3.8) and a union
bound, it can be seen that the total fraction of hyper-edges removed is at most
3m - 4mr?/q < 12m?r?/q, which is negligible by our choice of parameters. Thus,
we have an HLCPP instance where every vertex has at most r non-zero labels
and the many-to-many constraint maps all non-zero labels to distinct labels.

For a hyper-edge to be satisfied, its vertex in L, should receive a label from the
allowable set. By Equation (2.1), there is at least one non-zero label from this set.
Thus, with probability at least 1/r, we pick an allowed label for a hyper-edge.

For 0 < j < 2m, we will show that if we have assigned label [ to vertex u € L,
then the probability of assigning a consistent label to any of its neighbors in £,
is at least 1/r. By a consistent label we mean one which satisfies the constraint
on the edge.

Suppose we have picked a label [ for a vertex u € £;. We claim that the
left side of Equation 2.2 is 1, since there is no non-zero label [’ for u such that
Te(l) = me(I"). This means that the r.h.s. is also 1 (since the fixed linear forms are
satisfied). Hence there must be a non-zero label for v which satisfies the constraint
associated with the edge e = (u,v), and this label is assigned to v with probability
at least 1/r (over the random choice of a labeling). Hence, the constraint between
u and v is satisfied with probability at least 1/r.

This shows that for a fixed hyper-edge, the probability (over the randomized

2m+3

labeling) it is satisfied is at least ) which is the number of vertices in
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the hyper-edge. Thus, the expected fraction of hyper-edges satisfied is at least

r=(@m+3) > p=3m  This completes the proof of the claim. O

Noticing that by our choice of parameters 1/¢¢ < r~3™, we obtain a contradic-

tion. Hence, this completes the soundness proof and, hence, the theorem. O

2.3.4 Choice of Parameters and the Proof of Main Theo-

rem

Proof of Theorem 2.3.1. Let () be the F,-QCSPP instance given by Theorem
2.2.3 over n variables and k = poly(n) equations. We apply Lemma 2.2.7 to get an
F,-QCSPP instance over n variables and ¢ equations where ¢ L olog )@ e
then apply the series of reductions described in Sections 2.3.1, 2.3.2 and 2.3.3.

Let N be the size of the MWSPP instance constructed in Section 2.3.3. It
can be checked that N < ¢!%™ for large enough m, where m o logn. Hence,
N < ¢°¢’" for large enough n. We need m and h to satisfy

1psm = 1/p310en = 1/mapysm > 1/¢e. This is true if logh < 10849/10gn and logq >
lognloglogn and n is let to be large enough.

We set h & qlogﬁ". For a large enough positive integer D = 4/c, let ¢ be such

D+2

that log ¢ o log? n. Hence, log ¢ > log nloglogn. Moreover log N < log”™ n and

log h = log”~%n. This implies that

(D+2)(1—¢)

log ™ N = log n <logP’?n =logh

Finally, N < qugQ" = 2log?/In, Summarizing, our reduction is deterministic, the
hardness factor is 25" ¥ and takes time 218°"/9n and, hence, holds under the

hypothesis NP ¢ DTIM E(n's*"7 ), 0
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2.4 Omitted Proofs

2.4.1 F,-QCSPP is NP-complete

Theorem 2.4.1. For all ¢ = 2", there is a reduction from a 3-SAT instance of

size n to an F-QCSPP instance of size poly(n,q) which runs in time poly(n,q).

Proof. We reduce 3SAT to [F,-QCSPP. For this proof, it is convenient to view the
input for 3SAT in the following form: the input is (V, E), where V, E € {0, 1}™*"
and corresponds to a 3SAT formula ¢ = C; A - -+ A C,, with variables {z1,...,x,}.
Each row of V' corresponds to a clause C; and V;; is 1 if and only if z; appears in
C;. Thus, each row of V' has exactly three 1’s. The entry F;; is 1 if and only if the
variable x; appears as a negated literal in Cj.

Since 3SAT is in NP, for every n, there is a circuit C, which takes as input
(V, E) and an assignment a € {0, 1}", such that, C,(a,V, F) = 1 if a is a satisfying
assignment for ¢, and 0 otherwise.

Now we present the reduction, which is exactly the same as in Theorem 4.2 of
[AKKV05], except that we work over F, rather than Fy. Let (V, E) be the input
corresponding to a 3SAT instance ¢. We may assume that every gate in C, has
fan-in 2 and fan-out 1. For every bit in the input (a, V, E') to C,, there is a variable
in [F;: x; is supposed to be assigned the i-th bit of a, x;; is supposed to be assigned
Vij, while z7; is supposed to be assigned Ej;.

Associated to the output of the i-th internal gate? in C, is a variable z;. Further,
let 4o be the variable corresponding to the output gate which outputs whether an
assignment a satisfies ¢ or not.

The computation of any gate can be written as a quadratic polynomial (over

2A gate is said to be internal if its output is not an output of the circuit.
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Fy) in its inputs (call these z,2’) and output (call it z”): 2" = z2’ for an AND
gate, 2’ =14 (14 2)(1 + 2’) for an OR gate, and z” =1 + z for a NOT gate.

Note that Fy is a sub-field of F, since ¢ = 2" is a power of 2. Thus, each of
these equations can also be thought of as equations over IF, which gives the correct
result when both the inputs are in [Fs.

We write such an equation for every gate in C,. Each equation is of degree at
most 2 and has at most 3 variables. Note that every such equation depends only
on the description of C,. Finally, we add the additional set of equations 3y = 1,
xij = Vij, x;j = F;; and x? = x;. Hence, we get a F,-QCSPP instance over the set

of variables:

{z; i€ n|fU{z;:ie[m],jeniu
{z; i€ m],jen]fu{z:1<i<size(Cn)} U{yol-

Notice that C, can be generated by a polynomial time algorithm which is given
as input 1". Hence, this reduction is a polynomial time reduction.

We claim that this quadratic system has a solution (over F,) if and only if ¢
has a satisfying solution. The corresponding claim when all variables take values
in [y follows by construction. Finally note that we have restricted all satisfying
inputs to F5 because of the constraints sz = ;.

The reduction described above gives constraints which are of degree at most 2,
but not homogeneous. This is easy to fix by introducing an auxiliary variable z
and adding the constraint zpzp = 1. We then multiply all terms of degree less than
2 by 2.

This completes the proof of the lemma.
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2.4.2 Boosting Soundness through Codes
We first need some basic definitions.

Definition 2.4.2. Codes: A matriz C € IE‘Z”X’“ 1s said to be a generator of the
linear code {Cx : & € FE} with distance 1 — 8 if for any x # y € Fi, C(x) and

C(y) agree on at most dm co-ordinates.

fact 2.4.3 (Reed-Muller Codes). For any q, let F, be the field over q elements.
There is a family of linear codes with generator matrix C) € ]Fng with distance
1 —k/q. These are the so called Reed Muller codes over F,, where the message is
thought of as the coefficients of a degree k — 1 polynomial and the codeword as the

evaluation of this polynomial on all the points in IF,.

lemma 2.4.4. Let Q be an instance of F,-QCSPP over n variables and k =
poly(n) equations, for any q = 2". There is an instance P of F,-QCSPP over the

same set of variables and q equations such that:
o I[fOPT(Q) =1 then OPT(P) =1 and

e ifOPT(Q) <1 then OPT(P) < k/q.

2.4.3 Sum Check Protocol

Theorem 2.4.5 (Soundness of Sum Check Protocol). [LFKN92]
Let g',¢%,....g" : F} — F, be degree d polynomials and g : F) — Fy an arbitrary

function. Suppose for every 1 < j <, Z ¢’ (2) #c. Forx € Fé”, let P(x) be
z2€{0,1}M
the event that the Sum Check Protocol (Definition 2.2.11) accepts on inputs g, ¢
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and polynomials pg, as...q; for 0 <i < M — 1. Here x is the choice of randomness

77777

in the Sum Check Protocol.
Then

IJE?]’F% [P(z) & Fje{l,....0} : g(z) =¢(x)] < Mdl/q

In words, the probability that the Sum Check Protocol accepts when g is con-
sistent with one of g*, g2, ..., g' is at most Mdl/q where g', g2, ..., g" are degree d

polynomials whose sum is not the required value.

Proof. We will prove the theorem by induction on M. The Steps in the discussion
below refer to the Sum Check Protocol (Definition 2.2.11).

Base Case: M=1 We consider two cases:

1. pp = g% for some 1 < 5 < [. In this case Step 1 fails by our assumption on
g

2. pp # g% for all 1 < 7 <. In this case,

Procr, [P(z) & 3je{l,....0} : g(z) = ¢'(x)]

< Prer, [9(z) =pp(z) & Fje{l,.... 1} : g(z) = ¢ (2)]
(Since Step 3 accepts)

= Prer, Fie{l,....1} 1 pplz) = gj(x)]

< ld/q

The last inequality uses the fact that any two distinct degree d polynomials

can agree on at most d/q fraction of the points followed by a union bound.
Inductive Case: M = N We again consider two cases as before:
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1. pp = g% for some 1 < 5 < [. In this case Step 1 fails by our assumption on
7.

2. py # g% for all 1 < j <. In this case, the fraction of points a € F, such that

S Glabs,....by) = pla) (2.3)

ba,...by€{0,1}
for some 1 < j <[ is at most ld/q.

Note that for a fixed a € IF;, Steps 2 and 3 are equivalent to running the

Sum Check Protocol for checking

Z gla, by, ... .bn) =

b2,...by€{0,1}

where ¢ & po(a). For x € F)Y~', let Py(x) be the event that this protocol

accepts.

If Equation 2.3 does not hold for any 1 < j <[ then we can use the inductive

assumption to get

Pr [Pu(z) & Fje{l,....0} : gla,z) = ¢'(a,z)] < (N —1)dl/q

xGIFéV_l

Thus, the total probability of acceptance is at most ld/q + (N — 1)dl/q <
Ndl/q.
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Chapter 3

Hardness of pricing Loss Leaders

In this chapter we will prove Theorem 1.4.2, Theorem 1.4.5 and Lemma 1.4.3. In
the next section, we give an overview of our proof for Theorem 1.4.2 and Theorem
1.4.5. In Section 3.2 we formally define the problems and introduce some notation
and tools that will be useful for the rest of the chapter. We restate and prove
Lemma 1.4.3 in Section 3.2.5, Theorem 1.4.2 in Section 3.3 and Theorem 1.4.5 in

Section 3.4.

3.1 Overview of our proof

In this section, we give a high level overview of our proof. We assume some famil-
iarity with the proof of MAX 2-LIN, in [KKMOO07] and MAX 3-LIN, in [Has01].
Since the approximability of HIGHWAY PRICING is equivalent to that of VER-
TEX PRICING, on bipartite graph, we would only describe our proof for VERTEX
PRICING, and VERTEX PRICINGs;.

The work of [KKMOOT7] establishes a connection between “Dictator Test” and

“Hardness of approximation” of CSPs assuming the UNIQUE GAMES CONJEC-
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TURE. The pricing problem can be viewed as a CSP with a generalized payoff
function. Therefore, our hardness results for the VERTEX PRICING is based on
building a proper Dictator Test. In addition, for the VERTEX PRICING3 problem,
since our result only assumes P# NP, we need to combine the Dictator Test with
a PCP construction that Hastad uses to obtain the NP-hardness result for MAX
3-LIN, [Has01].

Roughly speaking, a Dictator Test for VERTEX PRICING is just a instance of the
VERTEX PRICING problem defined over the vertex set Fy where n is thought of as
a large number. A pricing to these items is as a function defined over f: Fy — R.
A Dictator function is functions that only depend on one of its coordinates. The

Dictator Test is a VERTEX PRICING instance with the following properties:

e (completeness) There exists some one dimensional real function h : R — R

such that f(z) = h(z;) has a high profit ¢ for every i € [n].

e (soundness) Any function that depends on a lot of its coordinates will have

at most profit s.

By the reduction in [KKMOOQ7], a Dictator Test with above property would estab-
lish that it is UG-hard to distinguish whether a given instance of vertex pricing has
profit above ¢ or below s (which implies a s/c hardness of approximation result).

For example, to construct a Dictator Test for VERTEX PRICING, under the
coupon model, it is enough to specify a distribution over z,y € Fy,b € R*. Here
we add a customer interested in x, y with budget b and the weight is the probability
mass on (7,y,b). The profit of the price function f : F} — R can be written as
E. o[1(0 < f(z)+f(y) <b)-(f(z)+ f(y))], where I(w) is the indicator function of

the boolean condition w. The main task is to construct such a distribution which
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has a good profit for dictator functions and has a low profit for all functions that

depend on a lot of coordinates.

3.1.1 The Dictator Test for Vertex Pricing,

The Dictator Test for VERTEX PRICING, is, in a sense, similar to the Dictator
Test that is used in [KKMOO7] to obtain a hardness result of MAX 2-LIN,. MAX
2-LIN, is a problem of solving a linear system over Z, where each equation only
depends on two variables. The main construction of the Dictator Test (as a instance
of Max 2-LIN, over ' ) is described as follows: choose x to be uniformly random
from F and y is generated by adding “e noise” as follows: for every i, y, = x;
with probability 1 — € and y; is set to be a random element in Z, with probability
€. Then the Dictator Test will add a equation f(x) — f(y) = 0.

Since our objective function is of the form 7(0 < f(z)+f(y) < b)-(f(z)+f(y)),
we first construct @ uniformly random from [¢]" and y, = [b — x;], where budget
b is randomly chosen from 2,4,8,...,2% where k := log,/g. We add 2*/b edges
between x and y. Notice that if we use the Dictator price function f(x) = x; —
q/2 and f(y) = y; — q/2, then with probability at least 1 —1/,/q > 1/2, we
have f(x) + f(y) = b. Therefore, the profit of the dictator function is at least
1/2-1/k- 328 2F/21 = Q(2).

On the other hand, we manage to show that functions that depend on a lot
of coordinates cannot have a profit significantly better than the constant price
function that assign the same price to every item. It is easy to verify that for
any constant price function, the profit on the above instance is at most O(2%/k).
This gives us a Q(log ¢) gap between the profit of Dictator function and functions

that depends on a lot of its coordinates. Note that ¢ can be an arbitrarily large
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constant in this construction.

Technically, the main body of the proof is to show that functions that depends
on a lot of coordinates behave like constant functions. We use the general approach
of [KKMOO7]. For simplicity, suppose the pricing function is integer valued f :
Fy — [q] and suppose we have a customer interested in xz, y with budget ¢, then the
profit can be written as > o, ;i< (i +7) fi(x) f;(x). One of the difficulty we face is
that there can be Q(¢?) terms in the sum while the analysis in [KKMOO07] usually
generate x,y with noise rate € and this would bound the sum by ¢*>~¢. To see why
this is the case, let us recall how the analysis in [KKMOO7] proceeds. The goal is
to show that functions which depend on many coordinates satisfy a small fraction
of equations in the MAX 2-LIN, instance. This is achieved by writing the fraction
of equations satisfied by a function f in terms of its Noise stability, and using the
invariance principle of [MOOO05] to show that if f depends on many co-ordinates
then the Noise stability of f is essentially the same as the Noise stability of a
related function f which takes as input gaussian random variables rather than F-
valued random variables. It is known by a result of [Bor85] that the function f for
which the noise stability is maximum in the gaussian domain is the half-space with
the appropriate measure, and [KKMOOQ7] use estimates about the noise stability
of this function to prove their result.

We follow the same approach as [KKMOOQ7] of writing the profit in terms of the
Noise stability of the pricing function. It turns out that if the noise is small then
the expression for profit is quite large when written for the half-space function
in the gaussian domain. Our main technical contribution is to get around this
issue by introducing a large noise (1 —o(1) noise) and carefully analyzing the noise

stability of pairs of half-spaces in the gaussian domain (Lemma 3.1.4).
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Another technical challenge in our proof is that we need our hardness result
hold even for VERTEX PRICING; on bipartite graph, therefore we use a bipartite

version of the invariance principle due to [DMR09].

3.1.1.1 Main Technical Lemma

Here we state the main technical lemma used in the reduction for

VERTEX PRICINGs.

Definition 3.1.1. Let ¢ be the probability density function of the standard gaussian

i.e. (t) := \/%76_9/2.

Definition 3.1.2. Let N be the cumulative distribution function of the standard
gaussian i.e. N(t) = / ¢(z)dz. Equivalently, N(t) := Pr[X > t] where X is a
t

standard gaussian random variable.

Definition 3.1.3. (Gaussian noise stability of half-spaces) A,(u,v) = Pr[X >
t and Y > s| wheret := N~*(n), s := N"Y(v) and X, Y are standard Gaussians

with E[XY]| = p.

lemma 3.1.4. Let 1/(qlogq) < u <1, p < (logq)~/2+9 k <logq and

{v1,vo,..., v} be such that Zle v; < 1. Then for q large enough,

3.1.2 The Dictator Test for Vertex Pricings

Our construction for the VERTEX PRICING; is based on Hastad’s seminal result of

Max 3-LIN, [Has01] and a Dictator Test for VERTEX PRICING; that is previously
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introduced in [Wull]. Hastad essentially construct “Matching-Dictator Test” on
two functions for f: Z — Z,, g: ZL — Zy and w: L — K. The test is defined by
a distribution over x € ZJ,y € ZL, z € Z. with the check f(z)+ g(y) + g(2) = 0

mod ¢. Hastad’s Test has the following completeness and soundness promises:

o If f(x) = x; and g(y) = y; such that n(i) = j, then f and g passes with

probability 1 — e.

e If f and g are far from being a pair of matching dictator functions, then they

behave like constant functions.

Our proof essentially use the same distribution of z,y, z and add L\/GJ buyers
such that they are interested in z,y, 2@, |¢/t] - (1,1,...1) with budget ¢/t for every
t € |\/q]. It is easy to verify that for every i € [¢] and f(z) = z; — ¢/3,9(y) =
y; — q/3 would have log ¢ times more profit than setting f, g to be a constant. The
main body of the work is to show if f, g are far from being “matching” dictator
functions” , then they just behave like being constant functions.

Notice that in [Wull], the author manages to construct such a test for K = L
and f = g, which suffices to give a hardness result assuming the Unique Games
Conjecture. Technically speaking, in [Wull], the author used the invariance prin-
ciple [MOOO5] to analyze the profit of functions that depends on a lot of coor-
dinates. However we can not use the invariance here directly partly because it
requires pairwise independent distributions. Also the projection instead of bijec-
tion in our test make it hard for us to use the same analysis. We also found it
hard to directly use the Fourier Analysis with complex function basis by which
Hastad proved the hardness result for MAX 3-LIN,. This is because our objective

function is less symmetric compared with the objective function of Max 3-LIN,.
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Instead we use the Efron-Stein Decomposition combining with a Hastad style de-
coding. Such a proof also avoid the use of the “invariance principle” which we
view as a simplification of the proof in [Wull]. Our proof is inspired by a re-
cent work [OWZ11] which also uses the same method to generalize Hastad’s MAX

3-LIN, result to the integer domain without using the complex Fourier analysis.

3.1.3 Open problems

We show that GRAPH VERTEX PRICING and HIGHWAY PRICING are UG-hard
to approximate to any constant factor under the Coupon model. It would be
interesting to prove a similar result for the discount model. Our techniques fall
short of achieving this because of the necessity to introduce very large noise as

explained in Section 3.1.1.

3.2 Preliminaries

In this section, we formally define all the pricing problems and some notation used

frequently throughout the chapter.

3.2.1 Notations
For g being a positive integer, we define:
o Z,: theset {0,1...,q—1}.
e [z],: the remainder of x divided by ¢

e @, addition of integers (or integer vectors) modulo g¢.
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e For any statement w, I(w) — {0, 1} is the indicator function of whether w is

correct (when I(w) = 1) or not (when I(w) = 0).
o |z|: for any x € R, |z is the largest integer less than or equal to .

o [z]: for any z € R, [z] is the smallest integer greater than or equal to x.

3.2.2 Problem Definitions

Definition 3.2.1 (VERTEX PRICING). An instance
I(G(V,E), {b. | ¢ € B}, {w, | ¢ € E})

of VERTEX PRICING is characterized by a multi-hypergraph G(V, E). Here each
vertex corresponds to an item and each hyper-edge corresponds to the bundle of
items a customer is interested in. For each edge e € E, there is an associated
budget b, > 0 and a weight w.. When G is a k-hypergraph, we call the corresponding

problem VERTEX PRICING.

The goal is to find a pricing function f : V' — R so as to maximize the profit.
As we have discussed, there are mainly two kinds of profit models considered
previously. The first profit model is the discount model. Given a vertex pricing

instance Z(G(V, E),{b. | e € E},{w. | e € E}) and a price function f: V — R:

Definition 3.2.2 (profit under the discount model).
profitz(f) = > I (f(e) <be)we- f(e)

where f(e) = .. f(v).
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Under the above model, the seller may lose money to the buyer when
Y vee f(v) < 0. The coupon model assumes the seller would have at least profit 0

from each buyer.

Definition 3.2.3 (profit under the coupon model).
profit7(f) =) 1(0 < f(e) <b.)-w. - f(e)

where f(e) = .. f(v).

Now given a vertex pricing instance Z(G(V, E),{b. | e € E},{w. | e € E}), we
can study the problem of maximizing the profit under the following three settings.
The first one is the widely studied one when the seller want to price each item

with a positive profit margin:
Definition 3.2.4. (Positive price model) Opt(Z) = maxy.y_g+ profit;(f).

When we allow a real-valued price function, we can maximize the profit under

either the coupon or discount model.

Definition 3.2.5. (Discount Model) Opt”(Z) = max;.;_,g profit;(f).

Definition 3.2.6. (Coupon Model) Opt®(Z) = max;.y_,g profit; (f).
We also consider the following HIGHWAY PRICING problem.

Definition 3.2.7 (HiGHwAY PRICING). Let V = {0,1,2,...,n}. G is an n-
edge line with e; = (i — 1,4) fori = 1,2,...,n. We are given a set of intervals
I, Iy, ... 1, where each interval is specified by I; = [s;,t;] for sj,t; € Vwith an
associated budget b; and weight w;. The goal is to properly price each e; with a

price function p : [n] — R so as to maximize the total revenue.
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The item of the HIGHWAY PRICING problem is the segments of a line graph.

Alternatively, we can think of the problem as finding a function that assign a price

on f:V — R and the toll on {4,7 + 1} is defined as p(i) = f(i + 1) — f(3).

3.2.3 Gaussians

lemma 3.2.8.

N (1) = ©(+/log(1/1))

Proof. Let t = N7'(u1). Use the well known fact that N(t) ~ ¢(t)/t along with
the definition of ¢ and N(t) = p. O

3.2.4 Tools from Discrete Fourier Analysis

We recall some standard definitions from the discrete Fourier analysis (see, e.g.,
[Rag09]). We will be considering functions of the form f : Z7? — R. The set of all

functions f : Zj — R forms an inner product space with inner product
(f.0)= B [f(@)- gla)

where @ ~ Z7 means that x is chosen uniformly at random from Zj. We also
write || fll2 = \/(f, f) as usual.
The following Efron—Stein decomposition theorem is well-known;

see e.g. [KKMOOT7].

Theorem 3.2.9. Any f : Z7 — R can be uniquely decomposed into sum of func-
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tions

where
o f9(x) depends only on xg = (v;,i € 9),

e for every S C [n], for every S" such that S\ S" # 0, and for every y € Z7, it
holds that

B[/*(2) s = ys] = 0.

We also need define the noise operator as follows:

Definition 3.2.10. Forx € Zy, we define random variable y ~, x if y is generated
as follows: for each coordinate i € [n|, independently we set y, = x; with probability
p and uniformly random in [q] with probability 1 — p. For functions f : Zy — R,

define the noise operator T, to be

Definition 3.2.11 (influence). For function f : {—1,1}" — R, we define the

influence of the i-th coordinate Inf; f as

Inf,f =) |73

531

Definition 3.2.12 (low-degree influence). For function f : {-1,1}" — R, we

define the k-degree influence of the i-th coordinate Infff as
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Infff = Y |93

534, |S|<k

Following facts are well known.
fact 3.2.13. |7, £5]13 = o] £5])3.

fact 3.2.14. For [ . Fy — F,

[Z Inf,(T,_, ) < 1/n.]

fact 3.2.15. For f:Fy — F,

[Z Infj(f) < k]

Definition 3.2.16. For a function f : Fy — F, and a € Fy, let f*: Fy — R be
defined as f*(z) =1 if f(x) = a and f*(x) := 0 otherwise.

Definition 3.2.17. The noise stability of f and g at p is defined to be S,(f, g) :=

<f7 Tpg>

Theorem 3.2.18. [DMR09]

Fiz g > 2 and 0 < p < 1. Then for any § > 0 there is a 7 = 7(p,0,q) > 0
small enough and k = k(p,d,q) large enough such that if f,g : [q]" — [0,1] are
any functions satisfying E[f] = p, Elg] = v and min(Inf¥(f), Inf¥(g)) < 7 for all

1=1...n, then
So(f;9) < Ap(p,v) +6
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3.2.5 Proof of Lemma 1.4.3

In this subsection, we restate and prove Lemma 1.4.3 which states that the ap-
proximability of HIGHWAY PRICING is equivalent to that of VERTEX PRICING,

on a bipartite graph.

lemma. (Restatement of Lemma 1.4.3) Consider the profit mazximization prob-
lem under the coupon model. If VERTEX PRICINGy on bipartite graph is hard to
approximate to factor o, then HIGHWAY PRICING problem is also hard to approz-

imate to factor a under the coupon model.

Proof. Let Z(G(V,E),{b. | e € E},{w. | e € E}), V := V, U Vg be an instance
of VERTEX PRICING, and assuming that G is a bipartite graph. We construct
an instance of HIGHWAY PricING J(G(V, E),{b. | e € E},{w,. | e € E}), V :=
Vi, U Vg as follows.

The vertex set remains the same. We align all the vertices in V, to the left of
the vertices in Vx in a line. Then for every edges e = (v1,v2) in Z, we also add a
driver interested in the interval between v; and vs.

We claim that Opt*™(Z) = Opt™(J). This is because if f; : Vo — R, fg :
Vr +— R is a pair of pricing functions for Z then (—f7, fr) is a pair of pricing
functions for 7 such that profit] (fr, fr) = profit’,(—fi, fr), and the argument

is reversible. O

3.3 UG-hardness of Graph Vertex Pricing

In this Section we prove Theorem 1.4.2; restated below.

Theorem. (Theorem 1.4.2 restated) GRAPH VERTEX PRICING under the coupon
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model is UG-hard to approximate to any constant factor, even when the graph is

bipartite.

In the next subsection, we state and prove the main technical lemma used
in our proof. In Section 3.3.2 we describe our dictatorship test and prove its
completeness and soundness. Finally in Section 3.3.3, we compose the dictatorship
test with UNIQUE GAMES to obtain our final reduction. Theorem 1.4.2 follows

from Theorem 3.3.6.

3.3.1 Main technical lemma

lemma 3.3.1. Let 1/(qlogq) < u <1, p< (logq)~/**9) k <logq and

{v1,v9, ..., v} be such that Zle v; < 1. Then for q large enough,

Proof. Fix 1 < i < k. Let t := N~ Y(u), s; := N} (;) and (X,Y) be standard
Gaussians with E[XY] = p.

Ay(p,v) = PriX >t Y > s
= Pr[Y > s | X >t]-Pr[X > {]
= pu-PrlY >s | X >t
< p-(PrlY > s | X €[t,2t]] + Pr[X > 2t | X > t])

Using N(z) ~ ¢(z)/x and N(t) = p we get

Pr[X > 2t | X >t] = O(p?*log(1/p))
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D A(v) <> - (Pr[Y > s | X €[t 2] + Pr[X > 2t | X > t))
= - O(u*log*(1/p)) +Zu~Pr[Y > s | X e[t 21]]
= O(p)+p- Y Pr[Y >s; | X € [t,21]

Thus, it suffices to show that Zle PrlY > s, | X € [t,2t]] = O(1). Let Z be a

standard gaussian independent of X. For a fixed 7 we have,

PrlY > s; | X € [t, 2] PrjpX + /1 —p*Z > s; | X € [t,2t]]

< PH{Z > (s 20)/v/T— 72
< Pr[Z = si = (2pt/\/1 = p?)]
< Pr[Z > s; — 4pt]

where we used p? < 3/4.

Using Fact 3.2.8 we have t = O(+/log(1/u)) = O(y/Tog q). Since
p < (log q)~(1/2%9) we have that 4pt = O((log q)~°).

Now Pr[Z > a—b] < Pr[Z > a]+bp(a—b). Also, p(a—b) = 1/y/2me(+-0*/2 =
O(e=®/2 . ¢7P/2 . ¢ = O(¢(a) - ¢®). Thus, Pr[Z > s; — 4pt] < Pr[Z > s;] + pt -

B(s;) - Ot <y + pt - P(s;) - OB D %) We consider two cases.

o If s; < (logq)¥/?, then pt-p(s;)-eC1B D5 < pt.-O(¢(s;)) = pt-O(s;N(s;)) =
O((log q)~visi) = O(vy).

o If s5; > (logq)/?, then v;+pt-¢(s;)-eC18D ) < O(¢(s;))+O(pt-¢(s;)-e%) =
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=) — (=005 )y,

Putting everything together we have,

k
> PrlY > s | X €[t 2t]]
iil
< Z Pr[Z > s; — 4pt]
i=1
= Y PZ>s—Ap]+ > Pr[Z>s;— 4pt] (3.1)
i:s;<(log q)¢/2 i:s;>(log q)¢/?
_ Z O(l/,-) + Z 0(6—9((10gq)5))
i:s;<(log q)¢/2 i:s;>(log q)¢/?

i:5;<(log q)</?

where the last line uses k < log ¢ and Zle v; < 1.

3.3.2 Dictatorship Test

We will create an instance of GRAPH VERTEX PRICING where the vertex set
consists of two disjoint hypercubes L, R where L = R = F}. The instance will
have the property that dictator pricing functions have good profit in the coupon
model. On the other hand, if there is a pair of pricing functions f; : L — R,
fr : R — R which has sufficiently high profit then we will show that f; and fr
have a common influential co-ordinate.
Formally, we will describe the GRAPH VERTEX PRICING instance

Z(G(V,E),{b. | e € E},{w. | e € E}) where V = LUR as above and F is given by

the randomized procedure in Figure 3.1. The weight w, of an edge e corresponds
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Figure 3.1: Dictatorship test for GRAPH VERTEX PRICING

1. Generate x € F uniformly at random and @’ ~, & where p := (log q)~%3.

2. For j € [logq], let y/ € [Fy be defined as Yyl = (27 — x),, where 2 =
(2,..., 2} eF.

3. Add t/27 hyper edges between (x,y%) each of budget 27 for every j €
{1,2,...,k} where k :=logt, t :== /q.

to the probability with which it was generated. Note that the total weight of all
edges is at most 2t.

For & € F}, we will denote by @, as its copy in L and xp as its copy in R.

Theorem 3.3.2. The following holds for the dictatorship test described above:

e Completeness: Let f: LUR— R be of the form

f(xr) = f(xr) = x;

for some i € [n] then profitf (f) = Q(ptlogt) = Q(t(logq)'/?)

e Soundness: Let fr : L — R, fr: R+— R. Then there is a T = 7(q) small

enough and k = k(q) large enough such that if

min(Inf; (f.), Infj (fr)) <7

for all i € [n] then profitf (f1, fr) = O(t)

Proof. Completeness: Let f(xy) = f(xr) = x;. For a hyper edge e, let f(e) :=
fyr) + f(zL).
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profit} (f) = Y I(0< f(e) <b.)-w.- f(e)

= E D I0<yl+a, <)
x,x'~px =

(Yl + ) -t
9

Now note that y/ + x; € {27,27 + ¢}. Furthermore, whenever ; > 27 it holds
that y’ +x; = g+27. This happens for all j with probability at least 1 —t/q > 1/2
over the choice of ®. With probability at least p over the choice of @', we have
x! = x;. Thus, with probability at least p/2 we have y/ + ! = 27.

Thus, profit} (f) > Q(ptk) = Q(ptlogt) = Q(t(logq)'/?) .

Soundness:

For a hyper-edge e, let f(e) := f(yg) + f(zL).

We first show that it suffices to work with [Fj-valued pricing functions.
Definition 3.3.3. (F,-valued pricing)

Let Z(G(V,E),{b. | e € E},{w, | e € E}) be an instance of VERTEX PRICING
or HIGHWAY PRICING. For a function f : V — F,, the price for an edge e € E
is defined as f(e) == (. [(v))q- Given the price of each edge, profit;(f) and

profit} (f) are defined in the usual manner.

lemma 3.3.4. Let f} := |fr], fr = |fr] then

profit] (fy, fi) < profit} (/1. f) +2+ 3 w, = profit} (f1. fo) + O(1)

ecE

Proof. Let f'(e) := fr(y) + fL(x)
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For every edge e € E, f'(e) < f(e) < f'(e) + 2. Thus,

profit (fr, fr) = >, 1(0< f(e) <be.)-we- fle)
2210 < f'(e) <be) - we - (f'e) +2)

< profity (f1, fo) + 2 Xecpwe

IN

]

lemma 3.3.5. Let f1, fr be integral pricing functions for the instance given by the

dictatorship test, and let f} := (f1)q, fr = (fr)q. Then

profit] (f, fr) < profit} (], fr) + profit; (f; — ¢, f7)

Proof. Fix an edge e = (x,yr) with budget b.. f gets a non-zero profit on e if
and only if 0 < f(e) < be. Since fr(y) + f1.(x) = (fr(y) + fr(x)),, we must have
fr() + fr(®) € {f(e), f(e) + ¢} In either case, one of (fL, fx) and (f1 — ¢, fz)

has the same profit as f on e, which immediately implies the lemma.

Thus, it suffices to prove the soundness for fr, : L — Fy, fr: R — F,.

We now arithmetize the profit.
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profit; (., fr)

= Z we - f(e)

e€E: O<f(e)<b

= E ZIO<fR )+ fula) <)

Lj=1

k
) b )
= B XY s s O

J=1 0<b+a<27

S o ) (@) P

(fr(y?) + (@) - t]
2i

Let g; : FI' — F, be defined as g;(x) := fr(y’) where g’ is as in Step 2 of the

Test. It is easy to see that E[gf] = E[ff] for all @ € F,. This gives,

(b+a
profit; (fr, fr) =1t- Z Z fLagJ Y )

§=1 0<bt+a<2i

For l € {1,2,...,k} Let

Fi@) = Y g

b2l 1 <bta<2!

Equivalently, F*,(x) = 1if 27! < g;(x) + a < 2" and 0 otherwise.

It is clear that S.F  E[F W] < 1. Also, for every [, E[F}] is independent of
j since E[g?] = E[f?] is independent of j for each b € F,. Let pu* := E[ff] and
v = E[F]].

Note that Inff(Fj‘fl) < Inff(fr) < 7 for all i € [n]. Similarly, Inf?(f¢) <
Inff(f,) <.

We thus have,
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IN

IA

IN

IN

IN

IN

pI‘Oﬁt%r(fL fr)

tZ > SlfEg) ;‘a)

] 1 0<b+a<2J

t- ZZZS va 3123

]1&6Fll

ko j !
a a 2
t-Zaqu ZZA,)(,U V) )2—] +o(1)

j=1 I=1

(Choosing § = (tgk*)~! in Theorem 3.2.18)
: B

t- Zaqu ZAP(Mav Vla> Z 2_J + 0(1>
=1 i=l

k
2t e, > Mo 1) + o(1)
=1

Ay (i, v})

—

20 ) R > (qlog )

M?r

+2t - Zaqu wa<(gqlogqg)~! Ap(:uaa Vla)

—

1

Ay (p®vp)

Mw

2t - ZaEFq:HaZ(qugq) '
l

+2t - Zaequ pa<(qlogq)~*

1

a

1

M?r

—

1

Ay (p®, i) + O(t) (Using k < log g)

Mpr

2t - ZaEFqiﬂaz(qlogq) '

—

1

2t - Zaqu () + O
O(t)

(Using Lemma 3.3.1)
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Figure 3.2: Reduction from UNIQUE GAMES to GRAPH VERTEX PRICING

1. Pick a random edge e = (u,w) € E'.

2. Generate ¢ € F? uniformly at random and ' ~, & where p := (log ¢)~#/¥).

3. For j € [logq], let 3/ € F? be defined as y/ := (27 — x),, where 2 =
{27,...,27} € Fn.

4. Add t/27 edges between ((u, '), (w, muw(y?))) each of budget 27 for each
Jj€{L,2,...,k} where k :=logt, t := \/q and 7(2) := (Tr), Try, - -, T, )-

3.3.3 Reduction from Unique Games

Given a bipartite UNIQUE-GAMES instance U(G' (U, W, E'), [n], {7 }ecr) We create
an instance of GRAPH VERTEX PRICING Z(G(V, E),{b. | e € E},{w. | e € E})
where V = U x Fy UW X Fj and E is defined by the randomized procedure in
Figure 5.4.2. The weight w, of an edge e € E corresponds to the probability with

which it was generated and the budgets are as specified in the procedure.

Theorem 3.3.6. The following holds for the GRAPH VERTEX PRICING

instance constructed above:

e Completeness: If OPT(U) > 1 — € then there is an assignment of prices
f:V = R such that profitf (f) = Q(ptlogt) = Q(t(log q)'/?).

e Soundness: There is an n = 1n(q) small enough such that if OPT(U) < n

then for every assignment of prices f : V — R,

profit; (f) = O(t)

Since q can be arbitrarily large, this implies Theorem 1.4.2.

79



Proof. For a fixed edge e = (u,w) € E’, the instance Z of Figure 5.4.2 restricted
to u x Fy Uw X FY is same as the one constructed by Figure 3.1 up to renumbering
of labels according to 7. Formally, let L = R = Fy, let fr : L — R be defined
as fi(x) ;== f(u,x) and f5 : R — R be defined as fr(x) := f(w, myw(x)). Then it

is clear that

profit} (f) = E [profit (/5. /5]

where profit! (f¢, f&) refers to the profit of (f¢, f&) on T restricted to e.

e Completeness:

Let L : UUW ~ [n] be a labeling which satisfies 1 — ¢ fraction of the
constraints. We define the pricing function f: V — R as f(u, ) := @1 ).
If e is satisfied by L, then f§(x) = fg(x) = @; for some i € [n]. By Theorem

3.3.2 we get that profit (f¢, fg) is at least Q(ptlogt).

Thus, the overall profit is at least (1 — €)Q(ptlogt) = Q(ptlogt).

e Soundness:

We will show that if profit] (f) = w(t) then there is a randomized labeling
strategy to the UNIQUE GAMES instance which in expectation satisfies more

than 7 fraction of the edges.

Note that the profit for any e = (u,w) € E’ is bounded by O(tlogt). So
if profit} (f) = w(t) then for at least 1/(logt) fraction of the edges e € F’
we have profity (f¢, f¢) = w(t). For such e by Theorem 3.3.2 we have that

Inf?(f¢) and Inf?(f) are both larger than 7 for some i € [n]. By definition
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of f¢ and fg this implies Inf¥(f,) and Inf];uw(i)(fv) are both larger than 7

where f, is f restricted to u x Fy.

For each u € U U W, let

Inf(u) :={i € [n] | Inf;(f.,) > 7}

The labeling strategy is to assign for each u € U U W a label independently
and uniformly at random from Inf(u). If Inf(u) is empty, assign an arbitrary
label to u. By Fact 3.2.15 (and since we can work with [F-valued functions)

, the size of Inf(u) is at most k/7 for each w.

The above analysis shows that the expected fraction of edges satisfied by this

labeling is at least

Since this quantity depends only on ¢, we can choose 1 = 7(¢) small enough
so that more than 7 fraction of the edges are satisfied. This completes the

proof.

3.4 NP-Hardness of Vertex Pricings

In this section we restate and prove Theorem 1.4.5.

Theorem. (Theorem 1.4.5 restated) VERTEX PRICING3 under the coupon or the

discount model is NP-hard to approzimate to factor Q(logloglogn).
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Figure 3.3: Dictator test 7

Test T.

1. Generate « to be uniformly random from ZJ*.
2. Generate y to be a uniformly random from ZQL.

3. For each j € [L] and i = 7 (), set

_p - wﬁyj) if x; +y,; <q
2q — (i +y;) ifx;+y; >q

4. Let ' ~_cx,y ~_cyand 2/ ~_ zfore=1/q
5. Randomly generate a integer k € [,/q],

6. Let 2" = 2/ +1- |\/@/k] and add a customer interested in three items
x',y', z" with budget |/q/k]

In Section 3.4.1 we present the dictatorship test for VERTEX PRICING3 while
in Section 3.4.2 we compose the dictatorship test with LABEL COVER to obtain
our final reduction. Theorem 1.4.5 follows by combining Theorem 3.4.4, Theorem
3.4.5 and Theorem 3.4.6 and observing that Opt”(Z) < Opt®(Z) for any VERTEX

PRICING instance Z.

3.4.1 Dictatorship test for Vertex Pricings

Let K,L € Z* and L > K. For 7 : [L] — [K] being a projection, we define
the VERTEX PRICING;3 instance corresponding to the Dictator Test 7, on V =
[¢]* U [¢]" in Figure 3.3.

Below are two key properties of 7.
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Theorem 3.4.1 (completeness). For every j € [L] and i = 7(j), if we set f(t) =

ti—q/3 fort € ZF and g(r) = r; —q/3 forr € Z,, then profit, (f,g) > Q(logq).

Proof. It is easy to check with probability at least 1/3, we have that x; +y; < ¢
for randomly and independently generated @x; and y; after the second step in
Figure 3.3. Therefore for these x;,y,, we have z; = ¢ — x; — y, at the third step.

Since @,y and 2} is generated by perturbing x;,y;, z; with probability at
most 1/¢, by union bound we know that with probability at least 1/3 — 3/q, we
still have @} 4y + 2 = ¢q. Also since 2’; follows the uniform distribution on Z,, we
know with probability at least 1/3 —3/q —1/,/q > 1/4 it holds that 2, < ¢ — /.
Let us call these ', vy, 2’ “good”.

For “good” x',y’,2', we know that f(z') = =; — ¢/3 and g(y') = y; — ¢/3
and g(2'®, + 1 - \Va/k]) = z; + |a/k| — q/3 (since 2 < ¢ — \/q). Thus,
f@) +gy)+gz +1- |\/a/k|) = |\/a/k]. Therefore, for good o', y’, 2, we
made L\/ﬁ/ kJ on the buyer interested in #',y’, 2’ + 1 - L\/c_]/ kJ Since we have at
least 1/4 “good” @',y’, ', we made profit 1/4-1/,/q- >, |/a/k| = Q(logq) on
them.

We also need to bound the negative profit as f and g can also take negative
value. This is when the case that f(x) + f(y) + f(z + 1 - |\/a/k]) < 0. We claim

that we may only lose money in one of the following two cases:
L. x; #x; or y; £ Y or z; # 2.

To verify this, if case 1 and case 2 do not happen, then x = o', y = ¢y’ and

z =2 and z; +y; > /¢ When /g < x; +y; < g,we know that f(x) + f(y) +

83



flz+1- |va/k]) = |\/a/k]|; when @; +y; > q, we know that f(z)+ f(y)+ f(z+
U [a/k]) > = +y, —a+ [z + | Va/k|l, > 0.

By union bound we know that case 1 happens with probability at most 3/g;
and case 2 could only happen when z; + y; < /¢ and this also happens with
probability at most % (because we must have both z,y less than /g which occur
with probability 1/¢). Overall, we know that only for 4/¢ fraction of the z,y, z
generated, we can possibly lose money. Also since f, g >= —¢q/3 by definition, we
can lose money for at most ¢ on each customer. Therefore, we can at most lose
profit 4/q - g <= 4.

Overall the profit we have on f and ¢ is still £2(log q). O

Theorem 3.4.2 (soundness). If for some function f : ZK — R and g : Z — R,
we have profitF(f,g) > 12, then we can have a (randomized) way of decoding f

in to a coordinate iy € [K] and g into a coordinate j, € [L] such that the

Pr(n(j,) =if) > 1/¢°.

In addition, the decoding of f is independent of g or w; i.e., there is one decoding
procedure that works for all possible w,g. Similarly the decoding procedure of g is

independent of f and 7

Proof. First, we can assume that the pricing function is integer with profit loss 3
simply by taking the integer part of f and g.. To see this, for any fixed ', vy, 2",
we have some real pricing function f(x') + g(y’) + g(2"), then | f(2)| + |g(v')] +
lg(z")] > f(@') 4+ g(y') + g(2") — 3. Therefore, we have that

profit* (| f], |g]) > profit*(f,g) — 3
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Further, we restrict the range of f, g by modulo ¢ as in Definition 3.3.3. For
any function f, we define f = [|f]], § = [lg]],- Following lemma illustrates the

relationship between the profit of using | f], [g] and f,q.

lemma 3.4.3. profity (| f], |g]) < profit} (f,§) + profit: (f —q/3,5— ¢/3) +

profit} (f —2¢/3,5 — 2q/3)

Proof. We know that if for some buyer who is interested in ', y’, 2” with budget
|\/a/k], then if f(z') + g(y') + 9(2") < |\/@/k|. Then it must be the case that
0< f(®)+3W)+3(z") < [Va/k] or g < f(') +3(y) +3(z") < g+ [\/a/k] or
2q < f(x')+ §(y') + §(2") < 2¢ + |\/@/k|. Therefore, at least one of the pricing

strategy among (f,3), (f —q/3,3—q/3) or (f —2q/3,§— 2q/3) will have the same

profit as (f,g) on o', ¢/, 2". ]

It remains to bound proﬁt+(f g) + proﬁtT( —q/3,5—q/3) + proﬁt+(f —
2¢/3,§ — 2q/3). We will only show how to bound profit*(f, §) < 3 and the other
proof is similar.

Let us also introduce the notion f; : Zé — {0,1} as indicator function of
whether f = i. We similarly define §; = i. We also write f; = 3 f5 and g, = 3 ¢°
as the Efron-Stein Decomposition of f;, ;. .

We can represent the profit™(f, ) as follows:

profit (f,§) < E oo G+itD- fil@)g)a") | (32)

m/7y/7z//ak
0<i+j+<| a/k|
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Now we plug in the Efron-Stein Decomposition of f;, Jj, gi:

(32)=E > >, +j+D E

0<i+j+i<| va/k | TuT2CIL]LSCIK], v

FF (@) ()3 (")

zl/

(3.3)
We know that a’ is independent of y’ and «’ is independent of z” . By the
second property of Efron-Stein Decomposition, we must have that 77 =T, =T as
otherwise ,Eqr o on[f5 (2 )g] (1)3;2(2")] = 0. For the similar reason if we write the

set m(T) = {mw(j) | j € T}, then we must also have S C 7(7T"). We know then

(33)=E > Y G+t " [fs( 3] ()l (2" + 1 [va/k])]|(34)

0<i+j+<| va/k] SZFC%[(le)

=B >, Z(HJ’H), ) el (2 + T Lva/kD]|(3.5)

0<i+j+<| a/k| TSQZ%]

DY > +i+0 B @05 )5 (' + T Lva/k))][3.6)

0<i+j+<| va/k| @CYL;QC [Tf(]T)

In the second equality above, we divide (??) into two parts. (3.5) is when S = ()
and the (3.6) is when S # ) and we will bound the two parts individually.
Case i) First we prove that (3.5) < 2. Notice that f°(z') is a constant, say

f%. Thus (3.5) is equal to

E > Yo+t f”J E lg; (y g (2" + 1+ [\/a/k))) (3.7)

0<itj+I< L\[/kJ TC(L]
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Figure 3.4: Test T

Test T".
1. generate y', 2’, k according to their margin distribution on 7.
2. set ' to be uniformly over Zf independent with y', 2/, k.

3. let us write 2” = 2/ +1- |\/4/k| and add a customer interested in three
items x’, ¢y, 2” with budget L\/a/kjj

A crucial observation is that above expression can be viewed as the the profit
of | f], | §]on Dictator test 77 defined in Figure 3.4.The test 77 is different from 7,
only in the generation of &’ which is set to be independent with ¢y’ and z”.Then
when we calculate the profit as in equation (??), we would get that

E . [f(&)alt (y)al (") # 0

'y 2~

only when S = () and T} = T5. This is exactly the same as (3.7). It remains to
bound the profit on 7.

The next important observation on 7T here is that actually v, 2’ and y’, 2"
has the same marginal distribution. Therefore, we can further simplify the test as
T defined in Figure 3.5. As for the test 7, for every fixed ', y', 2’, and suppose
Va/(ko +1) < f(x) + §(y) + §(2) < /g/ko. Then such a pricing function will
only have profit when k < (ko + 1) and for that fixed ', y', 2/, the expected profit
conditioned on k (being randomly generated from [,/q]) is at most Lq - V/q/ko -

v
(ko +1) < 2.

87



Figure 3.5: Test T

Test T".

1. generate y', 2/, k according to their marginal distribution on 7.

2. set ' to be uniformly over Zf independent with y', 2/, k.

3. add a customer interested in three items @, y’, z’ with budget \_\/6 / kj

Overall, we proved that

(3.5) = profit}, (Lf], |9)) = profit7, (L[], [3)) < 2.

Case ii) It remains to bound (3.6). Let us prove this by contradiction. We
will show that if (3.6) > 1, then there exists a way of decoding f and g as described
in Theorem 3.4.2.

We know that (3.6) is equal to

El Y)Y G4+ B FE)5 @)l + T Lyaskl)

0<i+j+H<| Va/k| @cjquc [f(]T)

(3.8)
Let us now focus on the second sum within the expectation for fixed 7, j and
[. Notice that ' ~1_. x, vy’ ~1_. vy’ and 2’ ~_, z, by the definition of the noise

operator, we have that the second sum in (3.8) is equal to

> (i+i+0) B[N i) ()Tl (2 + T [Va/k)] (39)
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Let us write f*7) = > 0cSCn(T) £(S). Then we know that (3.9) is equal to

> 45+ BT fT @) )T (2 + 1+ [Va/k))

TClL]

Using Cauchy Inequality in the expectation of above formula and noticing that

x,y and y, z are independent, we have that (3.9) is at most

(i+i+0) > \/l;g[Tleﬁ’“T) (@)2) ElT1-g] (v)? BT (2 + T+ [va/k))?)

. . (T ~ ~
=i+ +D > N7 I Ti=eg? M2 - 1 T1-c5 12
TC[L]

(3.10)

We can further use Cauchy inequality to bound the inside sum for every ¢, 5,1 :

DR /£ s PO 73 P e

TC[L)]
< ST PN TGt 12 IT-aF |13 (3.11)
TC[L] TC[L]

Notice that >y 1 T1-cg/ |15 = [ T1-cgill3 < 1. Therefore, we have that

1<B6)<B10)< Y @+i+D [ D N TV (1 Ti—eg? |2

0<i+j+I<\/g TC[L)

Thus there must exist some 7, jo such that

(T ~ ~
ST AL P = Y = T FE R > 1/q°

TClL] TC[L]
BCSCr(T)
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It is easy to verify that 3, x sc(x] 17512 = 1and 3" L) 1G] I3 = 1. Below

je]Filv
is the randomized decoding procedure for f and g. For f, we sample (i,.5) with
probability ||f°]|3 and randomly output a m; € S. Similarly for g, we randomly

sample (j, T) with probability | g;

713 and randomly output a coordinate 7, in T

Then the probability that m(n,) = my is at least

AR
Pr(m(ng) = my) > y oo e - 20 (3.12)
PCSCn(T), TCIL]

Above we only count the probability when (ig, .S) and (jo, T') are selected such that
) € S C w(T). Then we know that for randomly picked elements m; € S and
ng € T, with probability at least 1/7", we have m(ny) = my.

Also notice that 1/|T| > e- (1 — €)7l. Since € = 1/q, we have that

Pr(m(ng) =my) > (312) > > (1= 5l 151> > 1/¢° (3.13)
P SCn(T),TC[L]

3.4.2 Reduction from Label Cover

The starting point of our hardness reduction is the following LABEL COVER prob-
lem (Definition 1.3.2).

The following is known about the hardness of approximating LABEL COVER.

Theorem 3.4.4 ([MR10]). For some positive constant ¢ > 0, it is NP-hard to

distinguish a label cover problem vertices of n vertices and alphabet size K, L <

Viogn.

e YES Case: Opt(L) = 1.
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Figure 3.6: Hardness reduction from LABEL COVER

1. randomly sample an edge e = (u,v) € E.
2. sample o', vy, 2", k according to the T,

3. add a customer interested in (v, x’),(u,y’), (u, 2”) with budget k.

e NO Case: Opt(L) < § for 6 = 1/(loglogn)©.

Given a LABEL COVER instance L(G(U,V, E),|[L], K], {m.le € E}), we con-
struct a VERTEX PRICING; instance Z with its vertices defined over (U x [¢]F U
V x [q]") for ¢ = (loglogn)*/'°. The construction of edges and budget is described
in in Figure 3.6. It is easy to verify the reduction is in polynomial time.We identify
each item by (w,r) for w € U,r € [q]*¥ or w € V,r € [¢]¥. Let us denote the corre-
sponding pricing function to be {f, : [¢/* = Rlu e U} U{f,: [¢]f =R |ve V}:
we price items (w,r) by f,(r). We will prove that the reduction has the following

properties(Theorem 3.4.5 and Theorem 3.4.6).

Theorem 3.4.5 (Completeness). If there is a labelling that satisfies every edge for
L, then Opt”(Z) > Q(logq).

Proof. 1f there is a labelling o : U — [L],V — [K], then we can simply use the

following pricing function: for w € U UV, we use the price function f,(t) =

to(w) - q/3
By the completeness property of 7., we know that such a pricing strategy will

have profit 2(log ¢q). ]

Theorem 3.4.6 (Soundness). If Opt®(I) > 13, then there is a labelling that

satisfies more than 1/q7 > & fraction of the edges.
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Proof. (soundness) Suppose Opt®(Z) > 13, notice that the maximum profit is at
most ,/q with each customer, then by an average argument, we know that for 1/¢
fraction of the edges (u,v) picked, we have that f,, f, has expected profit at least
13 —1/\/q > 12. Let us call these (u,v) to be good.

Then by Theorem 3.4.2, there is way of decoding the f,, f, into coordinate i, i,
with the promise that Pr(7(i,) = i,) > 1/¢°. Then if we just label each “good”
edge (u,v) with i, i,, such a labelling will satisfy at least 1/q-1/¢% = 1/¢" fraction

of the edges. O
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Chapter 4

Integrality gap for 2-to-1 Label

Cover

In this chapter we restate and prove Theorem 1.4.6 as well as state and prove our

results about 2-T0-2 LABEL COVER and o« LABEL COVER.

Theorem. (Theorem 1.4.6 restated) There are instances of
2-10-1 LABEL COVER with alphabet size K and optimum value O(1/+/log K) on

which the SDP has value 1. The instances have size 24

In Section 4.1 we describe some notation and tools that will be used throughout
the chapter. In Section 4.2 we state and prove our result for 2-10-2 LABEL COVER.
Section 4.3 describes the integrality gap for 2-T10-1 LABEL COVER, Theorem 1.4.6
follows from the completeness and soundness analysis therein. In Section 4.4 we
show that every integrality gap instance for 2-T0-1 LABEL COVER with sufficiently
many edges can be converted to an integrality gap instance for « LABEL COVER.
We close the chapter with some discussion in Section 4.5 about our results and

future work.
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4.1 Preliminaries and Notation

4.1.1 Label Cover Problems

Here we will use a slightly broader definition of LABEL COVER since Definition
1.3.2 doesn’t include one of the problems we are interested in, namely, & LABEL

COVER.

Definition 4.1.1. A LABEL COVER instance L is defined by a tuple ((V, E), R, V).
Here (V, E) is a graph, R is a positive integer and V is a set of constraints (re-
lations), one for each edge: ¥ = {¢. C {1,...,R}?> | e € E}. A labeling A is
a mapping A : 'V — [R]. We say that an edge e = (u,v) is satisfied by A if
(A(u), A(v)) € Y. We define:

OPT(L) = pax e:<ff)eg[(A(“)’A<”)) € 1]

Here the probability is over the uniform distribution of edges, i.e. each edge is

equally likely to be picked.

In Figure 4.1, we write down a natural SDP relaxation for the LABEL COVER
problem. The relaxation is over the vector variables z(, ;) for every vertex v € V
and label ¢ € [R].

Our goal in this work is to study integrality gaps for the above SDP for various
special cases of the LABEL COVER problem. We already discussed the UNIQUE
GAMES and 2-TO-1 GAMES conjectures on the hardness of certain very special
cases of LABEL COVER. We now discuss two other variants of LABEL COVER and

their conjectured inapproximability.

Definition 4.1.2. A constraint ¢ C {1,...,2R}? is said to be a 2-to-2 constraint if
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maximize E [ Z <Z(u,z')a Z(v,5) >}

e=(u,w)eE L <
( Z,jEdJE

subject to Z Hz(v,i)}f =1 YveV
1€[R]
<Z(v’i),Z(vJ)>:0 vz#jE [R],UGV

Figure 4.1: SDP for LABEL COVER

there are two permutations o1, oo : {1,...,2R} — {1,...,2R} such that (i,7) € ¢

if and only if (01(7),02(j)) € T where

T:={(20 —1,21 — 1), (20 — 1,20), (21,21 — 1), (21,2])}},.

A LABEL COVER instance is said to be 2-to-2 if all its constraints are 2-to-2
constraints.

A constraint ¢» C {1,...,2R}? is said to be an a-constraint if there are two
permutations oy, o9 : {1,...,2R} — {1,...,2R} such that (i,j) € ¥ if and only if
(01(i), 02(i)) € T" where

A LABEL COVER instance is said to be « if all its constraints are o constraints.

Conjecture 4.1.3. [DMR09] (2-to-2 Conjecture) For any é > 0, it is NP-hard
to decide whether a 2-T0-2 LABEL COVER instance L has OPT(L) = 1 or has

OPT(L) < 6.

It was shown in [DMRO09] that the 2-to-2 Conjecture is no stronger than the
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2-to-1 Conjecture.

Conjecture 4.1.4. [DMR09] (o Conjecture) For any § > 0, it is NP-hard to
decide whether an o LABEL COVER instance £ has OPT(L) =1 or has OPT(L) <
J.

4.1.2 Fourier Analysis

Let V := {f : F§ — R} denote the vector space of all real functions on F%, where
addition is defined as point-wise addition. We always think of FX as a probability
space under the uniform distribution, and therefore use notation such as || f||, :=
EIGFé[\f(x)]p]. For f, g € F, we also define the inner product (f, g) := E[f(z)g(z)].

For any o € F% the Fourier character y, € F is defined by x.(z) := (—1)**.
The Fourier characters form an orthonormal basis for V with respect to the above
inner product, hence every function f € V has a unique representation as f =
ZQGFQ F(@)Xa, where the Fourier coefficient f(a) := (f, Xa).

We also sometimes identify each o with the set S, = {i | @y = 1} and denote
the Fourier coeflicients as A(S ). We use the notation |«a| for |S,|, the number of
coordinates where o is 1.

The following well-known fact states that the norm of a function on F% is

unchanged when expressing it in the basis of the characters.

~

Proposition 4.1.5. (Parseval’s identity ) For any f : F§ — R, Zang fla)? =
LF15 = ELf (2)?].

We shall also need the following result due to Talagrand (Proposition 2.3

in [Tal94]), proven using hypercontractivity methods:
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Theorem 4.1.6. Suppose F : Fs — R has E[F] = 0. Then

- B
>, F@?/lal O<1n<||F||2/<e||F||1>>)

a€cFE\{0}
More precisely, we will need the following easy corollary:

Corollary 4.1.7. If F : F% — {0,1} has mean 1/K, then

F0?+ > F(a)*/la] =0(1/(Klog K))
acFk\ {0}
Proof. We have F(0)2 = E[F]2 = 1/K2? < O(1/(K log K)), so we can disregard
this term. As for the sum, we apply Theorem 4.1.6 to the function F/ = F —1/K,

which has mean 0 as required for the theorem. It is easy to calculate that ||F”||y =

O(1/VK) and ||F'||, = ©(1/K), and so the result follows. O

4.2 Integrality Gap for 2-to-2 Games

In this section we prove the following integrality gap for 2-T0-2 LABEL COVER.

Theorem 4.2.1. There are instances of 2-10-2 LABEL COVER with alphabet size
K and optimum value O(1/log K) on which the SDP has value 1. The instances

have size 24K

The theorem follows by the completeness and soundness analysis of the instance
described below. The instance for 2-T0-1 LABEL COVER will be an extension of
the one below. In fact, our analysis of OPT in the 2-to-1 case will follow simply

by reducing it to the analysis of OPT for the 2-to-2 instance below.
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The vertex set V' in our instance is same as the vertex set of the UNIQUE GAMES
integrality gap instance constructed in [KV05]. Let F := {f : F} — {-1,1}}
denote the family of all boolean functions on F%. For f, g € F, define the product
fg as (fg)(z) := f(z)g(x). Consider the equivalence relation ~ on F defined as
f~g<e Ja e st. f =gy, This relation partitions F into equivalence classes
Pi, ..., Pn, with n := 25 /K. The vertex set V' consists of the equivalence classes
{Pi}icin)- We denote by [P;] the lexicographically smallest function in the class P;
and by Py, the class containing f.

We take the label set to be of size K and identify [K] with F% in the obvious
way. For each tuple of the form (v, f,g) where v € F5 \ {0} and f,g € F are
such that (1 + x4)f = (1 + x,)g, we add a constraint 1, ;4 between the vertices
P; and P,. Note that the condition on f and g is equivalent to saying that
Xy(x) =1 = f(z) = g(x). If f = [Pf]xa and g = [Py]xs and if A : [n] — F}

denotes the labeling, the relation 1, r ) is defined as

(A(Py), A(Pg)) € Yvrg) & (A(Pr) + ) = (A(Pg) + ) € {0,7}

Note that for any w € F5, the constraint maps the labels {w,w + v} for P; to the
labels {w+ a — B,w+a — f+ v} for P, in a 2-to-2 fashion. We denote the set of
all constraints by W. We remark that, as in [KV05], our integrality gap instances

contain multiple constraints on each pair of vertices.

4.2.1 SDP Solution

We give below a set of feasible vectors zp, o) € RE for every equivalence class P;

and every label «, achieving SDP value 1. Identifying each coordinate with an
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x € F5, we define the vectors as

1
(@) = (Pdva) @)
It is easy to check that HZ(pha)H2 = 1/K for each of the vectors, which satisfies

the first constraint. Also, z(p, o) and z(p, gy are orthogonal for o # 3 since

1 1

(Z(pra) 2(P8)) = ﬁ<[Pi]Xa7[Pi]Xﬂ> = ﬁmxm = 0

using the fact that [P;]?> = 1. The following claim proves that the solution achieves

SDP value 1.

Claim 4.2.2. For any edge e indezed by a tuple (7, f, g) with f(1+x,) = g(1+x5),

we have

Z <Z(7’f,vJ1)7 Z(Pg,w2)> = 1

W1LW2EY(y, f,g)
Proof. Let f = [Pf]xa and g = [Py|xs. Then, (w1, ws) € ¢ iff (w1 +a)—(wa+p) €
{0,~}. Therefore, the above quantity equals (divided by 2 to account for double

counting of w)

9 Z (2 wta) 2Py 0t8)) + (ZPrataty) Z(Pywts)

+ <Z(va"~’+a)’ Z(Pg»w+ﬁ+7)> + <Z(7’f,w+oa+7)= Z(Pg7w+5+"/)>)

1
= 3 D (&Prata) + EPrartat) UPpats) F BPywtsi) (4.1)

However, for each w, we have z(p; ,1a) T 2P wtaty) = Z(Ppwi) T Z(Pswtbiq)s
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since for all coordinates x,

sppoia®) + ppran(® = (P era®) + [Pteran(@)
= (@) + () = 2 (9() + 3o (e)
= (Pors(®) + Persn(®) = 2pwn(®) + 2 (@)

This completes the proof as the value of (4.1) then becomes

1
=3 2 (vl + o) = 1

w

1
9 Z ||Z(7’f»w+a) + Z(Pf»w+a+7)‘

4.2.2 Soundness

We now prove that any labeling of the instance described above, satisfies at
most O(1/log K) fraction of the constraints. Let A : V — F5 be a labeling of
the vertices. We extend it to a labeling of all the functions in F by defining
A([Pi]xa) == A(P;) + .

For each o € F%, define A, : F — {0,1} to be the indicator that A’s value is
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«. By definition, the fraction of constraints satisfied by the labeling A is

val(d) = B D Au(f)(Aa(9) + Aaty(9))

e

=2 B S AN (4.2

where the last equality used the fact that for every tuple (v, f,g) € ¥, we also
have (v, f,9x,) € V.
Note that the extended labeling A : F — F4 takes on each value in F§ an equal

number of times. Hence
E)[Aa(f)] = Pr[A(f) =a] =1/K for each o € F%. (4.3)

For our preliminary analysis, we will use only this fact to show that for any o € F%
it holds that

E [Aa(f)Aa(g)] < O(1/(Klog K)). (4.4)

(r.f.9)e¥
It will then follow that the soundness (4.2) is at most O(1/log K'). Although this

tends to 0, it does so only at a rate proportional to the logarithm of the alphabet

size, which is K = 2F.

Beginning with the left-hand side of (4.4), let’s write F' = A,, for simplicity. We
think of the functions f and g being chosen as follows. We first choose a function

h:~y*+ — {—1,1}. Note that v+ C F% is the set of inputs where x., = 1 and hence
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f =g, and we let f(z) = g(x) = h(x) for x € v*-. The values of f and g on the

remaining inputs are chosen independently at random. Then

(V’fE)GW[F(f)F(g)] N E)h:%—]i—u} L‘E}h{F(f)F(g)]]
=B 5, m[F(f)]gTﬁl[F(g)]] (4.5)

Let us write P, F(h) for Ezy, F'(f), which is also equal to Eg, F(g). We now use
the Fourier expansion of F. Note that the domain here is {—1, 1} instead of F5.
To avoid confusion with characters and Fourier coefficients for functions on F%, we
will index the Fourier coefficients below by sets S C Fk. Given an f € V, we'll
write f9 for [[,cq f(z) (which is a Fourier character for the domain {—1,1}%).

Now for fixed v and h,

PF(h)=E[F(H)=E | > FS)f¥| => F(S) E[f7].

flh flh | &= 3 flh
SCFk SCFk

The quantity Ez[f°] is equal to 2° if S C 4+ and is 0 otherwise. Thus, using

the Parseval identity, we deduce that (4.5) equals

B B [(REW]=E|Y (F®) | = S piscy (Fs)

Y hiyl—{-1,1
vt —={ } Scot SCF

Recalling that v € F4 \ {0} is chosen uniformly, we have that

S prs o) (F(s)) = S0 2 (Fis))

SCF% SCFk

where we are writing dim(S) = dim(span S) for shortness (and defining dim()) =
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0). For |S| > 1 we have dim(S) > log, |S| and hence 2~ 4™(5) > 1/|S|. Thus

Do) (S < PO+ Y F(S)Y/ISI.

SCFE 0£SCFk

Corollary 4.1.7 shows that this is at most O(1/(K log K)). This completes the

proof:

wl4) = 2:3 B [Aa(DAdle)] < 2- 3 27O = 0(1/log K)
ozGIF]Qc b aE]F’Q“

4.3 Integrality gap for 2-to-1 label cover

The instances for 2-to-1 label cover are bipartite. We denote such instances as
(U,V, E, Ry, Ry, 1) where Ry = 2R; denote the alphabet sizes on the two sides. For
a bipartite instance, the label cover SDP can be written as in Figure 4.2 involving

vectors y ;) for each u € U,i € [R;] and vectors z, j) for each v € v, j € [Ry].

maximize e:(u]:L;)EE [ Z} <Y(u,7re(i)), Z(v,j5) >}

1€[Ro
subject to Z ||y'(w-)||2 =1 VuelU
1€[R1]
Z HZ(”:i) 2:1 YveV
i€[R2]

(Vi) Ywy) =0 Vi#£je[R]uelU
<Z(v,i)az(v,j)> =0 Vu 7&] € [RZ]av eV

Figure 4.2: SDP for 2-10-1 GAMES
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4.3.1 Gap Instance

As in the case of 2-to-2 games, the set V' consists of equivalence classes Py, ..., Py,
which partition the set of functions F = {f : F§ — {—1,1}}, according to the
equivalence relation ~ defined as f ~ g < Ja € F§ s.t. f = gxo. The label set
[R,] is again identified with F5 and is of size K = 2*.

To describe the set U, we further partition the vertices in V' according to other
equivalence relations. For each v € F5, ~ # 0, we define an equivalence relation 2,

on the set Py,..., P, as
P; g»y Pj ~ E|f € 771',9 € Pj S.t. f(l + XW) = g(l -+ X'y)

This is equivalent to saying:

Pi=, Py & 3fePugePst fgla)=-1= x,(x) = -1Vz € Fj

This partitions Py, ..., P, (and hence also the set F) into equivalence classes
Y....,Q) . Here m = 2K/2+1/K (this is immediate from the second definition
and the fact that n = 25 /K) and the partition is different for each . The set U
has one vertex for each class of the form Q] for all i € [m] and v € F4\ {0}. As
before, we denote by [Q]] the lexicographically smallest function in the class Q7,
and by Q} the class under 2, containing f. Note that if f € Q/, then there exists
a 3 € F such that f(1+ x,) = [Q7]xs(1 + x4)-
The label set Ry has size K/2. For each vertex Q] € U, we think of the

labels as pairs of the form {a,a + v} for a € F5. More formally, we identify it
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with the space F5/(vy). We impose one constraint for every pair of the form (v, f)
between the vertices Py and Q. If f = [Pf]xa and f(1 + x,) = [Q]]xs(1 + x5),
then the corresponding relation v, y) is defined by requiring that for any labelings
A:V = [Ry] and B : U — [Ry],

(B(Q}), A(Py)) €Yy & APp)+a € B(Q))+7

Here, if B(Q]}) is a pair of the form {w,w + 7}, then B(Q}) + § denotes the pair

{w+B,w+~v+ 8}

4.3.2 SDP Value

As before, we give a set of vectors (g7 (a,atq}) a0d Z(p;,a) In RE, identifying each

coordinate with an x € F5. We define the vectors as

Y(QZ,{a,OH—V})(x) = ([QZ]Xa(l + X'y)) (m)a

2pu)(#) = (Polxe) (2).

-] -

We have already shown that <z(pi,a),z(pi75)> = 0 for a # [ and HZ(pi7a)||2 =
1/K. It again follows by the orthogonality of characters that for disjoint pairs
{a,a+~} and {8, B+7}, the vectors (o7 {a.at+q}) A0 Y(Q7 15,54+}) are orthogonal.

= 2/K. Hence, the vectors form a

It is also easy to verify that Hy(%{maﬂ})
feasible solution.

To show that the SDP value is equal to 1, we consider an arbitrary constraint
indexed by the pair (7, f). Let f = [Pf]lxa and f(1 + xy) = [Q]]xs(1 + x5)-

Then for any w € F%, this constraint maps the label w + « for P; to the pair
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{w+B,w+~+ B} for Q}. Hence, the value of the SDP solution on this constraint

is given by

> (Y@ wrsist) Bt

weFk
We will show that for every w, ¥y fui8uwtbr}) = Z(Psatw) T Z(Psatwty)- LThis will

complete the proof as the above expression then becomes

Z (Z(Pratw) T 2Py aturtn) BPatw)) = Z ||Z(7’m+w>”2 =1

weF% weF%

To show the vector identity, we simply note that for each coordinate =, we have

([QTxs(1 + x5)) (z)
(f(1+xy) ()

= 2= ([Plxa + [PflXats) (%)

Y (Q] {wt+Bw+B+7}) () =

=== ===

= 2P, a4w) (T) + 2P atwiy)(T).

4.3.3 Soundness

We now bound the fraction of constraints satisfied by any pair of labelings A :
V = [K] and B : U — [K/2]. Let 1ig denote the indicator of the event &,
and N(u) denote the neighborhood of a vertex u € U. Then, the fraction of

constraints satisfied by any assignments A, B, can be bound by an application of
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Cauchy-Schwarz as

vl(4,8) = B E [Lrutamn=nn]

2
E E 1 IS v))=B(u
< (ueU (UeN(U)[ [rua (A@)=B( )}]) )

1/2
= (E E [1{%(A(m)):B(u):MQ(A(w))}})

u€lU v1,v2€N (u)

1/2

A

1/2
< (E E [1{rrw1(A(v1>>wuv2<A<vz>>ﬂ)

u€lU v1,v2€N (u)

Note that if m,,, and 7, are 2-to-1 projections, then the inner quantity in the
last expression denotes the value of a 2-to-2 label cover instance, each of whose
constraints is defined by two 2-to-1 constraints in the original instance. For the 2-
to-1 instance described above, we will show that the inner quantity in fact denotes
the fraction of constraints satisfied by A for the 2-to-2 instance described in Section
4.2. This will show that the fraction of constraints satisfied by any assignment in
the above 2-to-1 instance can be at most O(1/y/log K).

To see this, note that a vertex u € U and a vertex v; € V can be sampled jointly
by picking a pair (7, f) and taking « = Q} and v; = Py. Sampling v, € N(u)
corresponds to choosing a class P; such that for some 3 € F5 [Pi]xs(1 + x,,) =
f(1+x,). Thus, vy can be sampled by choosing a random g such that f(1+x,) =
g(1+ x) and taking vy = P,.

Also, if f = [Pflxa, and ¢ = [Py]Xa,, then the constraint m,,, (A(v1)) =

Tuws (A(v2)) simply requires that for some w € F5, A(P;) + aq and A(P,) + an
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both lie in the set {w,w + v} and hence

(A(Ps) + 1) = (A(Py) + a2) € {0,7}

4.4 From 2-to-1 constraints to a-constraints

In this section we show that any integrality gap instance for 2-to-1 games, with
sufficiently many edges, can be converted to an integrality gap instance for games
with a-constraints. The following theorem follows by combining Theorem 4.4.2

below and Theorem 1.4.6.

Theorem 4.4.1. There are instances of o LABEL COVER with alphabet size K
and optimum value O(1/+/log K) on which the SDP has value 1. The instances

have size 24K

Theorem 4.4.2. Let L = (U, V,E,R,2R, V) be a bipartite instance of 2-to-1
label cover problem with OPT(L) < ¢ and SDP wvalue 1. Also, let |E| > 4(|U| +
|V])log(R)/e*. Then there exists another instance L' = (U,V, E,2R, V') of Label

Cover with «-constraints having SDP value 1 and OPT(L') < §+ ¢+ 1/R.

Proof. The proof simply follows by adding R “fake” labels for each vertex u € U,
and then randomly augmenting the constraints to make them of the required form.
In particular, let the new labels we add for each u € U be R+ 1,...,2R. Let
e = (u,v) be an edge. Since the constraints in ¥ are 2-to-1 type, there exist
permutations oy . : [R] — [R] and o9, : [2R] — [2R] such that after permuting the
labels on each side, the projection . maps labels (2i — 1,2i) to i i.e. m(05}(2i —

1)) = me(03,(2i)) = 010 (i).
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To incorporate the new labels into the constraint, choose a random bijection
0. {R+1,...,2R} — [R]. We now construct a new permutation 1. : [2R] —
2R] as G1,(i) = 201.(1) — 1 if i < R and 01,.(i) = 207 (i) if i > R i.e. the new
labels are mapped to the even positions 2,4, ..., 2R while the others are mapped
to the odd positions.

The original 2-to-1 constraints are satisfied by a labeling A iff the pair
(G1.(A(u),09(A(v))) is of the form (2 —1,2¢ — 1) or (2i — 1, 2¢) for some i < R.
We augment the constraint by also allowing (71 .(A(u), 02.(A(v))) to be (2i,2i—1)
for some 7. Note that if the constraint is satisfied in this way, then u must get one
of the new labels. Also, note that the augmentation is random as we choose the
map 07 , independently at random for each edge e.

Given a vector solution {y(u,) fuecv,icir) and {z(.j) tvev,jei2r) for ¥, we leave the
vectors z(, ;) unchanged and for each u € U, take z(,;) = yu,) if ¢ < R and 0
otherwise. It is immediate that the solution is feasible. Also, the value of the
objective is the same as the value of the 2-to-1 SDP, as all the additional terms in
the objective involve some vector z(,; for some 7 > R and are hence 0. Thus, the
SDP value for the new instance is 1.

To bound the optimal value of any labeling A : U UV — [2R], we split it as
E 1 u v)) satisfy e = E 1 u -1 u v)) satisfy e
B Mewamy sy o] = B [Lawss) - Liaw.aw) sy o

E 1 u -1 u v)) satisfy e
B L n - Liaw.aw) sy o

Note that the first term is simply the number of 2-to-1 constraints satisfied by A
and it at most d by assumption.

Also, for any fixed labeling A, the probability over the choice of the random
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maps {0} .}eck, that (A(u), A(v)) satisfy e given that A(u) > R, is at most 1/R.
By a Chernoff bound, the fraction of edges (u,v) satisfied with A(u) > R is at
most 1/R + € with probability exp(—e?|E|/3) over the choice of the random maps.
By a union bound and the condition on €, the second term is at most 1/R + €
for all labelings A, with high probability over the choice of {0} .}cep. Picking an

instance with appropriate choice of maps o7 , gives the required instance £. [

4.5 Discussion

The instances we construct have SDP value 1 only for the most basic semidefinite
programming relaxation. It would be desirable to get gaps for stronger SDPs,
beginning with the most modest extensions of this basic SDP. For example, in
the SDP for 2-to-1 Label Cover from Figure 4.2, we can add valid nonnegativity

constraints for the dot product between every pair of vectors in the set

{Y(u,i) | u € U,i - [Rl]} U {Z(UJ) | v E V,j - [RQ]}

since in the integral solution all these vectors are {0, 1}-valued. The vectors we
construct do not obey such a nonnegativity requirement. For the case of Unique
Games, Khot and Vishnoi [KV05] were able to ensure nonnegativity of all dot
products by simply taking tensor products of the vectors with themselves and
defining new vectors yf, , = y‘(%fi) = V(i) @Y (i) and z(, ;) = zg’fj) = Z(yj) ® Z(yj)-
Since (a®? b®?) = (a, b)?, the desired nonnegativity of dot products is ensured.
We cannot apply this tensoring idea in our construction as it does not preserve

the SDP value at 1. For example, for 2-to-1 Label Cover, if we have y(,; =

Z(vj1) + Z(vj,) (so that these vectors contribute 1 to the objective value to the
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SDP of Figure 4.2), then upon tensoring we no longer necessarily have y‘(%fi) =
Z?U?jl) + zf?sz). Extending our gap instances to obey the nonnegative dot product
constraints is therefore a natural question that we leave open. While this seems
already quite challenging, one can of course be more ambitious and ask for gap
instances for stronger SDPs that correspond to certain number of rounds of some
hierarchy, such as the Sherali-Adams hierarchy together with consistency of vector

dot products with pairwise marginals. As mentioned in Section 1.3.1, for UNIQUE

GAMES such gap instances were constructed for several rounds of such a hierarchy

in [RS09, KS09].
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Chapter 5

Approximate Lasserre integrality

gap for Unique Label Cover

In this chapter we state and prove our result about an approximate Lasserre inte-
grality gap for UNIQUE LABEL COVER. In Section 5.1 we describe the Lasserre
hierarchy and our results in more detail. In Section 5.2 we provide a high level
overview of our construction. The rest of the chapter is organized as described in

Section 5.2.3.

5.1 Lasserre hierarchy of SDP Relaxations

For a CSP such as UNIQUE GAMES on n vertices with a label set [k], a t-round
Lasserre SDP relaxation introduces vectors xg, for every subset S of vertices of
size at most t and every assignment o : S — [k] of labels to the vertices in S. The
intention is that in an integral solution, xg, = 1 if o is restriction of the global

assignment and xg, = 0 otherwise. Therefore, for a fixed set S, one adds the SDP
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constraint that the vectors {xg,}, are orthogonal and the sum of their squared
Euclidean norms is 1. One may interpret the squared Euclidean norms of these
vectors as a probability distribution over assignments to S (in an integral solution
the distribution is concentrated on a single assignment). Natural consistency con-
straints satisfied by an integral solution are added as well. Specifically, for two sets
T C S, each of size at most ¢, and every assignment 7 to 7', the following natural

constaint is added:

Z XS0 = X717 (5-1)

o:S[k],olr=r

where o|r denotes the restriction of o to subset T'. Note that in an integral solution,
both sides of the above equation are 1 if 7 is restriction of the global assignment
to T" and zero otherwise. The objective value of the relaxation can be written in
terms of pairwise inner products of vectors on singleton sets. The t-round Lasserre
SDP relaxation entails adding O(n') constraints in the SDP relaxation.

We will be interested in approximate solutions to the Lasserre hierarchy. To-
wards this end, we call a vector solution d-approximate if Equation (5.1) is satisfied

with error ¢, i.e.

Z XS o — XT,r S 0. (52)

o:o|lr=T7

We now state informally the main result of this chapter.

Theorem 5.1.1. (Informal) Let € > 0 and k,t € Z* be arbitrary constants. Then
for every constant 6 > 0, there is an instance U of UNIQUE GAMES with label set

[k] that satisfies:

1. There ezist vectors Xs, for every set S of vertices of U of size at most t,

and every assignment of labels o to the vertices in S such that it is a 6-
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approzimate solution to the SDP relaxation with t-round Lasserre hierarchy.

2. The SDP objective value of the above approximate vector solution is at least

1—ce¢.

€/2

3. Any labeling to the vertices of U satisfies at most k=% fraction of edges.

5.2 Overview of Our Construction

Our construction relies in large part on the work of Khot and Vishnoi [KV05] who
gave SDP integrality gap examples for UNIQUE GAMES and cut-problems including
MaxiMuM Cut. We also borrow ideas from [KS09] and [RS09] who build upon
the work of [KV05] to obtain stronger integrality gap results as mentioned earlier.

Our strategy is to first construct approximate Lasserre vectors for the UNIQUE
GAMES instance U presented in [KV05]. This construction is not good enough by
itself as the number of labels [N] is too large relative to the accuracy parameter.
We therefore apply the reduction of [KKMOO7] to the instance U to obtain a new
instance U of UNIQUE GAMES with a much smaller label set [k]. This reduction
preserves the low integral optimum, transforms the vectors corresponding to the in-
stance U into corresponding vectors for the instance I, and preserves the high SDP
objective. These new vectors constitute the final §-approximate Lasserre solution
to . Below we describe the construction of Lasserre vectors for the instance U.
In the actual construction we present, we do no explicitly construct these vectors,
but rather directly construct the instance U along with its approximate Lasserre
solution. However, the description of the implicit intermediate step does illustrate

the main ideas involved.
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5.2.1 Lasserre Vectors for [KV05] UNIQUE GAMES instance

We start with the UNIQUE GAMES instance U along with a basic SDP solution
constructed in [KV05]. Let G(V, E) be its constraint graph and [N] be the label
set. The SDP solution consists of (up to a normalization) an orthonormal tuple
{Tu,;}jev for every vertex u € V. A useful property of this solution is that the

sum of vectors in every tuple is the same, i.e. for some fixed unit vector T,

1
T=—= T,; VYVuelV. 5.3
Y, 59

JE[N]

®4
u,j

As observed in [KS09], one can define a single vector T, := \/Lﬁ > e T
for each tuple {T, ;} such that the distance || T, — T,| captures the closeness
between the pair of tuples {T, ;} and {T,;}. Roughly speaking, the edge (i.e.
constraint) set E corresponds to all pairs (u,v) such that | T, — T,|| < v for a
sufficiently small v > 0. For any such edge, it necessarily holds that Vj € [N],
|Tu; — Toxiyll < O(y) for some bijection 7 = m(u,v) : [N] — [N]. This is
precisely the bijection defining the UNIQUE GAMES constraint on edge (u,v) and
also ensures that the SDP objective is high, i.e. 1 — O(~?).

Another key observation is that in the graph G(V, E), any local neighborhood
can be given a consistent labeling; in fact, once an arbitrary label for a vertex is
fixed, it uniquely determines labels to all other vertices in a local neighborhood.
Specifically, fix a small positive constant p < 0.1. A set C' C V is called p-local if
Ty, — Tyl <pVu,ve . As observed in [KS09], for any p-local set C, there is a
set L(C') of N labelings, such that each labeling 7 € L(C) satisfies all the induced
edges inside C. The j** labeling is obtained by fixing the label of one vertex in C

to be j € [N] and then uniquely fixing labels to all other vertices in C. This gives
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a natural way to define Lasserre vectors for all subsets S C C. Fix an arbitrary
vertex w € C. Consider any subset S C C, and a labeling o to the vertices in
S. We wish to construct a vector yg,. If o is not consistent with any of the N
labelings 7 € L(C') then set ys, = 0. Otherwise, let yg, = \/—INTW» where the
labeling o is consistent with a labeling 7 € L(C') which assigns j to w. It can be
seen that this is a valid Lasserre SDP solution for all subsets of C. All edges that
are inside C' contribute well (i.e. 1 — O(4?) ) towards the SDP objective.

We now try to extend the above strategy to the whole set V. Even though the
following naive approach does not work, it helps illustrate the main idea behind
the construction. We partition V' into local sets and construct Lasserre vectors
that are a tensor product of vectors constructed for each local set. Towards this
end, we think of the set of vectors {T,}.cv as embedded on the unit sphere
SIVI=1_ Partition the unit sphere into clusters of diameter at most p. This naturally
partitions the set of vertices V' into disjoint p-local subsets C, ..., C,,. As before,
fix w; to be any arbitrary vertex in C; for ¢ = 1,...,m. Now consider a subset
S C V, and a labeling o to the vertices in S, for which we wish to construct a
vector Xg,. Suppose that there is a subset C; such that o|sn¢, is not consistent
with any labeling in L(C;); in this case set xg, = 0. Otherwise, construct vector
Y, as follows: if |SNCy = 0, then let y§ , = T; else set y§, = \/LNTWJ, where
0|sne, is consistent with a labeling in L(C;) that assigns label j to w;. Finally, let
Xso = @i, Y5, It can be seen that this construction is a valid SDP Lasserre
solution. The tensor product is a vector analogue of assigning labeling to different
clusters independently.

However, the above construction does not work because the unit sphere has

dimension |V'|—1 and partitioning such a high-dimensional sphere into local clusters
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necessarily means that almost all edges of G(V, E) will have two endpoints in
different clusters, and therefore the two endpoints get labels independently. This
results in a very low SDP objective. A natural approach is to use dimensionality
reduction that w.h.p. preserves the geometry of any set points that is not too
large.

We therefore first randomly project the vectors {T,}.ey onto S for an ap-
propriate constant d. The Johnson-Lindenstrauss lemma implies that for a set
S C V of at most t vertices, w.h.p. the mapping approximately preserves all
pairwise distances between the vectors {T,},cs. This is followed, as before, by a
(randomized) partition of S¢~! into low-diameter clusters that induces a partition
of V into subsets (1, ..., C,,. The dimension d is low enough to ensure that most
of the edges in E fall inside some cluster. However, since the projection fails to
preserve distances with some non-zero probability, the subsets C; (1 < i < m) are
not guaranteed to be p-local. Nevertheless, for any set S of at most ¢ vertices, if
the projection preserves all distances between vectors {T,}.ecs, then each of the
sets SNC; fori=1,...,m is a p-local set. For a fixed projection and a partition,
a vector xg, for the set .S and its labeling o can then be constructed as described
earlier, except that there is no fixed representative vertex w; for each C;. Instead,
an arbitrary vertex is chosen from the set S N C; to serve as the representative
vertex w;, and the set of labelings L(S N C;) is used. Since the projection and
the partitioning are randomized, we implement the construction for each choice of
random string and let the final vectors to be a (weighted) direct sum of the vectors
constructed for each random string.

The above approach yields Lasserre vectors which have a good SDP objec-

tive value but only approximately satisfy the Lasserre constraints. There are two
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sources of error. One is that the random projection preserves distances within a
set S,|S| < t, w.h.p. but not with probability 1. Secondly, since an arbitrary
vertex from S N C; is chosen as a representative, for 7' C S, the representative for
S N C; need not coincide with the representative for T N C;. Still, since S N C;
and T'N C; are local sets (provided that the random projection has succeeded in

preserving distances in S), their representative vectors are close enough.

5.2.2 Obtaining a é-approximate Lasserre solution

As stated earlier, once we have the SDP vectors to the instance of [KV05], we apply
the reduction of [KKMOOQ7] and obtain a new instance of UNIQUE GAMES with a
constant label set [k]. We also obtain vectors which constitute the d-approximate
Lasserre solution to the new instance of UNIQUE GAMES. We ensure that the

objective value of the vectors remains high.

5.2.3 Organization

In Section 5.3 we formally define a formulation of the Lasserre hierarchy for
UNIQUE GAMES. In Section 5.4 we describe the basic UNIQUE (GAMES instance
from [KV05] along with the reduction from [KKMOO07] to obtain a new UNIQUE
GAMES instance with a constant label set [k]. In Section 5.3.3, we formally state
our main theorem with quantitative parameters. Finally, in Section 5.5 we con-
struct Lasserre vectors for the new UNIQUE GAMES instance and prove that they
form a d-approximate Lasserre solution.

In Section 5.8 we define another formulation of the Lasserre hierarchy which is
more standard in the literature, and prove that it is essentially equivalent to the

formulation we use.

118



5.3 Preliminaries

5.3.1 Basic SDP relaxation

Let U(G(V, E), [k], {7e}ecr) be an instance of UNIQUE GAMES (Definition 1.3.3).
Note that we don’t restrict the graph G to be bipartite. Figure 5.1 gives a natural
SDP relaxation SDP-UG. The relaxation is over the vector variables x,; for every

vertex u of the graph G and label i € [k].

max Z Z<Xu,i,xv,wgv(z‘)> wt(e)

e=(u,v)eE i€[k]

Subject to,

YueV S x> =1 (D)

1€[k]
VueV,i,jek],i#j (XuiXu;) =0 (II)

Vu,v €V, i,j € [k] (Xuis X0 >0 (III)

Figure 5.1: Relaxation SDP-UG for UNIQUE GAMES

5.3.2 Lasserre relaxation

One can write a natural integer quadratic program for solving UNIQUE GAMES,
where the set of variables is xg,, for every S C V and every assignment o : S — [k]
to vertices in S. The solution to this quadratic program would ensure xg, = 1 if
the global labeling of V' induces the assignment o on S and xg, = 0 otherwise.

The Lasserre semi-definite relaxation of UNIQUE GAMES L’-UG(¢) in Figure
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5.3 (Section 5.8) is obtained by relaxing the variables of this quadratic program
to vectors instead of integers and replacing the multiplication of two numbers by
dot products of the corresponding vectors. In the t-round Lasserre relaxation, we
consider sets of size up to t. Notice that SDP-UG is contained in L’-UG(2). In this
chapter, we work with another relaxation L-UG(¢) in Figure 5.2 which is essentially
equivalent to L’-UG(t), but rephrases the constraints in terms of vector sums in-
stead of dot-products. The two relaxations have the exact same objective function.
In Lemma 5.8.1, we show that the two relaxations are essentially equivalent.

We say o|r to mean assignment o restricted to set T. We say (S,0) ~ (5, 0")
to mean that the assignments o and ¢’ are consistent i.e. o|gns: = 0'|sns. Other-

wise, we say (S,0) % (5',0'). Let x,; := xg, for S = {u} and o(u) = 1.

max Z Z <Xu,i7 Xfu,ﬂe““(i)> wt(e>

e=(u,w)eF i€lk]

Subject to,
x4/ =1 (IV)
VS |S|<to#o (X5,0,X5,0) =0 (V)
VT CS 1elk Z Xso = XT,r (VI)
oio|lr=r

Figure 5.2: Relaxation L-UG(¢) for UNIQUE GAMES

Thus, we want to construct k!l orthogonal vectors for each set S of size up
to t, such that the vectors for different sets are consistent with each other in the

sense of Equation (VI).
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5.3.3 Main Theorem

Theorem 5.3.1. Fiz an arbitrarily small constant € > 0 and integer k € Z7*.
Then for all sufficiently large N (that is a power of 2), there is an instance U of

UNIQUE GAMES on % - kN7 wertices with label set k] such that,

1. There exist vectors xg, for every set S of vertices of U of size at most
t, and every assignment of labels o : S +— [k] such that it is a O(t - n*/1)-
approzimate solution forn = (log N)~%% to the SDP relaxation with t-round

Lasserre hierarchy of constraints.

2. The SDP objective value of the above approximate vector solution is at least
1—0(e).

€/2

3. Any labeling to the vertices of U satisfies at most k=* fraction of edges.

Proof. The construction is presented in Section 5.5 and properties (1), (2) and (3)

are proved in Lemmas 5.6.2, 5.6.3, 5.4.4 respectively.

5.4 The instance

5.4.1 Basic instance

The starting point of our reduction is a UNIQUE (GAMES integrality gap instance
U, for SDP-UG constructed in [KV05]. Our presentation of the UNIQUE GAMES
instance U, follows that in [KS09].

For n > 0 and N = 2™ for some m € Z", Khot and Vishnoi [KV05] construct

the UNIQUE GAMES instance U,(G'(V', E'), [N],{me}ecr) where the number of
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vertices |V'| = 2 /N. The instance has no good labeling, i.e. has low optimum.

lemma 5.4.1. Any labeling to the vertices of the UNIQUE GAMES instance

U,(G' (V' E"),[N],{Tec}eck) satisfies at most 5 fraction of the edges.

In the construction of [KV05] the elements of [IV] are identified with the addi-
tive group (F3',@®). The authors construct a vector solution that consists of unit
vectors T,,; for every vertex u € V' and label i € [N]. These vectors (up to a
normalization) form the solution to the UNIQUE GAMES SDP relxation SDP-UG.

We highlight the important properties of the SDP solution below:

Properties of the Unique Games SDP Solution

(Orthonormal basis) Vu € V', Vi#je[N],

[Twill =1, (Tus Tuy) =0. (5.4)

(Non-negativity) ¥V u,v € V', Vi,j € [N],

(T, Toy) = 0. (5.5)

(Symmetry) V u,v € V', Vi,j,s € [N],

<TU,’£7 Tv,j> = <Tu,s€ai7 Tv,s@j) (56)

where ‘@’ is the group operation on [N] as described above.

(High SDP Value) For every edge e = (u,v) € F,

Vi€ [N], {(TusTomwe) > 1— 41, (5.7)
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In fact, there is s € [N] such that Vi€ [N], 7w%(i) = s* @ 1.

e

e (Sum to a Constant Vector) For every vertex u € V|

N
> T, =T (5.8)
i=1

2=

N
where T is a fixed unit vector.

e (Local Consistency) A set W C V' of vertices is p-local if || T, — T,|| <

p < 0.1 for all u,v € W. Here, T, := \/LN ZjE[N] .T%

lemma 5.4.2 ([KS09]). Suppose a set W C V' is p-local. Then there is
set L(W) of N locally consistent assignments to vertices in W such that if
W[N] e L(W) then

VU,U e W <Tu’”(u),TU7u(U)> >1- O(pQ). (59)

The assignments in L(W) are disjoint i.e. if p # p' € L(W) then V u €

W, () # ().

The authors in [KS09] define for every vertex u € V' a unit vector T,

1
T, = — T®4, 5.10
/N Z u,? ( )

1€[N]

and prove that that the Euclidean distances between the vectors {T,}.cy: are a

measure of the ‘closeness’ between the orthonormal tuples {T,; | i € [N]}uev .
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lemma 5.4.3 ([KS09]). For every u,v € V’,

min [|[T,; — Ty, || < || Tu—T,| < 2 min [|T,; — T, (5.11)
i,J€[N] 1,J€[N]

5.4.2 Reduction to constant label size

In this section we transform the instance U, (G'(V', E'), [N], {7 }cer’) described in
the previous section to another UNIQUE GAMES instance U (G(V, E), [k], {7 }ecr)
using a reduction presented in [KKMOO7]. Here [k] is to be thought of as the set
{0,1,...,k — 1} with the group operation of addition modulo k.

We start with the UNIQUE GAMES instance U, (G'(V', E'), [N], {7 }cer’) and
replace each vertex v € V/ by a block of kV~! vertices (v,s) where s € [k]Y and
s; = 0.

For every pair of edges e = (v,w),e¢’ = (v,w') € E', there are (all possible)
weighted edges between the blocks (w,-) and (w’,-) in the instance
U(G(V, E), [k],{mc}ecr). The edge between a := (w,s) and b := (w',s’) is con-

structed as follows:-

1. Pick p uniformly at random from [k]V and p’ € [k]" such that each co-
ordinate p’; is chosen to be p; with probability 1 — € and is chosen uniformly

at random from [k] with probability € for all ¢ € [N].
2. Define q,q’ € [k]N as q:=pon™, q :=p or¥"
where p o7 := (Pr(1), - - -, Pr(N))-

3. Definer,r’ € [k]Y asr; := q; —q; and 1’; :== ', — ¢/, for all i from 1 through
N.
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4. Add an edge e* between a = (w,s) and b = (w’,s') such that 7%(i) :=

(t+dy —ai) for all ¢ € [k] and wt(e*) := Pr[s =r,s' =r'].

The third step in the construction incorporates a PCP trick called folding. To
prove that the instance constructed has low optimum, we need the property that
any labelling to vertices in U, is balanced on every block of vertices arising out of
some vertex in U, i.e. it assigns each label in every block equally often.

We achieve this by reducing the number of vertices in each block by a factor of
%, and then extend any labelling on the reduced vertex set to a balanced labelling
on the original vertex set. In our case, we only consider strings s with s; = 0 and

as a mental exercise we extend any labeling o to all strings as
/ / / L / / / / /
o(s'1,8,...,8'n) :=0(0,8y —8'1,...,8'y —'1) +5;

The following is a reformulation of Theorem 12 and corollary 13 of [KKMOO07].

lemma 5.4.4. Any labeling to the vertices of the UNIQUE GAMES instance
UGV, E), k], {Te}ecr) satisfies at most k=/* fraction of the edges provided the
optimum of the instance U, (which is at most N~")) is sufficiently small as a

function of € and k.

5.5 Approximate Vector Construction

In this section we construct Lasserre vectors for the UNIQUE (GAMES instance
U(G(V, E), [k],{me}eer) described in the previous section. Our construction will

be randomized, i.e. we first create vectors y& , for every choice of random bits r
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and then set

XS, 1= @ VPr[r] ys, (5.12)

where Pr[r] is the probability of choosing the random bit-sequence r (vectors for
different choices of randomness live in independent, mutually orthogonal spaces).
Our construction will use Theorems 5.7.1 and 5.7.3 along with corollary 5.7.2

which are stated in Section 5.7.

5.5.1 Construction
We intend to construct vectors xg, for every set S C V, |S| < t, and every

assignment o : S+ [k]. Set p = n'/*6 and d = 81n(2t?/n)/p>.

1. Projection:

Use corollary 5.7.2 to obtain a mapping T, + T/, € S} Vue V'

2. Partition:

Use Theorem 5.7.3 to randomly partition S%~! with diameter p. Let Oy, Cs,
..., Oy, denote this partition of S¥~!' as well as the induced partition of V’

(by a slight abuse of notation).

3. Constructing vectors for a fixed set S CV, |5]| <t

Recall that every vertex of S is of the form a = (v,s) for some v € V'’ and

s € [k]V,s; =0. Let S =U",S, be a partition of S such that

Se:={a=(v,s)eS|vel}
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Also define for the sake of notational ease,

Spi={v|Ja=(vs)eS}tCC, and S :=U"S.

Since |S| < t, at most ¢ of the sets Sy (and hence S}) are non-empty. Let r
be the randomness used in Steps (1) and (2). If the Projection succeeds for

the entire set S” (see corollary 5.7.2), go to Step 4.

Otherwise set y§, := 0 for all o : S+ [k] and go to Step 5.

. Since S = U},S, is a partition, an assignment o : S — [k] can be split
into assignments oy : Sy +— [k] for £ = 1,...,m. The construction below is
the vector analogue of choosing an assignment o, for set S, from a certain

distribution, but independently for all £ =1,... m.
For each ¢ such that S, = 0, let ygzm =T.

For each ¢ such that Sy # 0, observe that the set S} is O(p)-local since the
projection succeeded for S’ and since the diameter of C, is at most p. Let

L(S;) denote the set of N locally consistent assignments to S, as in Lemma

5.4.2, Equation (5.9).

We partition the set L(S}) of locally consistent assignments into different
classes depending on how they behave w.r.t. assignments o, : Sy — [k].

Towards this end, let

Lyt = {p|pe L(S;) such that V a= (v,s) € Sy, Suw) =0e(a)}.

Se,0¢
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Now arbitrarily pick a representative element u € S; and set

yS[,O’[ == Z TUN

NELSZ oy

Finally define,

®ySW (5.13)

5. Construct vectors xg, := EB V/Pr[r] y§, as in Equation (5.12).

5.6 Analysis

We begin with the following lemma.

lemma 5.6.1. In the Step (4) of the construction in Section 5.5.1, for any fized r

and £,
Z ySZ’UZ =
Proof.
Z ySevUe - Z Z T = \/_ Z Tupw =T,
o eLng[ pEL(S))
from Equation (5.8). O

lemma 5.6.2. The vectors xg, constructed in the previous section satisfy the

constraints of the SDP L-UG(t) up to the following errors:-

1. Equations (IV) and (V) are satisfied exactly
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2. Equation (VI) is satisfied up to an error of O(tp), i.e. for any sets T C S,

|S| <t and an assignement T : T — [k,

> Xs0—Xr.|| < O(tp). (5.14)

o:0|lr=T

Proof. (1): It is clear from the construction that

Xy = @ \/ Pr[r] ®T

which is a unit vector since T is a unit vector. Hence, Equation (IV) is satisfied.
Also, it is easy to check that for a fixed set S, for every choice of the randomness,
we always assign orthogonal vectors for different assignments o, hence Equation

(V) is satisfied.

(2): We will show that with probability (1 — ) over the choice of randomness r,

> Vie =Y. < Op). (5.15)

o:olr=7

Using Equation (5.12), this implies that the desired claim that

2

Z X5, — X7.|| < O(n) + O(t*p?*) = O(t*p?).

o:olp=T7

Now we prove Equation (5.15). The Projection in Step 1 of the construction
succeeds for S” (and hence also for 7") with probability at least 1 — 5 by corollary

5.7.2. Now fix the randomness r such that the projection succeeded for S’.

Let (S = U}, Se, 0 ={oe}jy, S =U,S;) and
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(T =V Ty, T ={m}},, T' = UL, T)) be the splitting of sets and their assign-
ments respectively as described in Steps 3 and 4 of the construction in Section

5.5.1. Note that
yg’z‘—‘,T ® yTg Te (516)

and
Z ygﬂ - Z ®y5&05 - ® Z ySe,Ue (5'17)
olr=7 olr=7 I=1 I=1 \oylr,=m

In the tensor product on right hand side in above Equations (5.16, 5.17), all but

rl
or|T,=Te ySe op

at most ¢ of the sets S, (and hence T;) are empty in which case )

y;fﬂ = T. Thus it suffices to prove that for all £ such that S; # ), we have

>y, — Vil <0m).

oelT,=Te

If T, = (), then yTe 5, = Tand ) = T as well by Lemma 5.6.1, so

oelT,=7e Y S0
we are done. Assume therefore that T, # (). In that case, for some representative

vertices u* € S and v* € T, we have

1
rd rl
YSg,ag - Z Tu J(u*) yTZ’Te = \/_N Z TU*,V('U*)'

r L
,uGLS[ op Z/ELT[ -

Since T, C S} are both O(p)-local sets, every locally consistent assignment v
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to T, has a unique extension to a locally consistent assignment to S;. Also,

U Lgfm = U {w| pe L(S)) such that Va= (v,s) € Sy, suw) =o0ela)}

orlT,=Te oelT,=T¢
= {,u | € L(Sy) such that Va = (v,s) € Ty, Suu) = Tg(a)}
= {l/ | v € L(Ty) such thatVa= (v,s) € Ty, syu) = Tg(a)}

.l
Tyy1e”

Hence,

Z yse op \/_N Z Tu*vﬂ (u*) = Z T w(v*)

¥/ r,0
04| T,=Te )
|7, 1 € Usyiry=ry Ly, ueL

Writing L = L%

Ty,

|L| < N, it follows that

2 2

1
Z ySe o yTe T = N Z Tu*»V(u*) - Z TU*W(U*)
O’g'TZ—Te veL veL
2
S N Z (1 - <Tu*,zx(u*)7 TU*,I/(’U*)>)
velL
< O(p*) using Equations (5.9) and (5.5).

lemma 5.6.3. The objective value achieved by the vectors xg, constructed in

the previous section for the SDP L-UG(t) is at least (1 — O(€))|E| where |E| =
Zwt(e)

Proof. Consider edges of the form e* = (a,b) where a := (w,s) and b := (v',8') as
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described in Section 5.4.2. Observe that

Z wt(a,b) = 1.

We will prove that

> 2 <Xfw Xbm:f:(z')> wt(e) 21 -0(e)

s,s’ i€[k]

which suffices to prove the lemma.

Notice that ||T,, — T || = O(y/n) by Equations (5.7) and (5.11). With prob-
ability at least 1 — 7, the projection in Step 1 ensures (see corollary 5.7.2) that
|T'y — T = O(y/n). Hence, by Theorem 5.7.3, the probability that the par-
titioning in Step 2 puts T’,, and T’ in different clusters is at most O(,/7 - d/p)
which is at most O(n'/*) and our choice of parameters. Now fix a choice of ran-
domness r such that w and w’ lie in the same cluster, say the cluster Cy. We will

prove that

2.0 <yg,i’yz,ng}z(i)> wt(e’) > 1= O(e). (5.18)

s,s’ i€[k]

Using Equation (5.12), this implies

S5 (KuisKumy) wHe) = (1= 0()(1 = O(") = 1= 0(¢)

s,s’ i€[k]

by our choice of parameters.
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It remains to prove Equation (5.18). Let
L;:= LZf ={v|veL{w}) and s, =i}

and

L. LZZQ,, ={V' |V € L{w'}) and §',(uy = 7%(i)}.

e*

Observe that the left hand side of the last equation is the same as

1
N Z Z Z <TW,V(w)7 Tw’,u’(w’)> UJt<€*)

s,s’ i€[k] v€L;
V/EL;;

We lower bound this expression by restricting the inner summation to only those
pairs (v,v') € L; x L} for which there exists a (necessarily unique) assignement
€ L({w,w'}) such that pu(w) = v(w) and p(w') = v/(w'). Note that since {w, w'}
is O(n'/?)-local, the set L({w,w'}) of locally consistent assignments is well-defined.

Thus a lower bound on the above expression is

1
T 2 AT Turw)) wi(e)

s,s’ i€lk] wneL({ww'}),
M‘HGL»L wl /EL’

Noting that the inner product is at least 1 — O(n) (see Equation (5.9)), and using

the definition of L; and Lf, we further lower bound the expression by
ZZ Y IND [su = 0,8 ) = m(0)] wi(e?)
s,s’ i€lk] peL({w,w'})

VW

where IND[-] is an indicator function. Let 7 := 7% and 7’ := 7%*". Then except
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the (1 — O(n)) factor, the above expression is same as,

_Z 3 ZIND Su(w) = 1y 8 p(ury = T2 (1)] wt(e”)

s,s’ peL({w,w'}) i€[k]

1
= W Z Z IND [Su(w) = 8w + 91 — @] wt(e”)

S ’ _
neL({wuwp P
1 1
= 5 2 Prlauw =duw) > Prln) = dro)
peL({fww'}) peEL({ww'}) ™
1
Y Pripuw = Pl 21—¢

where the second last equality uses Equations (5.7, 5.9) and the last equality uses

the definition of p and p’.

5.7 Projecting and partitioning on a unit sphere

We state the Theorems 5.7.1 and 5.7.3, and prove Corollary 5.7.2 which are used in
Section 5.5. Theorem 5.7.1 can be inferred from [[DG99], Lemma 2.2] while The-
orem 5.7.3 can be inferred from [[GKLO03], Theorem 3.2] applied to the Euclidean

unit sphere.

Theorem 5.7.1 ([JL84],[DG99]). Let each entry of an d x n matriz P be chosen
independently from N(0,1). Let Q := - P and v = Qu for u € R". Then for any

0<6<3,

(1= O)[[ull < f[Qull < (1 + 6)|lu] (5.19)
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with probability at least 1 — 2e~%. We say that v € R? is the projection of u € R™.

Corollary 5.7.2. There is a randomized mapping I' : S*~1 — S9! with d =
81n(2t%/n)/p?, such that for any set X C S"7' | X| < t, with probability 1 —n, we

have
1
Vo, y € X, ﬁHF(aﬁ) T <[z —yll <4p+2 |T(z) = T(y)].

If this conclusion holds, we say that the randomized mapping (projection) succeeded.

Proof. Let @) be the random matrix as in Theorem 5.7.1, § = p, and define I'(x) =
%. Then by a union bound, with probability 1 —7, Equation (5.19) holds for all
u € X U{z —ylz,y € X}. In that case, for any z,y € X, letting a = ||Qx||,b =
|Qull, we see that a,b € [1 = 0,1+ 0] and |a —b] < [[Qz — Qy[| = [[Q(z —y)|| <

(14+6) - ||lx —y||. Hence,

ab-||U(2) =T (y)|l = [16Qz — aQyl| < bl|Qz —Qy|| +[b—al|Qy]l < 2-(1+06)*|lz —y].

This proves the left inequality. For the right inequality, we have:

1=0)-fle—yll < [Q -yl <|Qz—T()]+[I(z)-THI+ ) —Qull
= Q] =1 +T(z) = T(y)ll + [[[Qull = 1] <26 + [[T'(x) = T'(y)]|
O

Theorem 5.7.3 ([GKLO03]). Let S*! = {x € R? : ||z|| = 1} denote the (d — 1)
dimensional unit sphere. For every choice of diameter p > 0 there is a randomized

partition P of S into disjoint clusters such that,
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1. For every cluster C € P, C' C S*', diam(C) < p.
2. For any pair of points u,v € S such that ||u —v|| = B < E,

1003d
o

Pr [u and v fall into different clusters| <
P

5.8 Equivalence of Lasserre relaxations

max Z Z<Xu,i,Xu,ngv(i)> wt(e)

e=(u,v)eE i€[k]

Subject to,
VS CV,|S| <t > lxsol® =1 (VII)
oelk]s
V(S,0) % (S, 0") (X5,0,Xg7,01) = 0 (VILI)

V(S,0) ~ (S, 0"), (T, 7) ~ (T",7)
(S U S,, o U 0'/) = (T U T,, TU 7'/) <XS,<77 Xgl7g/> = <XT,7—7 XT’,T’> (IX)

Figure 5.3: Relaxation L’-UG(t) for UNIQUE GAMES

lemma 5.8.1. The constraints of the semi-definite program (SDP) L’ -UG(t) imply
the constraints of the SDP L-UG(t) and the constraints of the SDP L-UG(2t) imply

the constraints of the SDP L’>-UG(t).

Proof. Let xg, be vectors satisfying L’-UG(t). We will show that they satisfy
Equation (VI) of L-UG(t). Note that Equation (V) is contained in Equation (VIII)

for S = 5" and Equation (IV) is contained in Equation (VII) with S = ¢.
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As a first step, we prove Equation (VI) for T' = ¢. Fix a set S then (x4, Xs,) =

(Xs,.0,%Xs5,5) by Equation (IX) which means

<x¢, Z Xs70> = Z (X, Xg,0) = Z (X50,X55) =1

o€lk])S o€lk])S oclk]S

by using Equation (VII). Also, note that Z Xg 1s a unit vector by Equations
oelk]®
(VII) and (VIII) and so is x4. Since the dot products of these two unit vectors is

1 it must be that they are equal which proves Equation (VI) for T' = ¢.

Now we prove Equation (VI) for |T| = |S| — 1 and it is easy to see that
this implies Equation (VI) for all 7" C S by repeated application. So fix S,T" as
described, fix 7 € [k]7 and let oy, i € [k] be the k assignments on S which are

consistent with 7. We know that

E XS7O' =X
o€lk]®

Taking the dot product of xp . with both sides of the previous equation and using

=

Equations (VIII) and (IX) gives us (xr,,X7,) = Z XS0, X5,0;) and it is also
=1

similarly easy to see that

N N
XT,T7 E XS,O'Z' = E <XS,O'-;7 XS,O'Z'>
i=1 =1

N N

Thus, x7, and Z Xg,4, are vectors of norm Z X$,0;5 X8,0;) Whose dot product is
=1
also equal to the same number which means they must be equal. This proves the

first part of the lemma.
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Conversely, let xs, be a solution for L-UG(2¢). We will show that it satisfies
Equations (VII),(VIII) and (IX) of SDP L’-UG(%).

To prove Equation (VII), fix a set S C V. We have,

1 = (x4, Xg) = < Z XS0 Z XS’U> = Z (X5.0:X5,07) = Z (X805 XS,0) +

oelk]s oclk]s o,0'€[k]S oelk]s

where second equality uses Equation (VI) with T'= ¢ and the the fourth equality

uses Equation (V).
To prove Equation (VIII), fix S,S’, 0,0 such that (S,0) % (S’,0"). Then,

<XS,07XS’,J’>:< Z XSUs, Z XSUS’,T’> =0

Te[k]SUS’ TIE[k]SUS/

Tlg=o 7'/|S/=0'/

where the last equality uses Equation (V) and the fact that the two summations

consist of disjoint assignments since (S, 0) % (5, 0’).

To prove Equation (IX), fix S,S",T,T7" C V of size at most ¢ and their corre-
sponding assignments o, 0’, 7, 7" respectively such that (S,0) ~ (5,0'),(T,7) ~

(T",7),(SUS,oUc)=(TUT',7UT"). Now,

(X0, Xg701) = < g XSUs’ " s E XSUS’,U”> = (Xsus’,0U0", XSUS" 0Uo")

o/l e[k]SUS’ o/ e[k]SUS’

(7//‘3:(7 Ull‘s/:(!/

where the first equality uses Equation (VI) and the second equality uses Equation
(V) combined with the observation that ¢ U ¢’ is the only assignment appearing

in both the summations.
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Similarly,

(X1, X7 71) = (XTUT 70y XTUTY 707

and since (SU S o Ud’) = (T UT',7U7T") Equation (IX) is proved as desired.

O
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