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Abstract

We study the question of designing protocols for allowing a computationally weak client
to outsource its computations to a powerful but untrusted server. Since the client does
not trust the server, the latter must convince the client that the result of the computation
is correct. The two crucial points are that (1) verifying the correctness must be much
easier than directly performing the computation, and (2) the overhead on the server’s
side must be minimal. Our main results are:

1. (Almost) Linear-Time Verification: We show a general-purpose single-round
protocol that allows the client to outsource the computation of any function com-
putable in (arbitrarily large) polynomial-time such that the correctness of the com-
putation can be verified in (almost) linear-time, with only a polynomial overhead
for the server. The security of our protocol relies on the security of a standard
cryptographic primitive.

2. Sublinear-Time Verification: In some settings even linear-time verification may
not be feasible. We initiate the study of non-interactive proofs of proximity. These
allow the client to verify a given statement in sub-linear time, using a short (sublin-
ear length) explicitly given certificate (i.e., proof) from the server. Since the client
cannot even read its entire input, following the property testing literature, we only
guarantee an approximate answer. This notion can be viewed as the NP (or more
accurately MA) analogue of property testing.
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Chapter 1

Introduction

The past few years have seen a dramatic shift in the nature of computing. The classical
paradigm of “personal computing” is being challenged by the fact that vast amounts of
computation are being executed on massive datasets. Nowadays more and more com-
putations, which used to be performed locally, are being outsourced to the “cloud” -
an external service provider that has extremely powerful hardware and can be paid to
run expensive computations. This exciting shift is coupled with the fact that personal
computing devices (such as smartphones and tablets) have become (relatively) computa-
tionally weaker, and must use the power of the cloud to execute expensive computational
tasks.!

This emerging paradigm of “cloud computing” gives rise to new security concerns,
due to the fact that a potentially untrusted party (i.e., the cloud) is involved in our
computations. Perhaps the most fundamental security concern, if we do not trust the
cloud, is that we cannot just assume that the result of the outsourced computation is
correct. For example, what is to stop the cloud service provider from neglecting to run the
computation all-together and simply providing an arbitrary result (thereby saving itself
a lot of resources)?? In addition, in some natural scenarios, the cloud service provider
may an ulterior motive to convince the client of an incorrect result.

The focus of this thesis is introducing and exploring models and techniques that allow
a client to securely outsource its computation to an untrusted server in such a way that
the client can efficiently verify the correctness of the result.

!For example, “Siri ... uses a natural language user interface to answer questions, make recommenda-
tions, and perform actions by delegating requests to a set of web services” - Wikipedia entry for “Siri”,
the digital personal assistant software used by Apple.

2This attack is even more profound in case the computation has an a priori expected result. Consider
for instance the SETT (search for extraterrestrial intelligence) program. Here, a huge amount of electro-
magnetic radiation data is processed for signs of transmission from civilizations from other worlds. A
cloud service provider asked to process the data could save itself a lot of resources (without arousing too
much suspicion) by just answering negatively.



1. INTRODUCTION

1.1 Verifiably Outsourcing Computation

Suppose that a weak computational client as above wishes to outsource the computation
of a function f, on a given input z, to a powerful server (i.e., the cloud). The client sends
r to the server® and suppose that the server claims that f(x) = y. Since the client does
not trust the server, in addition to sending ¥, the server must convince the client that
indeed y = f(z).

One naive solution to this problem is for the client to simply check that y = f(z) by
computing f(x) directly. However, this solution defeats the entire purpose of outsourcing
computation since the client’s running time is equivalent to the time that it takes to
directly compute f without any help from the server. Hence, we seek solutions in which
the verification process is much faster than directly computing f.

On top of the efficient verification, an additional requirement, which seems necessary
for any practical application, is that the server should not work too hard in order to prove
that y = f(x). That is, the running time of the server should not be much longer than
the time that it takes to compute f.

To summarize, we seek a protocol for verifying the correctness of a computation that
is doubly efficient. That is, the protocol should have both

1. Super efficient verification (i.e., the client’s running time is much shorter than the
time that it takes to directly compute f); and

2. Efficient proving (i.e., the server’s running time is proportional to the time that it
takes to compute f).

In addition to the double efficiency requirement, we will aim for solutions in which
the number of rounds of communication is minimal. Ideally, the entire communication
should consist of a single round - the client sends 2 (and possibly some additional short
string) and the server sends back the result y and a “proof” 7 that convinces the client
that indeed y = f(x).

Comparison with Interactive Proofs. The problem of verifiably outsourcing com-
putation is closely related to the notion of an interactive proof, introduced by Goldwasser,
Micali and Rackoff [GMR&9]. In contrast to our setting, in an interactive proof, the veri-
fier is allowed to run in (arbitrarily large) polynomial-time and the prover’s running time
is typically not restricted. In contrast, the requirement in our setting is much stronger:
the verifier should be super efficient (e.g., linear-time) and the prover should be relatively
efficient (e.g., polynomial-time). The study of such strong interactive proofs (which are

3The fact that the client shares its input x with the server raises an additional security concern.
Namely, the fact that the client’s private information is revealed to the server. In this thesis our focus
is only on the problem of guaranteeing correctness and we ignore the privacy aspect. Still, we note that
solutions that guarantee correctness (as described in this thesis) can be combined with cryptographic
tools such as fully-homomorphic encryption [RAD78, Gen09] to simultaneously yield both correctness
and privacy.



1.2 Our Results

inherently limited to tractable languages since the prover is efficient), originates in the
work of Goldwasser, Kalai and Rothblum [GKRO0S].

1.2 Owur Results

We start with a brief descriptions of our main results. More details will follow in subse-
quent subsections.

(Almost) Linear-Time Verification. Together with Kalai and Raz [KRR13a, KRR14],
we designed a general-purpose single-round protocol that allows a verifier to outsource the
computation of any function. For functions that can be computed in (arbitrarily large)
polynomial-time, the verifier in our protocol runs in almost linear-time (i.e., essentially
not doing much more than just reading its input) and the prover runs in polynomial-
time. The verifier is guaranteed that the answer claimed by the prover is indeed correct
(with overwhelming probability), unless the prover can break the security of a standard
cryptographic primitive.

Sublinear-Time Verification. In some settings, when the input itself is huge, even
linear-time verification may not be feasible for the verifier. Since the verifier cannot even
read the entire input, following the property testing literature, we only require it to reject
inputs that are far from being valid.

In [GR15Db], together with Gur, we initiated the study of non-interactive proofs of
proximity. Here, the verifier is able to verify that a given statement is close to a true
statement, using a short (sublinear length) explicitly given certificate (i.e., proof), and a
sublinear number of queries to its input. Such proof-systems can be viewed as the NP
analogue of property testing. We explored both the power and the limitations of non-
interactive proofs of proximity and, among other results, showed that such proof-systems
can be exponentially stronger than property testers, but are exponentially weaker than
interactive proofs of proximity, which were recently studied by Rothblum, Vadhan and

Wigderson [RVW13].

1.2.1 Linear-Time Verification for P

Together with Kalai and Raz [KRR13a, KRR14], we constructed a one-round protocol
for verifiably outsourcing the computation of every function computable in time t = t(n),
such that the running time of the verifier is n-polylog(t) and the running time of the prover
poly(t). In particular, for every language in P we obtain almost linear time verification.
Our construction relies on the existence of a (sub-exponentially secure) computational
private information retrieval (PIR) scheme.

Our proof is based on a curious connection between the problem of verifiable outsourc-
ing of computation and a model of multi-prover interactive proofs that are sound against
no-signaling (cheating) strategies. This model was studied in the context of multi-prover

3



1. INTRODUCTION

interactive proofs with provers that share quantum entanglement, and is motivated by
the physical principle that information cannot travel faster than light.

For any language computable in time ¢ = t(n), we constructed a multi-prover in-
teractive proof (MIP) that is sound against no-signaling strategies, where the running
time of the provers is poly(¢), the number of provers is polylog(t), and the running time
of the verifier is n - polylog(t). In particular, this shows that the class of languages that
have polynomial-time MIPs that are sound against no-signaling strategies, is exactly EXP.
Previously, this class was only known to contain PSPACE.

To convert our MIP into a one-round verifiable delegation scheme, we used the method
suggested by Aiello et al. [ABORO00], which makes use of a PIR scheme. This method
lacked a proof of security. We proved that this method is secure assuming the underlying
MIP is secure against no-signaling provers. See Chapter 2 for details.

1.2.2 Non-Interactive Proofs of Proximity

The protocol discussed above allows to verify the correctness of any polynomial-time com-
putation in (almost) linear-time. In some settings, however, even linear-time verification
may not be feasible. For example, consider a data analyst performing some statistical
computation on a huge dataset = that is publicly available on the internet. A fundamen-
tal problem that arises when outsourcing computation in this setting is that the analyst
cannot even read her entire input and therefore, the server can easily cheat by providing
an answer corresponding to some dataset ' that only differs from z on a few bits.

Following the property testing literature, we address this problem by relaxing the
requirement so that the analyst is only assured of the prozimity of the statement to
a correct one. Indeed, such an approximate answer can suffice for many applications
(e.g., for statistical analysis). This model, known as interactive proofs of prozimity (IPP)
was introduced by Ergiin, Kumar and Rubinfeld [EKR04] and was recently studied by
Rothblum, Vadhan and Wigderson [RVW13], who showed a (multi-round) IPP for a large
class of functions, in which the verifier runs in sublinear-time.

Together with Gur [GR15b], we initiated a study of non-interactive proofs of prox-
imity. These proof-systems consist of a verifier that wishes to ascertain the validity of a
given statement, using a short (sublinear length) explicitly” given proof, and a sublinear
number of queries to its input. Since the verifier cannot even read the entire input, we
only require it to reject inputs that are far from being valid. Thus, the verifier is only
assured of the proximity of the statement to a correct one. Such proof-systems can be
viewed as the NP (or more accurately MA) analogue of property testing.

We explored both the power and limitations of non-interactive proofs of proximity.
We showed that such proof-systems can be exponentially stronger than property testers,
but are exponentially weaker than interactive proofs of proximity. In addition, we showed
a natural problem that has a full and (almost) tight multiplicative trade-off between the
length of the proof and the verifier’s query complexity. See Chapter 3 for details.

4In contrast, in the related model of probabilistically checkable proofs of prozimity (PCPPs) the verifier
is given implicit (i.e., oracle) access to the proof, and the length of the proof is typically super-linear.

4



1.3 Organization

1.2.3 Arguments of Proximity

Proofs of proximity guarantee the correctness of the result even if the prover deviates
arbitrarily from the protocol. A natural relaxation to consider is limiting attention to
adversaries that are computationally bounded - that is, soundness is only required to
hold against computationally bounded cheating provers. Together with Kalai [KR14], we
considered this natural relaxation, which we called interactive arguments of proximity.

We constructed such arguments of proximity that improve on the interactive proofs
of proximity of [RVW13] by (1) capturing a richer class of functions and (2) minimizing
the number of rounds in the interaction to a single round. More specifically, assuming
the existence of a sub-exponentially secure FHE scheme, we constructed a one-round
argument of proximity for every language computable in time ¢, where the running time
of the verifier is o(n) + polylog(t) and the running time of the prover is poly(t).

In contrast, assuming sufficiently hard cryptographic PRGs, we showed a language in
P for which the parameters of our argument-system are close to optimal. In addition,
based on similar cryptographic assumptions, we also show a language in NC;, for which
the parameters of the IPPs of Rothblum et al. [RVW13] are close to optimal.

Finally, using adequate error correcting codes, we observed that any one-round ar-
gument of proximity immediately yields a one-round standard delegation scheme (i.e.,
the verifier rejects every false input) where the verifier runs in exact linear time. See
Chapter 5 for details.

1.2.4 Proofs of Proximity for Context-Free Languages and Read-
Once Branching Programs

To further demonstrate the usefulness of both interactive and non-interactive proofs of
proximity, a basic goal is to design such protocols for natural languages or even classes
of languages. Together with Goldreich and Gur [GGRI15], we considered this questions
and constructed proofs of proximity for two natural classes of properties: (1) context-free
languages, and (2) languages accepted by small read-once branching programs. Our main
results are:

1. Non-interactive proofs of proximity for these two classes, in which, for inputs of
length n, both the verifier’s query complexity and the length of the proof are O(y/n).

2. Interactive proofs of proximity for the same two classes with constant query com-
plexity, poly-logarithmic communication complexity, and logarithmically many rounds
of interaction.

See Chapter 4 for details.

1.3 Organization

The thesis is organized in chapters, where each chapter contains a full version of a pub-
lished paper or a paper that is currently in submission. Hence, each chapter may be
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read independently of all other chapters. We note that (1) the first section of each chap-
ter ends with an organization subsection that outlines the structure of that chapter and
(2) appendices relevant to each chapter appear immediately at the end of the relevant
chapter.

In Chapter 2 we present our construction of a delegation scheme for any language in
P (based on [KRR13b]). In Chapter 3 we present our results on non-interactive proofs of
proximity (based on [GR15b]). In Chapter 4 we show how to construct efficient proofs of
proximity for context-free languages and languages accepted by small read-once branch-
ing programs (based on [GGR15]). In Chapter 5 we discuss our results for arguments
of proximity (including also the aforementioned lower bound for interactive proofs of
proximity) (based on [KR14]).

Finally, in Appendix A we give a high-level overview of results that were obtained
during our doctoral studies but are not directly related to verifiable outsourcing of com-
putation and were therefore not included in the thesis.



Chapter 2

Delegation for P

2.1 Introduction

The problem of delegating computation considers a setting where one party, the delegator
(or werifier), wishes to delegate the computation of a function f to another party, the
worker (or prover). The challenge is that the delegator may not trust the worker, and thus
it is desirable to have the worker “prove” that the computation was done correctly. We
require that verifying this proof is significantly easier than doing the computation itself;
that is, the delegator’s running time is significantly smaller than the time complexity of
f. Moreover, we require that the running time of the worker is not much larger than the
time complexity of f.

The problem of delegating computation became a central problem in cryptography,
especially with the increasing popularity of cloud computing, where weak devices use
cloud platforms to run their computations.

We focus on the problem of constructing one-round delegation protocols, where the
delegator wants to verify a statement of the form x € £. The delegator sends x to the
worker together with some query ¢; then the worker computes b = L(x), and based on the
query ¢ provides a non-interactive proof 7 for the fact that b = L£(x). The delegator should
be able to verify the correctness of the proof 7 very efficiently, and the worker should run
in time polynomial in the time it takes to compute f. Throughout this work (similarly
to all previous works that consider the problem of one-round delegation), the security
requirement is against computationally bounded cheating workers. Namely, we consider
the computational setting, where the security (i.e., soundness) of our scheme relies on a
cryptographic assumption, and the guarantee is that any cheating worker, who cannot
break the underlying assumption, cannot prove the correctness of an incorrect statement.

Previously, [GKRO08, KR09] proved that (assuming the existence of a sub-exponentially
secure computational PIR scheme) any function f that can be computed by a LOGSPACE-
uniform circuit C of size t = t(n) and depth d = d(n), has a one-round delegation scheme
where the running time of the verifier is O(n + d), and the running time of the prover is
poly(t).! Note however that for circuits with large depth d this delegation scheme does

1 As is the case with all computationally sound delegation schemes, the runtime of both the prover

7
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not satisfy the efficiency criterion.

A fundamental question is: Do there exist efficient 1-round delegation schemes for all
deterministic computations? There are several works that (partially) answer this question
in the preprocessing model, or under non-falsifiable assumptions.”? We elaborate on these
works in Section 2.1.4.

In this chapter, we answer the above question positively, by constructing a 1-round
delegation scheme for every deterministic computation, assuming a sub-exponentially
secure computational PIR scheme. More specifically, we show a delegation scheme for
every language computable in time ¢ = t(n), where the running time of the verifier is
n - polylog(t), and the running time of the prover is poly(¢). The underlying assumption is
that there exists a computational PIR scheme (or an FHE scheme) that cannot be broken
in time tPoY1°e(®) for security parameter k < poly(n).?

Our delegation scheme exploits a connection to the seemingly unrelated model of
multi-prover interactive proof systems (MIP) in which soundness holds even against no-
signaling cheating provers. Loosely speaking, no-signaling provers are allowed to use
arbitrary strategies (as opposed to local ones, where the reply of each prover is a function
only of her own input), as long as their strategies cannot be used for communication
between any two disjoint sets of provers.

We show that any MIP that is sound against no-signaling cheating provers can be con-
verted into a 1-round delegation scheme, using a fully-homomorphic encryption scheme
(FHE), or alternatively, using a computational private information retrieval (PIR) scheme.
We elaborate on this connection in Section 2.1.2.

We then construct a new MIP, for every deterministic language, with soundness
against no-signaling cheating provers. This, together with the transformation above,
gives us our 1-round delegation scheme.

2.1.1 Multi-Prover Interactive Proofs with No-Signaling Provers

The study of MIPs that are secure against no-signaling provers was motivated by the
study of MIPs with provers that share entangled quantum states. Recall that no-signaling
provers are allowed to use arbitrary strategies, as long as their strategies cannot be used
for communication between any two disjoint sets of provers. By the physical principle
that information cannot travel faster than light, a consequence of Einstein’s special rela-
tivity theory, it follows that all the strategies that can be realized by provers that share
entangled quantum states are no-signaling strategies.

Moreover, the principle that information cannot travel faster than light is a central
principle in physics, and is likely to remain valid in any future ultimate theory of nature,
since its violation means that information could be sent from future to past. Therefore,

and the verifier also grows polynomially with the security parameter. To avoid cluttering of notation,
throughout this introduction, we omit this dependence on the security parameter.

2We note that under non-falsifiable assumptions, there are known positive results even for non-
deterministic computations. The focus of this work is on deterministic computations.

3In particular, for languages in P we only require a PIR scheme with quasi-polynomial security.
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soundness against no-signaling strategies is likely to ensure soundness against provers
that obey a future ultimate theory of physics, and not only the current physical theories
that we have, that are known to be incomplete.

The study of MIPs that are secure against no-signaling provers is very appealing also
because no-signaling strategies have a simple mathematical characterization.

Loosely speaking, in a no-signaling strategy the answer given by each prover is allowed
to depend on the queries to all other provers, as long as for any subset of provers S, and
any queries given to the provers in .S, the distribution of the answers given by the provers
in S is independent of all the other queries. Thus, the answer of each prover can depend
on the queries to all other provers as a function, but not as a random variable.

More formally, fix any MIP consisting of ¢ provers, and fix any set of cheating provers
{Pf,..., P/} who may see each other’s queries (and thus each answer may depend on
the queries sent to all the provers). The provers are said to be no-signaling if for every
subset of provers {P;}ics, and for every two possible query sets {¢;}icig and {q;}icig
such that ¢; = ¢} for every i € S, it holds that the distributions of answers {a;};cs and
{a}}ies are identical, where {a;}ics is the the answers of the provers in S corresponding
to the queries {¢;}iciq, and {a;};cs is the answers of the provers in S corresponding to
the queries {¢; }icjq. If we have the slightly weaker guarantee that these two distributions
are statistically close, then we say that the provers are statistically no-signaling. More
specifically, if these two distributions are d-close, then we say that the provers are d-no-
signaling. We refer the reader to Section 2.4.3 for details.

No-signaling strategies were first studied in physics in the context of Bell inequalities
by Khalfin and Tsirelson [KT85] and Rastall [Ras85], and they gained much attention
after they were reintroduced by Popescu and Rohrlich [PR94]. MIPs that are secure
against no-signaling provers were extensively studied in the literature (see for exam-
ple [Ton09, BLMT05, ATI06, KKM™08, TKMO09, Hol09, Tto10]). However, their precise
power was unknown. It was known that they contain PSPACE [IKM09] and are contained
in EXP.? For the case of two provers, Ito [[to10] showed that the corresponding com-
plexity class is contained in (and therefore equal to) PSPACE. Characterizing the exact
power of MIPs (with more than two provers) that are secure against no-signaling provers
remained an open problem.

In this chapter, we solve this open problem by constructing MIPs that are secure
against no-signaling strategies (and more generally, statistically no-signaling strategies),
for every language in EXP. Moreover, in our construction the provers are efficient; i.e.,
they run in time that is polynomial in the computation time. Specifically, for any lan-
guage computable in time ¢ = t(n), we construct an MIP that is sound against no-
signaling strategies, where the running time of the provers is poly(¢), the number of
provers is polylog(t), and the running time of the verifier is n - polylog(t). The fact that
our MIP is efficient implies that the resulting 1-round delegation scheme is efficient. We
note that the previous construction of MIP that is sound against no-signaling strategies
for PSPACE [TKMO09] is inefficient (the provers run in time exponential in the space of the

4In a nutshell, one can find the best strategy for the provers by solving an exponential size linear
program.
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computation).

2.1.1.1 The Challenges in Proving Soundness Against No-Signaling Strate-
gies

It is tempting to consider known constructions of MIPs and to try to prove their soundness
against no-signaling strategies. However, known constructions of MIPs are usually for
NEXP (or the scaled down version for NP). Since MIPs that are secure against no-
signaling strategies are contained in EXP, there is no hope to construct such MIPs for
NEXP. In particular, all known MIPs for NEXP (or the scaled down version for NP) are
not sound against no-signaling strategies.

Indeed, often the trivial strategy, where the provers simply choose random answers
that make the verifier accept, is no-signaling. For example, consider the trivial 2-prover
interactive proof for graph 3-coloring , where the verifier sends each prover a vertex in
the graph, where with probability 1/2 the vertices are the same and with probability 1/2
there is an edge between these vertices, and the provers reply with the color of these
vertices. Suppose the graph is not 3-colorable. We argue that the “random accepting
strategy” is a no-signaling strategy that is accepted with probability 1. More specifically,
the cheating strategy is the following: If both vertices are the same, choose a random
color from the set of three legal colors, and both provers send this color to the verifier.
Otherwise, choose two different random colors from the set of three legal colors, and each
prover sends one of these colors to the verifier. This strategy is clearly accepted with
probability 1. Moreover, it is a no-signaling strategy, since the distribution of answers of
each prover is uniform, independent of the query to the other prover.

This intuitive argument extends to more sophisticated MIPs and demonstrates the
difficulty in proving soundness against no-signaling strategies.

2.1.2 From Multi-Prover Interactive Proofs to One-Round Del-
egation

Aello et al. [ABORO0] suggested a method for converting a 1-round MIP into a 1-round
delegation scheme, by using a PIR scheme (or an FHE scheme).” In this work, we choose
to use the terminology of FHE schemes (as opposed to PIR schemes), because we find this
terminology to be simpler. However, all our results hold with PIR schemes as well.

In the resulting delegation scheme, the verifier computes all the queries of the MIP
verifier, and sends all these queries to the prover, each encrypted under a fresh key, using
an FHE scheme. The prover then computes the MIP provers’ responses homomorphically
over the encrypted queries, that is, underneath the layer of the FHE scheme.

Unfortunately, shortly after this method was introduced, Dwork et al. [DLNT04]
showed that it may, in general, be insecure. We elaborate further on the work of
Dwork et al. and their connection to no-signaling soundness in Section 2.1.4.

® Actually, [ABORO0] suggested to use a PCP. However, as pointed out by [DLN'04] an MIP is more
suitable.

10
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Motivated by the work of Aiello et al., Kalai and Raz [KR09] showed that a variant
of this method can be used to securely convert any interactive proof into a one-round
argument system. The idea is simply to have the verifier send all its (say t) messages in
the first round, in the following redundant form: For every i € [t], all the first ¢ messages
are encrypted using a fresh FHE key.® The work of [KR09], together with the interactive
delegation scheme of Goldwasser et al. [GKKRO08], gives rise to the l-round delegation
protocol for LOGSPACE-uniform low-depth circuits, mentioned above.

We show that the method of Aiello et al. [ABORO00] is secure if the underlying MIP
is sound against statistically no-signaling strategies. Thus, we reduce the cryptographic
problem of constructing secure one-round delegation schemes, to the information theoret-
ical problem of constructing MIP schemes that are secure against statistically no-signaling
provers. Such a reduction allows us to “strip off” the cryptography, and to focus on an
information theoretic question of constructing an MIP that is secure against statistically
no-signaling provers.

This result generalizes the work of [KR09], since any interactive proof can be seen
as an MIP where the verifier sends his first ¢ messages to prover i (it is quite easy to
verify that the resulting MIP is secure against statistically no-signaling cheating provers).
Moreover, our result significantly simplifies the one of [KR09], which implicitly converts
the interactive proof into an MIP scheme and then applies the PIR to the resulting MIP
scheme. We believe that due to the lack of the “correct” terminology, the result of [IKR09]
was relatively complicated, whereas this current result is significantly simpler and more
general. We refer the reader to Section 2.16 for details.

2.1.3 Summary of Our Results

We show that when applying the method of Aiello et al. [ABORO00] to an MIP that is sound
against statistically no-signaling cheating provers, then the resulting 1-round delegation
protocol is secure (assuming that the underlying FHE is secure against attackers of sub-
exponential size).

Informal Theorem 2.1 (See Theorem 2.11). Assuming the existence of an FHE scheme
with sub-exponential security, there exists an efficient way to convert any 1-round MIP
that s sound against statistically no-signaling cheating provers into a secure I1-round
delegation scheme, where the running time of the prover and verifier in the delegation
scheme are proportional to the running time of the provers and verifier in the MIP.

Remark. More specifically, the precise assumption needed in Informal Theorem 2.1
is that there exists an FHE scheme that, for security parameter k < poly(n), is secure
against adversaries running in time 20U@l++lac) " where |a;| is the answer size of the i’th
prover in the underlying MIP scheme.

6The reason the i’th message is encrypted together with the preceding messages, is since the prover’s
reply may depend on all these messages.

11
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Thus, we reduced the cryptographic problem of constructing secure one-round dele-
gation schemes, to the information theoretical problem of constructing MIP schemes that
are secure against statistically no-signaling provers.

We then construct an efficient MIP, that is sound against statistically no-signaling
strategies, for every language in EXP.

Informal Theorem 2.2 (See Theorem 2.4). For any language L computable in time t =
t(n), there exists an MIP that is secure against statistically no-signaling adversaries. The
(honest) provers in this MIP run in time poly(t), the number of provers and the commu-
nication complexity is polylog(t), and the verifier runs in time n - polylog(t).

We note that our MIP has the additional property that the verifier does not need to
know the entire input, but rather only needs to access a few points in the low-degree
extension of the input (we refer the reader to Section 2.4.6 for the definition of low-
degree extension). This property, which was also a property of the [GKR08] protocol, is
important for applications such as memory delegation [CKLR11].

The above theorem, together with Informal Theorem 2.1, immediately yields the
following corollary:

Informal Theorem 2.3 (See Theorems 2.8-2.10). Assume the ezistence of an FHE
scheme with sub-exponential security. Then, there exists a 1-round delegation scheme
for any function computable in time t = t(n). The prover in this delegation scheme runs
in time poly(t), the verifier runs in time n - polylog(t), and the communication complexity

is polylog(t).

Remark. As in Informal Theorem 2.1, the precise assumption needed for the above
theorem is the existence of an FHE scheme that, for security parameter k£ < poly(n), is
secure against adversaries running in time 2P°os(®),

As a special case, Informal Theorem 2.2 gives soundness against provers that share
an entangled quantum state, since such provers are no-signaling. This gives a scheme for
delegating computation to a group of workers that cannot communicate with each other
(where the parameters are as in Theorem 2). The scheme is information theoretically
secure even if the workers share an entangled quantum state. Moreover, the scheme
remains secure in any future ultimate theory (that may extend quantum theory) as long
as the no-signaling principle remains valid. We note, however, that recent breakthroughs
by Ito and Vidick construct MIPs that are secure against provers that share entangled
quantum states, for any language in NEXP [IV12, Vid13].

The bulk of technical contribution of this work is in proving Informal Theorem 2.2.
As noted above, proving this theorem requires overcoming several technical hurdles that
do not appear in the classical MIP (or PCP) setting. We refer the reader to Section 2.3
for an overview of our techniques for proving this theorem.

Informal Theorem 2.1 is mainly a conceptual contribution. Its proof is relatively
straightforward, but we find the connection between the seemingly unrelated concepts of
delegation and no-signaling soundness to be intriguing.

12
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2.1.4 Related Work

Our work is greatly inspired by the work of Aiello et al. [ABORO00], who propose a
general methodology of constructing 1-round delegation schemes, by combining an MIP
(or a PCP) with a (computational) PIR scheme. Also very relevant to our work is the
work of Dwork et al. [DLNT04], who proved that this method is not sound, by giving an
example of a PCP for which the resulting one-round delegation scheme is not sound, no
matter which PIR scheme (or FHE scheme) is used.

Moreover, [DLNT04] define the notion of a “spooky interaction” which is a behavior
of the cheating prover, that on the one hand does not directly contradict the security of
the PIR, yet on the other hand is not consistent with answers based on PIR databases.
Using our terminology, a spooky behavior is exactly a no-signaling distribution on prover
answers that are computed “homomorphically” under the “encrypted” PIR queries.

More importantly, Dwork et al. also argue that the soundness of the [ABORO00] tech-
nique cannot essentially be based on any MIP (or PCP). However, Dwork et al. (and
[ABORO0]) were focused on constructing 1-round delegation schemes for non-deterministic
languages (such as languages in NEXP or the scaled down version of NP). Indeed, it is im-
plicitly shown in [DLN704] that languages that can be proved by an MIP with soundness
against no-signaling provers are in EXP (and the scaled down version of it is contained in
P). Additionally, Gentry and Wichs [GW11] recently showed a negative result, proving
that there does not exist a non-interactive delegation scheme for NP with a black-box
proof of security under any falsifiable assumption.” However, these negative results do
not apply to our setting as our delegation scheme is not for all of NP, but rather for
languages in P (or, in the scaled up version, in EXP).

Thus, by focusing on deterministic classes (as opposed to non-deterministic ones), we
manage to show that the [ABORO00] method is indeed sound in some cases.

Related work on computation delegation. Beyond the works of [GKR08, KR09]
that were mentioned earlier, there are many other works on delegating computation
that are less relevant to this work. Let us mention a few. In the interactive set-
ting, Kilian [Kil92] constructed a 4-message delegation scheme for every function in
NEXP. Micali [Mic94] showed that in the so called random oracle model this result
can be made non-interactive, by relying on the Fiat-Shamir paradigm [FS86]. There
are also several results that construct non-interactive delegation schemes under non-
falsifiable assumptions (as defined by Naor [Nao03]). These works include [Grol0, Lip12,
BCCT12a, DFH12, GLR11, BCCT12b, GGPRI12] and more. Finally, we mention a
series of results that construct non-interactive delegation scheme in the preprocessing
model, where the verifier is efficient only in the amortized setting. These results include
[GGP10, CKV10, AIK10, PRV12]. There are many other results that we do not mention,
which consider various different models, or are concerned with practical efficiency.

"The model of [GW11] differs from our model in that they allow the prover the additional power of
choosing the instance x after seeing the first message sent by the verifier.

13
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2.1.5 Organization

In Section 2.2, we formally state our results. In Section 2.3, we provide a high-level
overview of our techniques. In Section 2.4, we formally define the notions that we use
throughout this work. In Sections 2.5 to 2.8, we construct a base PCP with soundness
against no-signaling strategies for PSPACE. In Sections 2.9 to 2.11, we construct the
augmented PCP for EXP. In Sections 2.12 to 2.14, we show how to transform this PCP
into an MIP. In Section 2.15, we use the tools from all previous sections to prove the
main information theoretic result. Finally, in Section 2.16 and Section 2.17, we show how
to transform our MIP into an 1-round delegation scheme.

2.2 Our Results

We show a general result on MIP proof systems that are secure against no-signaling
strategies and show how to use the latter to construct a new 1-round delegation scheme
(a.k.a. I-round argument-system).

Theorem 2.4. Suppose that L € DTIME(t(n)), where t = t(n) satisfies poly(n) < t <
exp(n). Then, for any integer (logt)® < k < poly(n), where c is some (sufficiently large)
universal constant, there exists an MIP for L with k-polylog(t) provers and with soundness
error 27% against 27 FPoVe) _po_signaling strategies.

The verifier runs in time n-k?-polylog(t) and the provers run in time poly(t, k). Each
query and answer is of length k - polylog(t).

By setting the parameters ¢ = poly(n) and k = polylog(n) we obtain the following
corollary:

Corollary 2.5. If L € P, then there exists an MIP for £ with polylog(n) provers, and
with soundness error 2-PolVlog(n) g pqinst 2-POVIB() _no-signaling strategies. The verifier
runs in time O(n) and the provers run in time poly(n). Fach query and answer is of

length polylog(n).
A scaled up result is obtained by setting ¢t = exp(n) and k = poly(n):

Corollary 2.6. If L € EXP, then there exists an MIP for L with poly(n) provers and
with soundness error 27PY™ qgainst 27PN no-signaling strategies. The verifier runs
in time poly(n) and the provers run in time exp(n). Fach query and answer is of length

poly(n).

Having stated our main information-theoretic results, we proceed to state our main
cryptographic results. The following theorems rely on the existence of an (S, 0)-secure
FHE scheme, which is an FHE scheme where any poly(S)-size adversary cannot distin-
guish between an encryption of any two messages with probability greater than ¢ (see
Section 2.4.7 for a formal definition).®

8 Alternatively, we can rely on the existence of a sufficiently strong cryptographic private information
retrieval scheme (PIR), see remark at the end of Section 2.17.
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We first state our general transformation from any MIP that has soundness against
no-signaling strategies into a 1-round argument-system.

Theorem 2.7 (Simplified; for the full statement see Theorem 2.11). Suppose that the
language L has an MIP with € soundness against 0-no-signaling strategies and a total of
A communication (to all provers). Let T = T(n) > X be a security parameter, where n
denotes the input length of the MIP. For every S = S(1) > 7 such that S > max(n,2")
and &' = §'(7) such that &' < §/ N, if there ezists an (S,0") secure FHE, then the language
L has a 1-round argument system with soundness (.S, ¢).

If the MIP wverifier runs in time Ty, then the running time of the resulting verifier is
Ty + poly(7). If the running time of each MIP prover is Tp, then the running time of
the resulting prover is poly(Tp, 7,n). The total communication in the resulting argument-
system is of length poly(T).

By combining Theorem 2.4 with Theorem 2.7 we obtain the following argument-
system:

Theorem 2.8. Suppose that L € DTIME(t(n)), where t = t(n) satisfies poly(n) < t <
exp(n). Let 7 = 7(n) be a security parameter such that log(t) < 7 < poly(t). Let
S = S(r) > 7 such that 2Uog®)® < g < 2po() gpgd § < 2max(mT) yhere ¢ is some

sufficiently large universal constant. If there exists an (S, 2_Vlog5> -secure FHE, then L

. _ Vlog S . . .
has a 1-round argument system with soundness (S, 2 p°'¥'°g<i>>. The verifier runs in time

n-log(.S)-polylog(t)+poly(7) and the prover runs in time poly(t). The total communication
is of length poly(T).

We stress that the running time of the verifier in Theorem 2.8 only depends poly-
logarithmically on the time that it takes to compute £. We proceed to describe two
useful corollaries of Theorem 2.8.

By setting t = poly(n), 7 = n¢ and S(7) = 20°8(")° where ¢ > 0 (resp., ¢ > 0)
is a sufficiently small (resp., large) universal constant and assuming the existence of a
quasi-polynomially secure FHE, we obtain a (cryptographic) delegation scheme for P with
quasi-linear verification and sublinear communication.

Theorem 2.9. Suppose that L € P. If there exists a (2P°'y'°g(T), 2_p°'y'°g(7))—secure FHE,
then, for every constant o > 0, the language L has a 1-round argument system with
soundness (2P°'y'°g("), 2_p°'y'°g(”)). The verifier runs in time O(n) and the prover runs in
time poly(n). The total communication is of length O(n®).

By setting t = poly(n), 7 = (log(n))¢ and S(7) = 27" where € > 0 is a sufficiently small
universal constant, ¢ > 0 is a sufficiently large universal constant (that is chosen after
€) and assuming the existence of a sub-exponentially secure FHE (a stronger assumption
than that in Theorem 2.9) we obtain a (cryptographic) delegation scheme for P with
quasi-linear verification but only poly-logarithmic communication.
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Theorem 2.10. Suppose that L € P. If there exists a (276,2*76/2>—secu7‘e FHE, where

€ > 0 is a sufficiently small universal constant, then L has a 1-round argument system
with soundness (2p°'y'°g(”),2’p°'y'°g(”)). The wverifier runs in time O(n) and the prover
runs in time poly(n). The total communication is of length polylog(n).

2.3 Our Techniques

Our techniques can be separated into two parts. The main technical contribution of this
work is the construction of an MIP that is sound against statistically no-signaling cheating
provers, for any function computable in time ¢. The number of provers is polylog(t), each
prover runs in time at most poly(t), and the verifier runs in time n - polylog(t). This
construction, described in Section 2.3.1, is information theoretic, and does not rely on
any cryptographic assumptions.

Then, in Section 2.3.2 we show how to convert a statistically no-signaling MIP into
a one-round argument (while preserving the parameters, up to polynomial factors). The
soundness of the resulting one-round argument assumes the existence of a fully homo-
morphic encryption (FHE) scheme with sub-exponential security.

2.3.1 Our Statistically No-Signaling MIP

We start by giving an overview of our MIP, and then give the high-level idea for why
soundness holds against statistically no-signaling cheating provers. The proof of sound-
ness requires a different approach than the ones taken to prove classical soundness. In-
deed, all known MIP’s for NEXP (or the scaled down version of NP) are not sound against
no-signaling adversaries (see discussion in Section 2.1.1.1).

The main difference between a classical MIP and a no-signaling MIP is that in a
classical MIP once a prover fixes his random tape (if at all he uses randomness), then his
answer is a deterministic function of his query. This is not the case in the no-signaling
setting, since a prover’s answer can depend on the other queries. It is required that the
answer of the prover is independent of the other queries as a random wvariable , but it
may certainly depend on the other queries as a function. This makes the soundness proof
significantly more challenging.

Before presenting the high level ideas of this proof, we first give a high level overview
of our MIP.

As a first step in the construction of our MIP, we would like to assume for simplicity
that any set of (possibly malicious) provers behave symmetrically; namely, any two subsets
of provers, who are asked the same questions, answer similarly. Of course, we cannot
ensure such a thing, since cheating provers may behave arbitrarily. Instead, this is ensured
by defining a new model of no-signaling PCP, as oppose to no-signaling MIP.

Intuitively, a no-signaling PCP is defined like a classical PCP, but where soundness
is required to hold also against a no-signaling prover, who can see all queries. Loosely
speaking, a no-signaling prover, upon receiving any set of queries (), may reply with
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answers, where each answer may depend on all the queries in ) as a function, but not
as a random variable. Namely, for any set of queries () and for any subset @) C @, the
distribution of the answers corresponding to the queries (', should be independent of
queries in Q \ @'

Formally, a no-signaling prover consists of a family of distributions {.Aq}, where there
is one distribution for every “sufficiently small” set of queries (), and the requirement is
that for every subset of queries Q' C @, the distribution (Ag)|¢os (which is the distribution
of answers Ag restricted to queries in @’) is independent of queries in @ \ Q. More
generally, a d-no-signaling family of distributions has the property that for every three
sets of queries @1, ()2, @', such that Q" C @, and Q' C @2, the distributions (Ag, )|
and (Ag,)|o are d-close. We emphasize that in a J-no-signaling PCP we think of a set of
queries () as an unordered set, thus achieving the desired symmetry; i.e., the answers do
not depend on the order of the queries.

We note, however, that the definition of -no-signaling PCP given above, is not com-
plete. One needs to define what is a “sufficiently small set of queries”. We define it to be
all the query sets with at most k. queries. k.. is an important parameter. The larger
Kmaz 18, the more limited the cheating provers are.” We denote such a PCP by (kuez,0)
no-signaling PCP, and define it formally in Section 2.4.5. We devote most of the technical
sections to constructing a (kqz, 0)-no-signaling PCP and proving its soundness.

Converting this PCP into a ¢-no-signaling MIP is relatively straightforward. The
basic idea is that the MIP verifier emulates the PCP verifier, and sends each query to a
random prover (that was not yet asked any query). Each prover answers by simulating
the (honest) PCP. The parameter k., corresponds to the number of provers in the
resulting MIP. In this work, k,,.,, = polylog(t), and thus the number of provers in our
MIP is polylog(t), and the verifier in our one-round argument runs in time n - polylog(t).

Overview of our underlying PCP. We present our PCP in two steps. First, we con-
struct a “base” PCP for languages in PSPACE. Then we show how to augment this PCP,
and construct a PCP for EXP. We prove that both PCPs are sound against statistically
no-signalling strategies.

2.3.1.1 Owur Base PCP.

Let £ be a language computable by a (deterministic) Turing machine running in time ¢(n)
and space s(n) on instances of length n. Our base PCP for £ has ke = O(s(n)). This
PCP is similar to known PCPs (in particular, to the PCP of [Sud00]). The main points of
distinction are that in our base PCP each test is repeated k times, where k is a security
parameter, and that our PCP is applied for deterministic computations, rather than for
non-deterministic computations.

Suppose that the prover needs to prove that x € £, where z is an instance of length n.
The underlying PCP consists of several low degree multi-variate polynomials. The first

9Jumping ahead, we note that in this work k.. = polylog(t).
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polynomial is the low-degree extension (defined in Section 2.4.6) of the entire computa-
tion. More specifically, let C,, be a circuit of size N = O(t(n)s(n)) that computes £ on
inputs of length n. It is known that the circuit C, can be made layered, with O(s(n))
gates in each layer, and O(t(n)) layers.

Assume that the wires of the circuit are indexed by the numbers 1,..., N, in an order
that agrees with the layers of the circuit. In particular, the indexes of wires at layer ¢ are
larger than the indexes of wires at layer ¢ — 1. We assume that 1,...,n are the indexes
of the n input variables and that N is the index of the output wire. Let x1,...,zy5 be
the values of the N wires of the circuit C,, when computed with input x = (z1,...,z,).

The entire computation x,...,zy appears in the PCP encoded using an error cor-
recting code (specifically, using the low-degree extension encoding), so that if a single bit
in the computation is incorrect it causes a global affect on the encoding.

In addition, the PCP contains several other low-degree multi-variate polynomials,
denoted by Py, Pi,..., P, which are defined in Section 2.5. In this overview we ignore
these polynomials.

The analysis of our base PCP. The analysis of our base PCP begins with an error
amplification step, where (loosely speaking) we prove that if there exists a (statisti-
cally) no-signaling prover (which is a family of distributions, one for every possible set of
queries), that convinces the PCP verifier to accept a statement of the form C,(x) = b with
some non-negligible probability, then there exists a (statistically) no-signaling prover that
convinces a different verifier, called, the relazed veriﬁer to accept the same statement
with probability close to 1 (i.e., with probability 1 — for any polynomial poly).
This error amplification step, which is a crucial Step 1n our proof, is achieved as follows:
Recall that the verifier V' repeats each test k times, and accepts if and only if all tests
accept. We define a “relaxed” verifier V' that makes the exact same queries as V', but
accepts if and only if for each (repeated) test, at least r of the k repetitions are accepting,
where r is a parameter. Loosely speaking, we prove that if the Veriﬁer V' accepts with

probability € then the relaxed verifier accepts with probability 1 — 0(2 , where O hides
polylog(N) factors.

To prove this we argue that if V' and V' choose their queries independently then the
probability that V' accepts and V' rejects is very small. This is true because for each
group of k tests we can first choose the 2k tests for both V' and V', and only then decide
which tests go to V' and which ones go to V. Consider the answers for these 2k tests. (It
is important here that k,,,. is greater than the total number of queries in these 2k tests,
so that all these queries can be asked simultaneously.) If among the 2k tests many are
rejected then V' rejects with high probability. On the other hand, if among the 2k tests
only few are rejected (say, less than r) then V' always accepts. We refer the reader to
Section 2.6 for details.

In this overview, we ignore the fact that the relaxed verifier is different than the actual
verifier, and assume for simplicity that there is a (statistically) no-signaling prover that
convinces the actual verifier to accept with probability 1 We will prove that in

o pol poly(t)
that case the statement C,(z) = b must be correct.
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To this end, we first prove that for every (statistically) no-signaling prover, if the PCP
1

verifier accepts with probability 1 — moly(@) then it must be the case that the distributions
corresponding to queries in {z1, ..., zy} are locally consistent. More specifically, we prove
that for every gate in the circuit C,, and for every set of queries that include the two
input wires and the output wire of the gate, the answers of values of the inputs and
output wires are consistent with the gate, with very high probability (say, higher than
1— t%) We note that this guarantee only requires k., = polylog(t), and in particular
the dependence on the space s is not needed to obtain this local consistency guarantee.'’

We note that the local consistency guarantee is only true if variables in {z1,...,zx}
are read in a certain way, which uses interpolation and the local decoding properties of
the low-degree extension encoding. In this overview, for simplicity, we completely ignore
this extra complication and assume that the local consistency guarantee holds as stated
above.

From a classical perspective, it seems that the local consistency guarantee should
immediately imply global consistency, and thus correctness, by applying a straightforward
union bound. However, in the no-signaling setting, this intuition is misleading. The
reason is that in order to apply the union bound we need to consider the probability
that all the local consistency conditions are met simultaneously, and make the following
argument:

Pr[correctness| >
Prlall local consistency conditions hold] =

1 — Pr[3 local consistency condition that does not hold] >
>

1 —O(t-s) - Pr[a single local consistency does not hold]

1—O(t~5)-t132

oft)

Unfortunately, in the no-signaling setting, this type of calculation is not correct, since
it is not clear what it means for all the local consistency conditions to hold simultaneously.
Recall that there is no PCP in the sky, but rather a set of distributions for each set of
queries of size at most k... Thus, we can check whether at most k,,,, local consistency
conditions hold simultaneously, but not more than that, as the relevant random variables
are not even defined simultaneously.

We can still use the local consistency guarantee to argue that up to a small probability
of error, the probability that the output is correct is at least the probability that both
children of the output gate are correct (using the local consistency condition). We can
then proceed by induction, towards the base of the tableau. However, this will incur an
exponential (in ¢) blowup in the error.

10 Jumping ahead, we note that in the base PCP, ke = (:)(s) is required to go from local consistency
to global consistency.
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Generally, we cannot afford this exponential blowup in error. Jumping ahead, we
note that curiously, in one of the lemmas for our augmented PCP, we do use this analysis
(and guarantee) for a specific computation for which the depth of the tableau is relatively
small (O(log s)). We elaborate on this point below.

In the analysis of our base PCP, we solve this problem by taking k.. = (:)(s), which
enables us to check the correctness of an entire layer of the tableau simultaneously. More
specifically, we first check the correctness of the input. The local consistency condition
implies that this check passes with probability 1 — pol;ﬂﬁ Then we check the first two

level simultaneously. This could be done since k., = ©(s). The local consistency,
together with the correctness of the first level, implies that the second level is correct

2
with probability at least (1 — m) . Then, we check consistency of the second and

3
third levels, and deduce that the third level is correct with probability (1 — m> .

This argument continues by induction until the top layer is reached, and the conclusion

t
is that the computation is correct with probability <1 — po+y(t)> , which is very close to 1,

as desired.

This idea indeed works, however, it results with an MIP with ©(s) provers, and thus
with a one-round argument where the running time of the verifier grows linearly with s.
We refer the reader to Section 2.7 for the formal analysis.

Our goal is to make k,,., independent of s, and thus eliminate the dependency on the
space. Indeed, we manage to “augment” this base PCP, and to prove that our augmented
PCP is secure against statistically no-signaling distributions with k., = polylog(¢). This
gives rise to an MIP where the verifier runs in time n - polylog(¢), and where the provers
run in time poly(¢). This, in turn, gives rise to our one-round delegation scheme, that
achieves similar parameters.

2.3.1.2 Owur Augmented PCP.

Recall that our base PCP is a proof that the computation of C, was performed correctly,
where C,, is a layered circuit of size N = O(t(n)s(n)) (consisting of O(t(n)) layers each
of size O(s(n))), that computes £ on inputs of length n.

The basic idea behind our augmented PCP is to run the same base PCP on an aug-
mented circuit, denoted by C/. Loosely speaking, the circuit C/, computes the same func-
tion as C,, but in C!, each layer of the circuit is augmented with the low-degree extension
of the layer, and with all the low-degree tests corresponding to lines of the low-degree
extension. Namely, the circuit C,, is the same as C,,, but where after each layer we insert
another circuit, denoted by C,pg, which takes as input the entire layer, and computes the
low-degree extension of the layer, and performs all the low-degree tests; i.e., for every
line in the low-degree extension it checks that the values on that line correspond to a
low-degree univariate polynomial.'! It is known that C pe can be made a circuit of size

1 The low-degree tests are seemingly redundant as the values of the low-degree extension were com-
puted by the circuit. However, since we don’t know that the values are computed correctly, the low-degree
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poly(s) and depth O(log s). We refer the reader to Section 2.9 for a formal description of
our augmented PCP.

The basic idea behind adding the computation of C pg after each layer, is that now
the PCP verifier can read a single point in the low-degree extension of a layer, and in
some sense, this point contains information about the entire layer. As we argue below,
if a random point in the low-degree extension is correct with high probability, then each
value in the layer is correct with almost the same probability. We elaborate below.

Our analysis. Since our augmented PCP is identical to our base PCP, applied to the
augmented circuit C/, (as opposed to C,), the analysis of our base PCP implies that if
there exists a (statistically) no-signaling prover that convinces the verifier to accept with
probability close to 1, then local consistency holds with probability close to 1. Namely,
for any set of queries @) of size at most k., = polylog(t) and for any subset @)’ C @ of
queries corresponding to variables in the tableau of C,, the answers to these queries are
locally consistent (i.e., they satisfy the constraints imposed by the gates and they satisfy
the low-degree tests) with probability close to 1.

We next show how we go from local consistency to global consistency, without in-
creasing the size of k.. To this end, we use the special structure of C; i.e., the fact
that it includes all the low-degree extensions and low degree tests.

Fix any layer in C,,. We first argue that if a random point in the low-degree extension
of this layer has the correct value with high probability, then the value of every point in
the layer is correct with high probability. The idea is the following: Fix any point z in
the layer. Consider the line connecting this point to the random point in the low-degree
extension. The local consistency condition implies that with high probability the values
on this line correspond to a low degree polynomial. Thus, if the value of the point z is
incorrect (with significant probability) then most of the points on the line are incorrect
(with significant probability), and in particular a random point on the line is incorrect
(with significant probability), contradicting our assumption that a random point in the
low-degree extension is correct with high probability.

We use the argument above to prove the correctness of the entire computation. The
proof is by induction on the depth of the tableau of C,. In what follows, we denote
the probability that local consistency holds by (1 — €), and the reader should think of
pol;y(ﬂ' We start with the base case, and claim that each element in the base of the
tableau (where the input lies) is correct with probability 1 — e. This follows from the
local consistency condition. Next we claim that if each element in a layer is correct with
high probability (1 —€), then any point in the low-degree extension of the layer is correct
with probability (1 — ¢)P°¥(). To this end, we use the analysis where the error increases
exponentially with the depth, and we use the fact that the depth of C pg is O(log s).

For the induction step, we claim that if at layer ¢ a random point in the low-degree
extension is correct with some probability p, then a random point in the low-degree
extension of layer i+ 1 is correct with probability =~ p(1 —e)p"'y(s). Note that this guarantee

€ =

tests will be very important in our analysis.
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is strong enough for correctness, since by induction we get that a random point in the
low-degree extension of the top layer is correct with probability ~ (1 — €)*P°¥(*) which is
close to 1 for e = m.

To prove the induction step we use conditional probabilities, and condition on the
event that the value of a random point in the low-degree extension of layer 7 is indeed
correct. Conditioned on this event, each element in the ¢-th layer of C, is correct with
probability (1 — €) (which is the probability in which local consistency holds). Therefore,
conditioned on this event, each element in the i+1-th layer of C,, is correct with probability
(1 — €)3. This implies that, conditioned on this event, each element in the low-degree
extension of the i + 1-th layer is correct with probability (1 — ¢)P¥®). Therefore, without
conditioning, the probability that an element in the low-degree extension of the i 4+ 1-th
layer is correct is p(1 — €)PoV(®),

This analysis does not quite work as is, since there is too big of a loss in the correctness
probability when going from a random point in the low-degree extension to a point in
the layer of C,,. We fix this by reading several random points in the low-degree extension
(rather than just one), and we claim that if all of them are correct with some probability
then each point in the layer is correct with essentially the same probability (where the
loss here is exponentially small). We refer the reader to Section 2.10 for details.

2.3.2 From No-Signaling MIP to a Delegation Scheme

In this section we show that the method of Aiello et al. [ABORO0], of using a fully
homomorphic (FHE) scheme to convert a 1-round MIP into a 1-round delegation scheme,
is sound if the underlying MIP is secure against d-no-signaling provers, where the value
of § affects the security requirement of the FHE scheme.'?

Let us start by recalling their method. Aiello et al. proposed to take any MIP and
convert it into the following 1-round delegation scheme: The verifier computes all the
queries that the MIP verifier would send to the MIP provers, and sends all of these
queries to the prover, each encrypted under a fresh and independent key, using an FHE
scheme. The prover then answers on behalf of each MIP prover, where each answer is
computed homomorphically on the corresponding encrypted query.

As mentioned in the introduction, shortly after this method was introduced, Dwork
et al. [DLNT04] showed that it may, in general, be insecure. In this work, we show that
this method in fact is secure if the underlying MIP is sound against d-no-signaling provers.

In a nutshell, our result is obtained by proving that if there exists a cheating prover P*
that breaks the soundness of the 1-round argument, then this prover can be used to
construct a d-no-signaling prover PNS that breaks the soundness of the MIP scheme.

The prover PN°> uses P* in the obvious way: Given a set of queries (qi,...,q) it
encrypts these queries using fresh and independent keys, and sends the encrypted queries
to P*; upon receiving encrypted answers, it decrypts these answers and sends the de-
crypted answers (aq, ..., ay) to the MIP verifier.

12 Aiello et al. originally suggested to use a PCP together with a private information retrieval (PIR)
scheme to construct a 1-round delegation scheme.
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Clearly this strategy breaks the soundness of the MIP verifier, but we need to argue
that it is J-no-signaling. Indeed, we argue that if PNS is not d-no-signaling then the
prover P* can be used to break the underlying FHE scheme. Loosely speaking, by the
definition of §-no-signaling (see Section 2.4.3), if PN% is not §-no-signaling then there is
a subset S C [{] such that the distribution of the answers (a;);cs, conditioned on the
corresponding queries (¢;);cs, depends on the other queries (¢;)i¢s. In other words, these
answers give information on the other queries. If this is the case, then indeed one can
use P* to break the FHE scheme.

We note that the above break may take time exponential in the communication com-
plexity of the underlying MIP scheme, since the information obtained from the answers
(a;)ies, is not necessarily efficiently computable. Therefore, we need to assume that the
underlying FHE scheme is secure against adversaries of size 2/%1/*~+la| Thus, if we choose
the security parameter of the FHE scheme to be polynomially related to the communi-
cation complexity, then we need to assume sub-exponential security of the underlying
FHE scheme. But one can choose a larger security parameter (resulting in larger com-
munication complexity in the 1-round delegation scheme), and thus relax the security
requirement of the FHE scheme. We refer the reader to Section 2.16 for details.

2.4 Preliminaries

2.4.1 Notation

For a vector a = (ay,...,a;) and a subset S C [k]|, we denote by as the sequence of
elements of @ that are indexed by indices in S, that is, ag = (a;),cg.- In general, we
denote by ag a sequence of elements indexed by S, and we denote by a; the i'® coordinate
of a vector a.

For a distribution A, we denote by a €r A a random variable distributed according
to A (independently of all other random variables).

We will measure the distance between two distributions by their statistical distance,
defined as half the [;-distance between the distributions. We will say that two distribu-
tions are 0-close if their statistical distance is at most 4.

For a field F and an integer ¢, a line L in F* is an affine function L : F — F*. A plain
M in F¢ is an affine function M : F? — F*. We say that the line L is orthogonal to the
i coordinate if for every t;,t, € F, we have L(t,); = L(t2);, where L(t1);, L(t3); denote
the " coordinate of the points L(t,), L(ts) respectively.

We will sometimes confuse between a set and a multiset. In particular, many times we
will refer to a multiset as a set. For example, when we choose a (multi)set of k elements
in a certain domain.

We will sometimes write Pr, Pr, instead of Pr,,,.
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2.4.2 Multi-Prover Interactive Proofs

Let £ be a language and let z be an input of length n. In a one-round k-prover interactive
proof, k computationally unbounded provers, P, ..., P, try to convince a (probabilistic)
poly(n)-time verifier, V', that x € £. The input x is known to all parties.

The proof consists of only one round. Given x and her random string, the verifier
generates k queries, ¢, . . ., gk, one for each prover, and sends them to the k provers. Each
prover responds with an answer that depends only on her own individual query. That
is, the provers respond with answers aq, ..., ax, where for every i we have a; = P;(¢;).
Finally, the verifier decides wether to accept or reject based on the answers that she
receives (as well as the input = and her random string).

We say that (V) Py, ..., Pg) is a one-round multi-prover interactive proof system (MIP)
for L if the following two properties are satisfied:

1. Completeness: For every x € L, the verifier V' accepts with probability 1, after
interacting with Py, ..., Py.

2. Soundness: For every x ¢ L, and any (computationally unbounded, possibly
cheating) provers Py, ..., Py, the verifier V rejects with probability > 1 — ¢, after
interacting with Py, ..., P}, where € is a parameter referred to as the error or
soundness of the proof system.

Important parameters of an MIP are the number of provers, the length of queries, the
length of answers, and the error.

2.4.2.1 MIPs with Oracle

We will also consider the model of one-round k-prover interactive proofs with oracle, where
the verifier V' is given access to an oracle that computes some fixed function (that may
depend on the language £). We require that all queries, to the oracle and the provers,
are done simultaneously.

For every n, let ¢, : {0,1}" — {0,1}"" be a function (where n/,n” depend on n). We
allow the functions ¢,, to depend on the language £ (but not on the input x).

We define a one-round multi-prover interactive proof system for L, relative to the
oracle {¢n}, exactly as before, except that now the verifier V' is a (probabilistic, poly(n)-
time) oracle machine that on input z of length n has free oracle access to the function
¢n. The verifier may base her accept/reject decision on queries to the oracle, but the
oracle queries are not adaptive, and we do not allow the queries to the provers to depend
on the answers of the oracle or the queries to the oracle to depend on the answers of the
provers. In other words, we require that all queries, to the oracle and to the provers, are
done simultaneously.

We require the same completeness and soundness properties as before.
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2.4.3 No-Signaling MIPs

We will consider a variant of the MIP model, where the cheating provers are more powerful.
In the MIP model, each prover answers her own query locally, without knowing the queries
that were sent to the other provers. The no-signaling model allows each answer to depend
on all the queries, as long as for any subset S C [k], and any queries gg for the provers
in .S, the distribution of the answers ag, conditioned on the queries gg, is independent of
all the other queries.

Intuitively, this means that the answers ag do not give the provers in S information
about the queries of the provers outside 5, except for information that they already have
by seeing the queries ¢g.

Formally, denote by D the alphabet of the queries and denote by ¥ the alphabet of
the answers. For every q = (q1,...,qx) € D¥, let A, be a distribution over X*. We think
of A, as the distribution of the answers for queries g.

We say that the family of distributions {Ag},cpr is no-signaling if for every subset
S C [k] and every two sequences of queries ¢,¢ € DF, such that g5 = ¢, the following
two random variables are identically distributed:

e ag, where a € A,
e as where ' €x Ay

If the two distributions are d-close, rather than identical, we say that the family of
distributions {Ag}epr is d-no-signaling.

An MIP, (V, Py, ..., P) for a language £ (possibly, relative to an oracle {¢,}) is said
to have soundness € against no-signaling strategies (or provers) if the following (more
general) soundness property is satisfied:

2. Soundness: Forevery x ¢ £, and any no-signaling family of distributions { Ay} ,ep,
the verifier V' rejects with probability > 1 — €, where on queries ¢ = (g, - .., qx) the
answers are given by (ay,...,ax) €g Ay, and € is the error parameter.

If the property is satisfied for any d-no-signaling family of distributions {A,},epr, we say
that the MIP has soundness e against d-no-signaling strategies (or provers).

2.4.4 Probabilistically Checkable Proofs

Let £ be a language and let  be an input of length n. Intuitively, a probabilistically
checkable proof (PCP) is a proof for z € £ that can be verified by reading only a small
number of its symbols.

Formally, a proof is a vector of symbols P € X2, where 3 denotes the alphabet of
symbols and D denotes the set of indices. We think of P also as a function P : D — X
and hence we think of D as a set of possible queries and we think of X as a set of possible
answers.

A PCP verifier V is a probabilistic poly(n)-time Turing machine that is given access
to the input x, as well as an oracle access to the proof P : D — 3.
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Given z and her random string, the verifier generates k queries, ¢;,...,q € D, and
queries the proof P in all these places to get answers a; = P(q1),...,ar = P(qx). Finally,
the verifier decides wether to accept or reject based on the answers that she receives (as
well as the input = and her random string).

We say that V' is a PCP verifier for £ if the following two properties are satisfied:

1. Completeness: For every x € L, there exists a proof P, such that, the verifier V'
accepts with probability 1, after querying P.

2. Soundness: For every z ¢ L, and any proof P* : D — ¥, the verifier V' rejects
with probability > 1 — €, after querying P*, where € is a parameter referred to as
the error or soundness of the proof system.

Important parameters of a PCP are the length of proof, the number of queries, the
length of answers, and the error.

2.4.4.1 PCPs with Oracle

We will also consider the model of probabilistically checkable proofs with oracle, where
the verifier V' is given access to an additional oracle that computes some fixed function
(that may depend on the language £). We require that all queries, to the oracle and to
the PCP proof, are done simultaneously.

For every n, let ¢, : {0,1}" — {0,1}"" be a function (where n/,n” depend on n). We
allow the functions ¢,, to depend on the language £ (but not on the input x).

We define a probabilistically checkable proof for L, relative to the oracle {¢,}, exactly
as before, except that now the verifier V' is a (probabilistic, poly(n)-time) machine with
access to two oracles. The first oracle is the PCP proof P, and in addition, on input x of
length n, the verifier has free oracle access to the function ¢,,. The verifier may base her
accept /reject decision on queries to the oracle ¢, but the oracle queries are not adaptive,
and we do not allow the queries to P to depend on the answers of the oracle ¢, or the
queries to the oracle ¢, to depend on the answers of P. In other words, we require that
all queries, to the oracle ¢, and to the PCP proof P, are done simultaneously.

We require the same completeness and soundness properties as before.

2.4.5 No-Signaling PCPs

We will now define the new notion of PCP with no-signaling soundness, in analogy to
MIP with no-signaling soundness.

We will consider a variant of the PCP model, where the cheating proof is more pow-
erful. In the PCP model, each query is answered locally, without knowing the other
queries. In the no-signaling model, we allow each answer to depend on all the queries, as
long as for any subset {q1, ..., qq} of queries, the distribution of the answers (aq, ..., aq),
conditioned on the queries {qi, ..., qq}, is independent of all the other queries.

Formally, denote by D the alphabet of the queries and denote by ¥ the alphabet
of the answers. Let k,,,, be some parameter, which is at least the maximal number of
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queries made by the verifier to the proof. For every subset @ = {q1,...,q4} C D, of size
Q| = d < ks, let Ag be a distribution over 9. We think of Ag as the distribution of
the answers for the queries {qi,...,qa4}-

We say that the family of distributions {Ag}ocp,|Qj<kma. 13 n0-signaling if for every
@ C D of size at most k4., and every subset S C @, the following two random variables
are identically distributed:

e acp Ag
e a, where a' € Ag

If the two distributions are d-close, rather than identical, we say that the family of
distributions {Aq}ocp,|Q|<kma. 18 -no-signaling.

A PCP verifier V for a language £ (possibly, relative to an oracle {¢,}) is said to
have soundness € against k,,.,-no-signaling strategies (or proofs) if the following (more
general) soundness property is satisfied:

2. Soundness: For every x ¢ L, and any no-signaling family of distributions
{AGQ}ocD,|0|<kma. » the verifier V' rejects with probability > 1 — €, where on queries
Q ={aq,...,q}, the answers are given by ag €r Ag, and € is the error parameter.

If the property is satisfied for any J-no-signaling family of distributions {.Ag }ocp,|Q|<kmar»
we say that the PCP has soundness € against (k,q., 0)-no-signaling strategies (or proofs).

Note that k.. is an important parameter. The larger k,,.. is, the more limited
the cheating proofs are. We will typically take k., to be significantly larger than the
maximal number of queries made by the verifier.

2.4.5.1 A Note on Ordered versus Unordered Sets

The families of distributions {Ag}ocp,|Q|<km.. that we consider are defined with un-
ordered sets ) C D. However, sometimes we will have ordered sets @ (that is, ¢ will
be a vector of elements); for example, when we need to know which test to apply on
which subset of queries, it is important that the set of queries is ordered by the order
that the queries were chosen. In these cases, we will abuse notation and denote by @
both the ordered set and the unordered set that corresponds to it. Thus, we will use
the notation Ag to denote the distribution that corresponds to the unordered set that
corresponds to (). In general, we will sometimes abuse notation between an ordered set
and the unordered set that corresponds to it.

2.4.6 Low Degree Extension

Let F be a field and H C F a subset of the field. Fix an integer m € N. A basic fact is
that for every function ¢ : H™ — [, there exists a unique extension of ¢ into a function
¢:F" > F (which agrees with ¢ on H™; i.e., Q3|Hm = ¢), such that ¢ is an m-variate
polynomial of degree at most |H| — 1 in each variable. Moreover, for every z € H™, there
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exists a unique m-variate polynomial Bx : ™ — T of degree |H| — 1 in each variable,
such that for every function ¢ : H™ — F it holds that

Sz, zm) = Y Bulzr, o 2m) - O(2).

rxeH™

The function ¢ is called the low degree extension of ¢ (with respect to F, H,m).

In the following we assume that all algorithms have access to m, the set H and the
field F. We assume that field operations over [F can be computed in time poly-logarithmic
in the field size and space that is logarithmic in the field size.

Proposition 2.1 (Cf., e.g., [Rot09, Proposition 3.2.1]). There exists a Turing machine
that on input x € H™, runs in time poly(|H|, m,log |F|) and space O(log(|F|) + log(m)),
and outputs the polynomaial Bx . " — [ defined above, represented as an arithmetic
circuit over FF.

Moreover, the arithmetic circuit 3, can be evaluated in time poly(|H|, m,log(|F|)) and
space O(log(|F|) + log(m)). Namely, there exists a Turing machine with the above time
and space bounds that given an input pair (x,z) € H™ x F™ outputs @(z)

Proof. Consider the function Bz : F™ — I defined as:

ro I 11 2=

T
i€[m] he H\{z:}

For every z € H™ it holds that Bx(z) = 1if 2 = x and Bx(z) = 0 otherwise. Thus, for
every function ¢ : H™ — F it holds that > . B, - ¢(x) agrees with ¢ on H™. Hence,

since (3, has degree |H| — 1 in each variable, Y wenm B, - ¢(x) is the (unique) low degree
extension of ¢. ]

Proposition 2.2. Let ¢ : H™ — F and suppose that ¢ can be evaluated by a Turing
Machine in time t and space s. Then, there exists a Turing machine that, given as
an input a point z € F™, runs in time |H|™ (poly(|H|, m,log(|F|)) + O(t)) and space
O(mlog(|H|) + s +1og(|F|)) and outputs the value ¢(z) where ¢ is the unique low degree
extension of ¢ (with respect to H,F,m).

Proof. The Turing machine computes

o) = 3 Bu(z) - 6(a)

rzeH™

by generating and evaluating Bx(z) as in Proposition 2.1. O
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2.4.7 Public-Key Encryption and Fully Homomorphic Encryp-
tion (FHE)

A public-key encryption scheme consists of three probabilistic polynomial-time algorithms
(Gen, Enc,Dec). The key generation algorithm Gen, when given as input a security pa-
rameter 17, outputs a pair (pk,sk) of public and secret keys. The encryption algorithm,
Enc, on input a public key pk and a message m € {0, 1}P°Y(") outputs a ciphertext 7, and
the decryption algorithm, Dec, when given the ciphertext m and the secret key sk, out-
puts the original message m (with overwhelming probability). We allow the decryption
process to fail with negligible probability (over the randomness of all algorithms).

Let S: N — Nand ¢ : N — [0, 1] be parameters. A public-key encryption scheme has
security (S, 0) if for every family of circuits {C; },en of size poly(S(7)), for all sufficiently
large 7 and for any two messages m, m’ € {0, 1}P*Y(") such that |m| = |n?/|,

p C, (pk, E —1]- P C, (pk, E N =1]| <
s gengiry (Cr PR ENGu(m)) = 1] = Pr - (O (pk Encp(m?)) = 1]} < 9(7)

where the probability is also over the random coin tosses of Enc.

Fully homomorphic encryption. The tuple (Gen, Enc, Dec, Eval) is a fully-homomorphic
encryption scheme if (1) (Gen, Enc, Dec) is a public-key encryption scheme, and (2) for
every key-pair (pk, sk), the probabilistic polynomial-time algorithm Eval, on input the
public-key pk, a circuit C' : {0,1}* — {0, 1}¢, where k, ¢ < poly(7) (and 7 is the security
parameter), and a ciphertext 1 that is an encryption of a message m € {0,1}* with
respect to pk, outputs a string ¢ such that the following two conditions hold:

e Homomorphic Evaluation: Decg (7)) = C(m), except with negligible probability
(over the coins of all algorithms).

e Compactness: The length of 1 is polynomial in 7, k& and ¢ (and is independent of
the size of C).

2.4.8 Interactive Argument Systems

An interactive argument for a language £ consists of a polynomial-time verifier that
wishes to verify a statement of the form x € L, and a prover that helps the verifier
to decide. The two parties, given as input x € {0, 1}", interact and at the end of the
interaction the verifier either accepts or rejects. We require that if € £ then the verifier
accepts with high probability but if z ¢ £, then no computationally bounded prover can
convince the verifier to accept with non-negligible (in n) probability.

We focus on 1-round argument systems. Such an argument-system consists of a single
message sent from the verifier V' to the prover P, followed by a single message sent from
the prover to the verifier.

Let S: N — N and € : N — [0, 1] be parameters. We say that (V, P) is a one-round
argument-system with soundness (.5, €) for £ if the following two properties are satisfied:
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1. Completeness: For every x € L, the verifier V(z) accepts with overwhelming
probability, after interacting with P(x).

2. Soundness: For every family of circuits {P}},en of size poly(S(n)), for all suf-
ficiently large ¢ L, the verifier V rejects with probability > 1 — €(|x|), after
interacting with | on common input x.

*
|z

2.5 The Base PCP

2.5.1 The PCP Proof

Let £ be a language in DTISP(t(n), s(n)), where poly(n) < t(n) < exp(n) and log(n) <
s(n) < poly(n). Let = be an input of length n. Since £ € DTISP(¢(n), s(n)), for any n
there is a (fanin 2) Boolean circuit C,, of size N = O(t(n)s(n)) that computes £ on inputs
of length n. Moreover, the circuit C, is layered, with O(s(n)) gates in each layer, such
that a child of a gate in layer i 4+ 1 is either an input variable (or a negation of an input
variable) or a gate in layer i. Moreover, there is a deterministic Turing machine of space
O(log N) that on input n outputs the (description of the) circuit C,.

Without loss of generality, we assume that in the circuit C,, all negations are on input
variables, and that the two children of any gate in the circuit are different (this property
can be achieved by duplicating each gate in the circuit twice, increasing the number of
gates in each layer by a factor of 2).

Also, we assume that the gates of the circuit are indexed by the numbers 1,..., N, in
an order that agrees with the layers of the circuit. In particular, for every gate, the index
of the gate is larger than the indexes of its children. We assume that 1,...,n are the
indexes of the n input variables and n+1,...,2n are the indexes of their negations. We
assume that the circuit has a special output gate indexed by N whose value represents the
decision of whether z € £ (we do not assume that there are no other output gates). We
assume that the Turing machine that outputs the (description of the) circuit C,, outputs
the vertices in the order of their index.

Let wy,...,wy be variables in {0,1} that represent the N wires of the circuit C,,
in the order of their index. In particular, for every gate, the variable that represents
the output of the gate appears after the variables that represent the inputs for the gate.
Also, wy, ..., w, represent the n input bits, w, 1, ..., wsy, represent the negations of the
n input bits, and wy represents the output of the circuit.

Let @e(wi,...,wy) be a 3-CNF Boolean formula that checks that wy,...,wy is a
correct computation of the circuit C, (given the input variables and their negations), by
checking that the computation of every gate in the circuit is performed correctly (except
for negation gates on input variables - and recall that we assume that these are the
only negation gates in the circuit). More precisely, for every (non-negation) gate in the
circuit, the formula ¢ contains four clauses that check that the computation of that gate
is performed correctly for every possibility for the inputs for the gate. For example, if w;
represents the output of a conjunction gate with inputs that are represented by w;, and
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wy,, we will have the following four clauses in ¢¢ (and note that indeed each of them can
be written as a clause):

(wi, = 0) A (wi, = 0) = (w; = 0),
(wi, = 0) A (wi, = 1) = (w; = 0),
(wil - 1) A (wi2 - 0) - (wi - 0)7
(wi, = 1) A (wi, =1) = (w; = 1)
We have ¢¢(wy,...,wy) = 1 if and only if wy,...,wy is a correct computation of the
circuit C,, (assuming that the input variables are given in wy, ..., w,, and their negations
are given in wy41, ..., Way).
For a fixed input x = (z1,...,z,), let v, (wi, ..., we,, wy) be a 3-CNF Boolean for-
mula that checks that (wy,...,w,) = (z1,...,2,), (Wnt1,...,we,) = (—21,...,x,) and

that wy = 1. More precisely, for every i € [n], the formula ¢, contains a clause that checks
that w; = ;. For example, if z; = 0, we will have the clause (w; = 0)V (w; = 0)V (w; = 0)
that ensures that w; = 0. In the same way, the formula ¢, contains clauses that check

that w,; = —x;, and a clause that checks that wy = 1. We have ¢, (w1, ..., wa,, wy) =1
if and only if (wq,...,w,) = (1, .., Zn), (Wni1,- .., Wo) = (421, ...,2,), and wy = 1.

Let p(wy, . .., wy) be the 3-CNF Boolean formula pe(wy, . .., wn)Apz(w, ..., Wap, Wy).
Thus, p(wy,...,wy) = 1 if and only if wy,...,wy is the computation of the circuit C,
on the input z = (x1,...,2,), and wy = 1. Denote by z,...,zy the computation of
the circuit C, on the input = = (z1,...,2,). Thus, p(wy,...,wy) = 1 if and only if
(wy,...,wy) = (21,...,2n), and x5y = 1.

Note also that since there is a deterministic Turing machine of space O(log V) that on
input n outputs the description of the circuit C,, there is a deterministic Turing machine
of space O(log N) that on input n outputs the formula gc.

Let H=1{0,1,...,log N — 1} and let m = log)iJgVN, so that N = |H|™. (For simplicity
log N

and without loss of generality we assume that log N and elg N Are integers, larger
than 100). Let £ = 3m + 3. Let F be a field, such that 4|H|'° < |F| < 8(log N)'°.

Since N = |H|™, we can identify [N] and H™ (say, by the lexicographic order on H™).
In what follows we will abuse notation and view wi,...,wy and z1,...,xy as indexed
by i € H™ (rather than ¢ € [N]). We can hence view x = (z1,...,2zy) as a function
x: H™ — {0,1} (given by x(i) = x;, where we identify [N] and H™).

Define the multi-variate polynomial X : F™ — F to be the low-degree extension of
x: H™ —{0,1}.

Let ¢ : (H™)3x {0,1}* — {0, 1} be the function where ¢(iy, is, i3, by, bo, b3) = 1 if and
only if the clause (w;, = b1) V (w;, = be) V (w;; = bs) appears in ¢. Extend ¢ to be a
function ¢ : H>™*3 — {0, 1} by setting it to be 0 for inputs outside of H*"™ x {0,1}*. Let
QAS : F* — F be the low-degree extension of ¢.

Let ¢c : (H™)? x {0,1}* — {0,1} be the function where ¢¢ (i1, 12,143, b1, ba, b3) = 1 if
and only if the clause (w;, = b1) V (w;, = be) V (w;; = bs) appears in pc. Extend ¢¢ to be
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a function ¢¢ : H3™ 3 — {0,1} by setting it to be 0 for inputs outside of H3™ x {0, 1}3.
Let qgc : F* — F be the low-degree extension of ¢p.

Let ¢, : (H™) x {0,1}* — {0,1} be the function where ¢, (i1, 12,13, b1, ba,b3) = 1 if
and only if the clause (w;, = b1) V (w;, = bg) V (w;; = b3) appears in ¢,. Extend ¢, to be
a function ¢, : H3™*3 — {0, 1} by setting it to be 0 for inputs outside of H3™ x {0, 1}3.
Let qgm : F* — F be the low-degree extension of ¢,.

Since the sets of clauses of p¢ and ¢, are disjoint, we have & = qu + éc.

Recall that there is a deterministic Turing machine of space O(log V) that on input
n outputs the formula ¢c. Hence, by Proposition 2.2, there is a deterministic Turing
machine of space O(log N) that on input z € F* outputs &c(z) Since ¢, is Boolean
valued and is zero on all but a fixed set of 2n + 1 points (specifically, the clauses that
verify the correctness of the inputs and output), its low degree extension qgr can be
evaluated on a point z € F* in time n - polylog NV (by using Proposition 2.1 and iterating
only over the set of O(n) potentially non-zero points).

Since for x € L we have ¢(x1,...,2y5) = 1, every clause that appears in ¢ is satisfied
by (x1,...,2x). Therefore, if v € L, for every z = (iy, i3, i3, by, b, bs) € (H™)3x H® = H,
we have

(2) - (X(i1) = br) - (X (i2) = bo) - (X (i5) — bg) = 0 (2.1)
Let Py : F* — F be the multivariate polynomial defined as follows:
FOI" Z = (i17i27i37 b17b27b3) € (Fm)?) X ]FS - Fe?

~

Po(2) £ ¢(2) - (X (i1) = by) - (X (ia) — ba) - (X (i3) — bs)

Equation (2.1) implies that if x € £ then Py|gze = 0. Moreover, the fact that X and qg
have degree < |H| in each variable, implies that P, has degree < 2|H| in each variable,
and hence total degree < 2|H|/.

Next we define P, : F* — F. For every z = (21,...,2) € F, let

Pi(z) = Z Py(h, 2, .., z0)20"
heH

Note that if x € £ then Py|py, ge-1 = 0. More generally, we define by induction Py, ..., Py :
F* — F where for every z = (21,...,2) € F,

B(Z) = Z -Pi—l(zlv cee s Zi—1, hv Zidtly e+ Zf)zih

heH

Note that Py, ..., P,_1 have degree < 2|H| in each variable, and hence total degree
< 2|H|l. Note also that if z € L then P;|pige-: = 0, and in particular P, = 0.

The PCP proof for z € L consists of £ + 1 multivariate polynomials: The polynomial
X :F™ — F and the ¢ polynomials P, : F* — F, fori =0, ...,¢—1. To these polynomials
we add the polynomial P, = 0. The polynomial P, is not part of the PCP proof (as it
is the 0 polynomial) and is added just for simplicity of the notation. When the verifier
queries P(z) she gets 0 automatically.
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Let Dx = F™ be the domain of X, and let Dy, ..., Dy be /41 copies of F*, the domain
of Fy,...,P. We view Dx,Dy,...,D; as the domains of X, F,,..., P, respectively.
Denote,

D=DxUDyU...UDy

The set D is the alphabet of queries in the PCP. We will refer to D as the domain of
the PCP.

2.5.1.1 Complexity of the Prover
Note that the entire PCP proof can be generated in time poly(N) = poly(t(n)).

2.5.2 The PCP Verifier, V

The verifier knows the language £, or more precisely, she knows the Turing machine of
space O(log N) that on input n outputs the description of the circuit C,. The verifier
gets an input x of length n and she wants to verify that x € £ by querying the PCP proof
X, Py, Py,..., P

We will first assume that the verifier has access to the correct values of the function
gZ; : F* — F. That is, the verifier can get the correct value of ngS(z) for free, for as many
points z € F* as she wants.

Let k < poly(n), such that 4]F|* < k < N, be a security parameter. (The restriction
k < poly(n) is because we would like the running time of the verifier to be at most
poly(n)).

Recall that we denote by a; the i*" coordinate of a vector a. In particular, for a line
L :F — F’ a field element t € F and a coordinate i € {1,...,¢}, we denote by L(t);
the i coordinate of the point L(t) € F*. Recall that we say that a line L : F — F* is
orthogonal to the i coordinate if for every t;,t, € F, we have L(t,); = L(t2);.

The verifier V' makes the following tests on the PCP proof: a Low Degree Test
for X; four types of Low Degree Tests for FP;; a Sum Check for F;; and a test
of Consistency of X and B, (the exact tests are described below). We note that we
have four types of low degree tests for P;, rather than one, just for the simplicity of the
analysis. It would be sufficient to do only one test, similar to the low degree test for
X (but repeated on O(k - |F|?) random lines, rather than & random lines), since all four
types of tests that we actually do (and are formally described below) can be embedded
in such a test.

Formally, the verifier V' makes the following tests, and accepts if the PCP proof passes
all of them:

1. Low Degree Test for X: Choose k random lines Lq,...,L; : F — F™. For
every L € {Ly,..., L}, query X on all the points {L(t)}ser, and check that the
univariate polynomial X o L : F — F is of degree < m|H].

2. Low Degree Test for P;: Type 1 (fixed L(0);;;): For every i € {0,...,¢— 1}
and every u € F, choose k random lines Ly, ..., L, : F — F*, such that, every line
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L e{L,..., L} satisfies L(0);41 = u. For every L € {L4,..., Ly}, query P; on all
the points {L(t)};er, and check that the univariate polynomial P;o L : F — F is of
degree < 2(|H|.

3. Low Degree Test for P;: Type 2 (orthogonal to the (i + 1) coordinate):
For every i € {0,...,¢ — 1}, choose k random lines L;,...,L; : F — F* such
that, every line L € {Ly,..., L} is orthogonal to the (i + 1) coordinate. For
every L € {Ly,..., L}, query P; on all the points {L(t)}er, and check that the
univariate polynomial P;o L : F — F is of degree < 2¢|H|.

4. Low Degree Test for P;: Type 3 (fixed L(0);;;; orthogonal to the i
coordinate): For every i € {1,...,¢—1}, and every u € F, choose k random lines
Li,...,L; : F — F’ such that, every line L € {L1,..., L} is orthogonal to the i’
coordinate, and satisfies L(0);41 = u. For every L € {Ly,..., Ly}, query P; on all
the points {L(t)}icr, and check that the univariate polynomial P;o L : F — F is of
degree < 2(|H|.

5. Low Degree Test for P;: Type 4 (fixed L(0);; orthogonal to the (i + 1)
coordinate): For every i € {1,...,¢—1}, and every u € F, choose k random lines
Li,...,L;, : F — F* such that, every line L € {L,,..., Ly} is orthogonal to the
(i + 1)" coordinate, and satisfies L(0); = u. For every L € {Ly,..., Ly}, query P,
on all the points {L(t) }er, and check that the univariate polynomial P,o L : F — F
is of degree < 2(|H|.

6. Sum Check for P;: For every i € {1,...,(}, choose k random points in F*. For
each of these points, z = (z1,...,2) € F, query P,, P,_; on all the points
{(z1,.-.,2i-1,t, Zix1, - - -, 2¢) }rer, and check that for every t € F,

§ h
Pi(Zl, ey Zifl,t, Zidly s Zg) = pifl(Zl, DN T I h, Zidtly - - - ,Zg)t
heH

7. Consistency of X and P,: Choose k random points in F*. For each of these
points, z = (iy, 42,13, b1, by, b3) € (F™)3 x F3 = F*, query Py on the point z and X
on the points 71, io, 23, and check that

Po(z) = &(2) - (X (i1) — by) - (X (i) — o) - (X (i5) — b3)

2.5.2.1 Complexity of the Verifier

Note that the total number of queries made by V' to the PCP proof, as well as the total
number of queries made by V to the function ¢, are both at most 6k¢|F|>. The time
complexity of V' is k - polylog(NN) = k - polylog(¢(n)).
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2.5.3 The Relaxed Verifier, V'

We will now define another verifier for the PCP proof X, Py, Py, ..., P,. We will call the
new verifier, the relaxed verifier with parameter r, such that 1 < r < k, and denote it by
V'. As before, V' knows the language £ and the input x, and we assume that she has
access to the correct values of the function ¢ : F¢ — F.

The verifier V' makes the exact same queries as V, but she accepts in some cases
where V' rejects.

Recall that V' repeated every test k times: The Low Degree Test for X was repeated
on k different lines in F. The four types of Low Degree Tests for each P; (and for three
of these types, for each u € F), were each repeated on k different lines in F*. The Sum
Check for each P; (for i € {1,...,¢}) was repeated on k different points in F*. The
Consistency of X and P, was repeated on k different points in F*.

This gives a partition of all the tests made by V into groups, with exactly £ tests in
each group. The verifier V' accepted if all the tests in all the groups passed. The relaxed
verifier, V', accepts if in each group of k tests at least k& — r of the tests pass, that is, at
most r tests fail.

2.6 Soundness of V' versus Soundness of V

In this section we will show that if the verifier V' can be fooled to accept x ¢ L, with
very small probability, then the verifier V' can be fooled to accept x ¢ L with probability
very close to 1. Intuitively, this makes sense because the relaxed verifier V' accepts even
if she rejects some of the tests, as long as the number of tests rejected in each group of
k tests is at most r.

Recall that k& < poly(n), such that 4|F|* < k& < N, is the security parameter of the
PCP, and that 1 < r < k is the parameter of the relaxed verifier V’. Recall that ¢ and
|F| are bounded by polylog(V).

We will prove the following lemma.

Lemma 2.3. Assume that V doesn’t have soundness € against (kmaz,0)-no-signaling
strategies, where § < W. Then, V' doesn’t have soundness 1 — (10¢|F|27" +

20)/e against (k.. ,.,d")-no-signaling strategies, where k... = kyaz — 6kL|F|?, and &' =
S|F|HF? e

Let us first sketch the main techniques that we will use in the proof of the lemma:

The main claim that we will need in order to prove the lemma (Claim 2.3.1), shows
that if V.V’ choose their queries independently then the probability that V accepts
and V' rejects, when all answers are given by a J-no-signaling family of distributions
{As}scp,|8|<kmas» 15 very small. This will be true because for each group of k tests we
can first choose the 2k tests for both V.V’ and only then decide which tests go to V'
and which ones go to V’. If among the 2k tests many are rejected then V' rejects with
high probability. On the other hand, if among the 2k tests only few are rejected then V'
always accepts on that group.
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We will assume that there exists a 0-no-signaling family of distributions {Ags}scp.|s|<kmas
that fools V' with probability larger than e. That is, the verifier V' accepts with proba-
bility > €, where on queries (), the answers are given (probabilistically) by Ag €r Ag.
We will construct a §'-no-signaling family of distributions {A'}scp,sj<k . that fools V'
with probability close to 1.

This will be done by fixing a set of queries ¢ for V' and answers a, for the queries
in g, such that V' accepts on queries ¢ and answers a,. The queries ¢ will be chosen
randomly by the distribution of V', and the answers a, will be chosen randomly by the
distribution A,, conditioned on the event that V' accepts on queries ¢ and answers a,.
The family {A%} will be the family {As} conditioned on the event that on queries ¢ the
answers are a.

Formally, for a set S, we denote by A,ugla, the distribution of the random element
A ep Agus, conditioned on the event A, = a, (where we assume that the event A, = q,
occurs with non-zero probability). Since in Agglq, we have that the coordinates indexed
by q are fixed to a4, we think of Agsl,,, for simplicity of the notations, as a distribution
over ¥, rather than over ¥9Y9 where ¥ = FF is the alphabet of the answers, (and note
that in this distribution the coordinates indexed by ¢ NS are fixed to a,g). We will
define the family of distributions {A%g} by Ay = Asus|a,-

We assume that for every distribution Ag (or A%) in the family {Ag} (or {A%}),
every query in S N D, is answered by 0 with probability 1 (since the polynomial P, was
just the 0 polynomial and was added to the PCP proof for simplicity of notations).

2.6.1 Proof of Lemma 2.3

Proof. Assume that V' doesn’t have soundness € against (k,q., 0)-no-signaling strategies.

Thus, for some = & L, there exists a d-no-signaling family of distributions
{As}scp,s|<kma. that fools V' with probability larger than e. That is, the verifier V
accepts with probability > €, where on queries @, the answers are given (probabilistically)
by AQ €Rr .AQ.

Let @ be the set of queries chosen randomly by the verifier V' and let )’ be the set
of queries chosen independently by the verifier VV'. Thus, @, Q" are independent random
variables. Let A €p Agug be the (probabilistic) answers for the queries Q U )’

Let V(Q, Ag) be 1 if V' accepts on queries () and answers Ap, and 0 otherwise. Let
V(@' Agr) be 1 if V' accepts on queries )’ and answers Ag, and 0 otherwise. (We
assume here that the sets of queries ), )" are ordered by the order that the queries were
chosen by the verifiers, so that the sets of queries also define which tests are performed
on which queries). We denote by V(Q, Ag) also the event V(Q), Ag) = 1, and in the same
way we denote by V'(Q)', Ag/) also the event V'(Q)', Ag/) = 1.

Claim 2.3.1.

P P V(Q,Ag) AN =V'(Q', Agr)] < BLIF|- 277
Py P V(QAQ) AoV Ag)] < U

(where r is the parameter of the relazed verifier V).
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2.6 Soundness of V' versus Soundness of V

Proof. Recall that V and V' repeated every test k times, and that this gives a partition
of all the tests performed by V and V' into groups, with exactly k tests in each group
(see Section 2.5.3), and the number of groups for each verifier is smaller than 5¢|F|.

Let Q;; be the set of queries chosen randomly by V' in order to perform the j test
in the i group. Let Q;; be the set of queries chosen independently by V' in order to
perform the j** test in the " group. We think of Qij, Qi ; also as tests, rather than
just sets of queries. All these tests are performed independently. That is, all the sets in
{Qi;}i; U{Q],}i; are independent, as random variables.

Let @; be the multiset of tests {Q; ;} e and let Q; be the multiset of tests {Q] ;}jex)-

Let V(Q;, Ag,) be 1if V accepts all the tests in (); (with answers A, ), and 0 otherwise.
Let V'(Qi, Ag;) be 0 if V' rejects more than r tests in Q; (with answers Ag/), and 1
otherwise. As before, we denote by V(Q;, Ag,) also the event V(Q;, Ag,) = 1, and in the
same way we denote by V'(Q}, Ag/) also as the event V'(Q}, Ag/) = 1.

Note that if both V(Q, Ag) and =V'(Q', Ag/) occur, then there exists i such that V'
accepts all the tests in ; while V' rejects more than r tests in Q). Hence,

! / ! /
V@A N V@ A S T Br [V(Qu Aa) A V(@A)

Thus, it remains to bound Pr[V(Q;, Ag,) A =V'(Q}, Aq:)] by 27", for every i.

Fix i. Let Wi = {{Q:;, @} ;} }jen- That is, Wj is the partition of the multiset ;U Q]
into pairs {Q;;, Q; ;}, without specifying for each pair which test is @; ; and which one is

; ;- Note that we could have chosen Q;, Q] by first choosing W; and only then specifying
which test in each pair is (; ; and which one is @Q; ;.

Let 7(W;) be the number of pairs in W; with at least one test that is rejected by the
verifiers. Note that (V) is a random variable that depends on @, @', A, but conditioned
on W; it is independent of @Q;, @} (that is, (W) is independent of the specification which
test in each pair is Q; ; and which one is @ ;).

We can now bound

Pr [V(Qi, Ag)A=V'(Q}, Ag)l = E | Pr [V(Qi, Ag,) A =V'(Q;, Ag:) | Wi, r(W;
oAV (@i Aa) (@ Aqy)] Wi (W) o alV (@0 Aol (@ Aa) | W r(72)

Pr[V(Qi, Ag,) N =V'(Q;, Agy) | Wi, 7(W;)] is bounded as follows:

If r(W;) < r then [V(Qi, Ag,) A =V'(Q;, Ag)] doesn’t occur, because —V'(Q;, Ag)
doesn’t occur (because in order for =V'(Q;, Ag:) to occur V' needs to reject at least r
tests in @, which is impossible when r(W;) < r). Hence,

PI‘[V(Q“AQJ A _'VI(Q; AQ;) | Wi, (T(Wl) < 7’)] =0
For r(W;) > r,
Pr[V(Qs, Ag )N=V'(Q, Agy) | Wi, (r(W3) > 7)] < Pr[V(Qi, Ag,) | Wi, (r(W5) > 1)) <277,

where the second inequality follows because for each pair {@Q); ;, ;]} € W;, each test goes
to @; with probability 1/2 (independently at random), so the probability that @Q; gets
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2. DELEGATION FOR P

none of the rejected tests is < 27" (because when r(W;) > r, there are at least r pairs
with at least one rejected test in each pair).
We hence have

Pr [V(Q;, A ANV /'714/_ = E Pr [V(Qs, Ag, A=V /‘7A’- Wi, r(W;
or V(@i A)AVIQ: Ag)l = | B P [VI(Qi Ag)) (@i Agp) | Wi, r(W3)]

<27
[l

We will now proceed with the proof of Lemma 2.3. Recall that we assume that the
d-no-signaling family of distributions {Ags}scp,s|<km.. fools V' with probability larger
than e.

Recall that 3 = FF is the alphabet of the answers. Recall that for a vector ag € %9,
we denote by Agugrle, the distribution of the random element A € Agug:, conditioned
on the event Ay = ag, (where we assume that the event Ag = ag is obtained with non-
zero probability (otherwise we define Agugr|e, to be an arbitrary fixed distribution)).
Since in Aquq|a, We have that the coordinates indexed by @ are fixed to ag, we think
of AQUQ/|QQ, for simplicity of the notations, as a distribution over £9', rather than over
Y@ (and note that in this distribution the coordinates indexed by Q N Q' are fixed to
aQney)-

Since {Ag} is a -no-signaling family of distributions, the distributions of the following
two random variables are d-close:

max

[ ] A ER AQUQ/

e A, where the coordinates indexed by @ of A are chosen by /NlQ €r Ag, and the
coordinates indexed by @’ of A are chosen by Ag €r Ague'|4, (and note that on

Q N Q' the vectors AQ, AQ/ always agree).
Therefore, by Claim 2.3.1,

50F|- 27" >

P P V(Q,Ag) A=V (Q', Ag)] =
Q,él AER'AIC‘QLJQ/[ (Q7 Q) (Q ? Q )]

Q%’ AERJ];:?QUQ’ [V(Q’ AQ) . (1 N V/<Q/’ AQ'))] Z

EE E  E V(@ Ag) - (1 - V'(Q, Ag))] — b6 =
QQ AQGR.AQ AQIER-AQUQ"AQ

E E |V(QA)-E E [1-V(Q,Ag)]| -6
Q AQER-AQ Q' AQ’GR‘AQUQ/‘AQ
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2.6 Soundness of V' versus Soundness of V

That is,

E E |V(QAy) - E E [1-V'(Q, Ag)]| <5F|-27" 46 (2.2)
Q AgerAg Q' Agr€rAgug!

lig

The following claim shows that we can fix the values of () and le to specific values ¢
and a, that satisfy two desired properties. The first property will be used to show that
V' is fooled with high probability. The second one will be used to show that the new
family of distributions that we will construct is ¢’-no-signaling.

Claim 2.3.2. We can fiz a set of queries q, and answers a, € X9, such that:

1.
E E [1-V'(Q,Ag)] < (BUF|-27" +6)- =
Q' AQ/ ER.AqUQ/ |aq €
2. i )
Pr (A, =a,)>
gk, =0 2 55w

Proof. Consider the conditional distribution of (Q, Ag) | V(Q, Ag), that is, the distri-
bution of (Q, Ag), where Ay €r Ag, conditioned on the event V(Q, Ag). Fix (q,d,)
randomly according to this distribution.

By Equation (2.2) and Markov inequality, and since

Pr Pr V(Q,AQ) > €,
Q Ag€erAg

the first part of the claim occurs with probability larger than 1/2.
Since Prqg Pr Aoerdo V(Q,Ag) > € and since the number of possibilities for each a, is

13[4, the second part of the claim occurs with probability larger than 1/2. O

Fix ¢, a, from Claim 2.3.2. Define the family of distributions {A}scp,sj<k:... by
fS’ = AqUS‘&q

(where, as before, Aqsls, is viewed as a distribution over £°). Note also that |¢| <
6kL|F|2 = kyaw — K

max*

By the first part of Claim 2.3.2,

E E V(Q,Ay)>1—(10(F|-27" 426
&, B, (@A) 2 1 (UL o 20) e

That is, V' is fooled with probability of at least 1 — (10¢|F| - 27" + 26)/e.
It remains to prove that {A} is a §’-no-signaling family of distributions.

Claim 2.3.3. {A%} is a &'-no-signaling family of distributions, where &' = 85|5|FF1 /¢,
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2. DELEGATION FOR P

Proof. Let Sy C S, C D, be such that |S,| < k],,,. Denote by (Ag))s, and (Ag,)s, the
projections of the distributions Ay , As,, respectively, on the coordinates in 5.

We need to prove that the distributions A’y and (Af,)s, are §'-close. Without loss of
generality, assume that ¢ C S;. Otherwise, just add ¢ to both Sy, Sy (this doesn’t change
the distance between the two distributions because, by the definition of A, , A§ , we just
added fixed coordinates to each of the two distribution).

Denote by Ag, |a, the distribution of A €r Ag, conditioned on the event A, = a,
and, in the same way, denote by Ag,|s, the distribution of A € Ag, conditioned on the
event A, = a4, and by (Asg,)s,|a, the distribution of A €r (Ag,)s, conditioned on the
event A, = a,.

By the definitions, Ay = Ag|s,, and A5 = Ag,|s,- Thus, we need to prove that
As, la, and (Ag,|s,)s, are d'-close. Since (Ag,la,)s, = (As,)s;la,, we need to prove that
As, la, and (As,)s, |a, are §'-close.

Since A is a 0-no-signaling family, Ag, and (Ag,)s, are d-close.

By the second part of Claim 2.3.2, and since A is a d-no-signaling family, we have

that
€

P A, =a,) > ——— —
AER.E\SI( 4 aq) - 2. |E||Q|
and .
P A, =a,) > ——— —
AER(Al;z)sl( e aq) -2 |E||q‘

The proof of the claim thus follows by Proposition 2.4, with u = Ag,, ¥ = (As,)s,,

and
€

-y S —
CToR O = LS = 4 [x|SkEP

O

Proposition 2.4. Let §,a be such that 0 < 20 < a < 1. Let p,¢p : Q@ — R be two
probability distributions over a finite set ), and assume that p,v are d-close. Let E C ()
be an event, such that, u(F),¥(E) > «. Denote by ug, Vg the conditional distributions
W, Y, conditioned on the event E. Thus, ug,vg : E — R are probability distributions
over E.

Then, pug,vE are §'-close, where §' = 20/cv.

Proof. Denote by ¢/ : E — R and ¢ : E — R the restrictions of u,1 to E. That
is, for every e € E, we have p/(e) = u(e) and ¢'(e) = ¥(e). Since p,1p are o-close,
|l — ' < |l — ||y <20, where || - ||; denotes the lj-norm.

Assume without loss of generality u(E) > ¢ (F). That is, % <1

Assume for a contradiction ||ug — ¥g||; > 2’. Then

§ <5 lusle) sl = Y lusle) —ve(e)] <

el {elnp(e)>Yn(e)}
0= YE ol <5 L iB) - une) — w(E) - vale
{ew(e)zzme)} e “(E>wE( >‘ = ;EM(E) IH(E) - pple) = $(E) - Yu(e)
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2.7 Soundness of V' in the Base PCP

<= ST IRE) - psle) — V() - v ()|

eclE
Since p' = u(E) - pg, and ' = Y(E) - g, we get 0" < 20/« O
This concludes the proof of Lemma 2.3. O

2.7 Soundness of V’ in the Base PCP

In this section we will show that the verifier V’ cannot be fooled to accept = & L, with
probability close to 1.

Recall that k& < poly(n), such that 4|F|* < k < N, is the security parameter of the
PCP, and that 1 < r < k is the parameter of the relaxed verifier V’. Recall that ¢ and
|F| are bounded by polylog(V).

We will prove the following lemma.

Lemma 2.5. Assume that kpme, > 4sk|F| + 6k(|F|?, where s = O(s(n)) is the mazimal

number of gates in a layer of the circuit C,. Assume that 6 < Fiz e =

1 1
1000NZ[F] " T00NZ[F|’

and note that € > 10 max <6, “Ff%) Assume r < ﬁIFI' Then, V' has soundness 1 — €

against (kmaz, 0)-no-signaling strategies.

The rest of the section is devoted for the proof of Lemma 2.5. From now on, through
Section 2.7, fix s,0, €, 7 to be as in the statement of Lemma 2.5.

As for the parameter k.., for the proof of Lemma 2.5, we will assume that k., >
4sk|F| + 6k(|F|>. We will assume for a contradiction that for some z ¢ L, there exists
a d-no-signaling family of distributions {Ag}scp,|s|<kn.. that fools V' with probability
larger than 1 — e. That is, the verifier V' accepts with probability > 1 — ¢, where on
queries (), the answers are given (probabilistically) by A €r A (see Section 2.7.7).

However, in most parts of Section 2.7, a much weaker requirement k,q, > 6k(|F|?
will suffice. Hence, for the rest of the section we fix ko, > 6kf|F|* and denote by
{As}scp,s|<kmar & O0-no-signaling family of distributions that makes V' accept x with
probability > 1 — €. The requirement that k., > 4sk|F| + 6k¢|F|? will only be used
in Section 2.7.7, by Lemma 2.28, Lemma 2.29 and by the proof of Lemma 2.5 (and the
requirement will be noted therein).

Recall that we denote by D the domain of the PCP (that is, the alphabet of queries
in the PCP). Recall that

D=DxUDyU...UDy,

where Dy = F™ is viewed as the domain of X, and Dy, ..., D, are { + 1 copies of F¥,
viewed as the domains of Fy, ..., Py, respectively.

For a set S C D,|S| < knaz, we will view the answers A €r Ag as a function
A: S — F. We can view A also as a partial function A : D — [, and we denote by
Ax, Ay, ..., Ay the restriction of that partial function to Dx, Dy, ..., Dy, respectively.
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2. DELEGATION FOR P

Recall that we assume that for every distribution Ag in the family {Ag}, every query
in SN D, is answered by 0 with probability 1 (since the polynomial P, was just the 0
polynomial and was added to the PCP proof for simplicity of notations).

2.7.1 Some Immediate Claims

Fix Kz, S, 0,€,7 to be as in the statement of Lemma 2.5. Assume for a contradiction
that for some x ¢ L, there exists a J-no-signaling family of distributions {As}scp,|s|<kmas
that fools V’ with probability larger than 1 — e.

We will start by stating an immediate corollary of the fact that {Ag} is a d-no-
signaling family.

Claim 2.5.1. Let S C D,|S| < ke be a set generated by some random process. Let
A er Ag. Let f(S,A) be a predicate that is satisfied with probability p (where the prob-
ability is over S, A). Let S',Q, such that " C Q C D, |Q| < kpaz, be two sets generated
by some random process, such that the distribution of S’ is identical to the distribution
of S. Let A" €gr Ag. Then the probability that f(S', A,) is satisfied is between p —§ and
p+ 0, (where the probability is over S',Q), A’).

Proof. Since {As} is a d-no-signaling family, for every fixed sets s = ¢’ C ¢,

P A — P ! A//
BT () = Pr (F(5,AL) F 0
The claim follows by taking expectation over S on the left hand side and expectation
over S’, @) on the right hand side. H

Next we will state seven immediate corollaries of the fact that V'’ accepts with proba-
bility > 1—e. The following seven claims correspond to the seven different tests performed
by the verifier V’. Each claim states that the corresponding test is satisfied with high
probability.

Claim 2.5.2. Low Degree Test for X:
Let Ly,..., Ly : F — Dx be k random lines. Let S = {L;(t)},cer C Dx. Let A €g Ag.
Then, with probability > 1 —e—0, for at least k—r of the lines L € {L, ..., Ly}, we have

that Ao L : F — T is a univariate polynomial of degree < m|H| (where the probability is
over Ly,..., Ly, A).

Proof. Note that the set S can be extended to a set ) of queries of the verifier V', where )
is generated by the correct distribution of V', and S C @ is the set of queries for the first
test performed by V"’ (that is, the low degree test for X). Let A" € Ag. Since V' accepts
with probability > 1 — € on queries () and answers A’, and in particular this means that
the first test of V' passes with probability > 1 — ¢, we have that A’ satisfies the claim
with probability > 1 — e. Formally:

With probability > 1 — €, for at least k& — r of the lines L € {Ly,..., Ly}, we have
that Ao L : F — F is a univariate polynomial of degree < m|H| (where the probability
is over Ly, ..., L, Q, A").
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2.7 Soundness of V' in the Base PCP

Since {Ag} is a d-no-signaling family, by Claim 2.5.1, the same is satisfied for A,
rather than A’, with probability > 1 — € — 4, rather than > 1 — €. O

Claim 2.5.3. Low Degree Test for P; (fixed L(0);;1):

Leti € {0,...,0 —1}. Letw € F. Let Ly,...,Ly : F — D; be k random lines, such
that, every line L € {L, ..., Ly} satisfies L(0);41 = u. Let S = {L;(t)}jecmeer C D;. Let
A €r Ag. Then, with probability > 1—e—90, for at least k—r of the lines L € {Ly, ..., Ly},
we have that Ao L : F — F is a univariate polynomial of degree < 2¢|H| (where the
probability is over Ly, ..., Ly, A).

Proof. Similar to the proof of Claim 2.5.2, using the second test performed by V' (the
low degree test for P, type 1), rather than the first one. O

Claim 2.5.4. Low Degree Test for P, (orthogonal to the (i + 1)'* coordinate):
Leti € {0,...,0 —1}. Let Ly,..., Ly : F — D; be k random lines, such that, every line
L e {Ly,..., Ly} is orthogonal to the (i + 1)™ coordinate. Let S = {L;(t)};em er C D;.
Let A €p Ag. Then, with probability > 1 — e — §, for at least k — r of the lines L €
{L1,..., L}, we have that Ao L : F — F is a univariate polynomial of degree < 2¢|H |
(where the probability is over Ly, ..., Ly, A).

Proof. Similar to the proof of Claim 2.5.2, using the third test performed by V' (the low
degree test for P, type 2), rather than the first one. O

Claim 2.5.5. Low Degree Test for P; (fixed L(0);;;; orthogonal to the i’* coor-
dinate):

Letie{l,...,0 —1}. Letuw € F. Let Ly,..., Ly : F — D; be k random lines, such that,
every line L € {L1, ..., L} is orthogonal to the i'" coordinate, and satisfies L(0);;1 = u.
Let S = {L;j(t)}jcer C D;. Let A €g Ag. Then, with probability > 1 — € — 0, for at
least k — r of the lines L € {L1,..., Ly}, we have that Ao L : F — T is a univariate
polynomial of degree < 2¢|H| (where the probability is over Ly, ..., Ly, A).

Proof. Similar to the proof of Claim 2.5.2, using the fourth test performed by V' (the
low degree test for P, type 3), rather than the first one. n

Claim 2.5.6. Low Degree Test for P, (fixed L(0);; orthogonal to the (i + 1)
coordinate):

Leti e {1,....0 —1}. Letu € F. Let Ly,...,Ly : F — D; be k random lines, such
that, every line L € {Ly,..., Ly} is orthogonal to the (i + 1) coordinate, and satisfies
L(0); =u. Let S = {L;(t)}jemer C Di. Let A €p Ag. Then, with probability > 1—e—0,
for at least k —r of the lines L € {L, ..., Ly}, we have that Ao L : F — T is a univariate
polynomial of degree < 2¢|H| (where the probability is over Ly, ..., Ly, A).

Proof. Similar to the proof of Claim 2.5.2, using the fifth test performed by V' (the low
degree test for P, type 4), rather than the first one. O
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Claim 2.5.7. Sum Check for P;:

Leti€{l,...,0}. Let z1,...,z, € F* be k random points, where z; = (zj1,...,zj4) € F".
Let S* and S'=' be two copies of the set of points {(zj1, ..., Zji—1,t, Zji+1s - - - Zj.0) Yie] ter
F’, and view S* as a subset of D; and S*™' as a subset of D;_1. Let S = S*U S C D.
Let A €r Ag. Then, with probability > 1 — e — 6, for at least k —r of the indices j € [k],
the following is satisfied for everyt € F:

h
Ai(zj,la s 241y by 2ty - 7Zj,Z) = E Ai71(2’j,1, s i1, h, Rjyidtly e 72’]‘,@)15
heH

(where the probability is over zy, ..., 2z, A).

Proof. Similar to the proof of Claim 2.5.2, using the sixth test performed by V' (the sum
check for P;), rather than the first one. O

Claim 2.5.8. Consistency of X and Fj:

Let zy,. ..,z € F* be k random points, where z; = (ij1,1;2,1;3,bj1,bj2,b;3) € (F™)3 x
F3 = F*. Let S° = {2;};en, viewed as a subset of Do, and let S™ = {ij1,1j2,%;3} ek,
viewed as a subset of Dx. Let S = S°USX C D. Let A €xr As. Then, with probability >
1 —e—90, for at least k — r of the points z; € {1, ..., 2}, the following is satisfied:

Ao(z) = (z)) - (Ax(ij1) — bja) - (Ax (ij2) — bja2) - (Ax(ij3) — bjs)
(where the probability is over zy, ...,z A).

Proof. Similar to the proof of Claim 2.5.2; using the seventh test performed by V' (the
consistency of X and Fp), rather than the first one. O

2.7.2 Additional Notation

Let ¢ > 0 be an integer. Let M : F?2 — F¥ be a plain. For every t; € F, denote by
M(ty,*) : F — F” the line L : F — F* defined by L(t) = M(t;,t). For every t, € F,
denote by M (x,t;) : F — F* the line L : F — F defined by L(t) = M(t,t,).

Let f: F? — F be a function. For every ¢; € F, define f, .« : F — F by fu, »(t) =
f(ty,t). For every ty € IF, define f, 1) : F — F by flu)(t) = f(t,t2).

2.7.3 Consistency of F,

We will now give a definition that will be central in the rest of the section. Intuitively, a
point z satisfies property Z(€', r’) if when taking k lines through it, with high probability,
for most of these lines, the answers correspond to low degree polynomials that “evaluate”
the point z to 0.

Definition 2.6. Property Z(¢',r'):
Let € >0 and ' > 0. Leti € {0,...,0}. Let z € D;.
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Let Ly, ..., Ly : F — D; be k random lines, such that for every L € {Ly,..., Ly}, we
have L(0) = z. Let S = {L;(t)} ek er C D;. Let A € Ag.

Define AY : S — F by A°(2') = A(Z') for 2’ # z and A%(z) = 0.

We say that the point z satisfies property Z(€',r") (also denoted z € Z(€',r")) if with
probability > 1 — €, for at least k — ' of the lines L € {Ly,..., Ly}, we have that
Ao L : F — F is a univariate polynomial of degree < 2¢|H| (where the probability is over
Lis.o Ly A).

Our main lemma about property Z(€',r’) is that the property is satisfied, with small
¢ and r’, for any point z = (z1,...,2¢) € Do, such that, zy,..., 2z € H. (Intuitively, this
is analogous to the formula Fy|ze = 0, that is satisfied for x € L).

Lemma 2.7. For any z = (z1,...,20) € Dy, such that, z1,...,2 € H, we have z €
Z(€,r"), where € = 8(|F|e, and v’ = 8(|F|r.

The rest of Subsection 2.7.3 is devoted for the proof of Lemma 2.7.

2.7.3.1 Proof of Lemma 2.7

First, we define a variant of property Z(¢',r’), where the random lines are restricted to
be orthogonal to the (i) coordinate. (We will use this property only for i’ € {i,i+1}).

Definition 2.8. Property Z/ (¢, 7'):
Let € >0 and r' > 0. Leti € {1,...,¢}. Leti€{0,...,¢}. Let z € D;.

Let Ly, ..., Ly : F — D; be k random lines, such that for every L € {Ly,..., Ly}, we
have L(0) = z, and L is orthogonal to the (i) coordinate. Let S = {L;(t)};eper C Di.
Let A e As.

Define A : S — F by A°(2') = A(2') for 2/ # z and A%(z) = 0.

We say that the point z satisfies property 77 (¢',r') (also denoted z € ZV(¢',r")) if
with probability > 1 — €, for at least k — 1’ of the lines L € {Ly,..., Ly}, we have that
Ao L : F — F is a univariate polynomial of degree < 2¢|H| (where the probability is over
Lo Ly, A).

Lemma 2.7 will follow easily by Lemma 2.9, Lemma 2.11 and Lemma 2.12.

Lemma 2.9. For every ¢, > 0, everyry >0, everyi € {1,...,£—1}, and every z € D;,
if z € ZT (e, r1) then z € Z'(ez,12), where e = €1 + 3|Fle, and ry = 1 + 2|F|r.

Proof. Assume that z € Z™ (1, 71).

Let Ly,..., Ly : F — D; be k random lines, such that for every L € {Ly,..., L}, we
have L(0) = z, and L is orthogonal to the (i + 1) coordinate. Let L},..., L, : F — D,
be k random lines, such that for every L' € {L/,..., L} }, we have L'(0) = z, and L’ is
orthogonal to the i*" coordinate.

Denote by E the event that for every j € [k], the lines L;, L} are in general position,
that is, the vectors L;(1) — L;(0), L;(1) — L;(0) span a linear subspace of dimension 2 (as

vectors in D; = FY). Note that the event E occurs with probability of at least 1 — ﬁ%‘
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Let My, ..., M : F> = D; be k plains, where M;(ty,t2) = L;(t1) + L)(t2) — 2, (where
the addition/substraction are over the vector space D; = FF*).

Let S = {M;(t1,t2) }jemtrtoer C Di. Let A €g Ag. Define A : S — F by A%(2') =
A(2) for 2/ # z and A°(z) = 0.

We say that M; is good if the following is satisfied:

1. For every t; € F\ {0}, the function A°0 M;(t1, %) : F — F is a univariate polynomial
of degree < 2(|H|.

2. For every ty € I, the function A o M;(x,¢;) : F — F is a univariate polynomial of
degree < 2(|H|.

By Proposition 2.10, (applied with f = A o M; and d = 2¢|H|), if M; is good then
Ao Ly = A0 M;(0,%) : F — F is a univariate polynomial of degree < 2¢|H].

Proposition 2.10. Let f : F? — F be a function. Assume that for every t; € F\{0}, the
function fu, 4 : F — T is a univariate polynomial of degree < d, and for every t, € F, the
function fi..,) : F = F is a univariate polynomial of degree < d, where d < |F|. Then,
Jox : F = F is a univariate polynomial of degree < d.

Proof. For every t, € I, the function f(,;) : F — F is a univariate polynomial of
degree < d. Therefore, there exist ay,...,aq € F, (where ay,...,aq are the Lagrange
interpolation coefficients), such that for every ¢, € F, we have f(0,t,) = Zle ag- f(t,1s).
That is, fo,.«) = Zle ay - frs)- Since f14), ..., fas) are univariate polynomials of degree
< d, their linear combination f( ) is also a univariate polynomial of degree < d. O]

We will show that with high probability, at least k—ry of the plains M € {M;, ..., My}
are good (where the probability is over Ly,..., Ly, L}, ..., L}, A). By Proposition 2.10,
this implies that with high probability, at least k—ry of the lines L' € {L1, ..., L} } satisfy
that Ao L' : F — T is a univariate polynomial of degree < 2¢|H| (where the probability
isover Ly,..., Ly, Li,..., L, A).

Claim 2.10.1. With probability > 1 — ¢, — 2|F|e — 4|F|6 — m\%; for at least k —r, — 2|F|r
of the indices j € [k], we have that M; is good.

Proof. For every t; € F\ {0}, consider the set of lines {M;(t1, %)} ;e and note that this
is a set of k£ random lines in D;, such that, every line L € {M;(t1,*)},cp is orthogonal
to the i coordinate, and satisfies L(0);1; = zi11. Hence, by Claim 2.5.5, using also
Claim 2.5.1, with probability > 1 —e— 20, for at least k —r of the indices j € [k], we have
that Ao M;(t1,*) : F — F is a univariate polynomial of degree < 2¢|H|. If, in addition,
the event F occurs, then A% o M;(t1,*) = Ao M;(t1,*) and hence A o M;(t1,*) : F —F
is also a univariate polynomial of degree < 2¢|H|.

For every t, € IF\ {0}, consider the set of lines {Af;(*,t2)} e and note that this
is a set of k£ random lines in D;, such that, every line L € {M;(x,t2)};cp is orthogonal
to the (i + 1) coordinate, and satisfies L(0); = z;. Hence, by Claim 2.5.6, using also
Claim 2.5.1, with probability > 1 —e— 20, for at least k —r of the indices j € [k], we have
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that Ao M;(x,t5) : F — F is a univariate polynomial of degree < 2¢|H|. If, in addition,
the event E occurs, then A% o M;(*,t5) = Ao M;(*,t3) and hence A% o M;(x,t3) : F — F
is also a univariate polynomial of degree < 2¢|H|.

Consider the set of lines {M;(x,0)}c and note that M;(x,0) = L;. Since z €
Z" (€1, 71), and using also Claim 2.5.1, with probability > 1 — ¢; — 6, for at least k —r;
of the indices j € [k], we have that A o M;(x,0) : F — F is a univariate polynomial of
degree < 2(|H|.

Recall also that the event E occurs with probability of at least 1 — “Ff%.

Adding up all this, by the union bound, we obtain that with probability > 1 —¢; —
2|F|e — 4]F|6 — IIFIQ%’ for at least k — r; — 2|F|r of the indices j € [k], we have that:

1. For every t; € F\ {0}, A o M;(t1,*) is a univariate polynomial of degree < 2(|H]|.
2. For every ty € F\ {0}, A® o M;(x,t5) is a univariate polynomial of degree < 2¢|H|.
3. A% o M;(x,0) is a univariate polynomial of degree < 2¢|H|.

That is, with probability > 1 — ¢; — 2|F|e — 4|F|0 — UF‘Q%, for at least k — ry — 2|F|r of
the indices j € [k], we have that M; is good. O

By Proposition 2.10, Claim 2.10.1 implies that with probability > 1 — ¢ — 2|F|e —
4|F|6 — HFT% > 1 — e + 9, at least k — ry of the lines L' € {L},..., L, } satisfy that
A%o ' : F — T is a univariate polynomial of degree < 2¢|H| (where the probability is
over Ly, ..., Ly, L},..., L, A). Thus, using Claim 2.5.1, z € Z(eg, 72).

This concludes the proof of Lemma 2.9. ]

Lemma 2.11. For every e; > 0, everyry > 0, everyi € {0,...,{—1}, and every z € D,
if z € Z (e, 1) then z € Z(ez, m2), where €3 = €1 + 3|Fle, and ro = ry + 2|F|r.

Proof. Similar to the proof of Lemma 2.9, except that we let L},..., L, : F — D; be k
random lines, such that for every L' € {L},..., L.}, we have L'(0) = z, (without the
requirement that L’ is orthogonal to the i'* coordinate), and we use Claim 2.5.3 and

Claim 2.5.4, rather than Claim 2.5.5 and Claim 2.5.6, in the proof for the equivalent of
Claim 2.10.1. 0

Lemma 2.12. Let ¢, > 0. Letry > 0. Leti € {1,...,0}. Let z = (21,...,2) € F be
a point, such that, z; € H. For everyt € F, let z(t) = (21,...,2_1,t, %41, ..., 2) € F".
Assume that for every t € T, the point z(t), viewed as a point in D;, satisfies property
Zi(e1,m1). Then the point z, viewed as a point in D;_1, satisfies property Z'(es, o), where

e =15+ 2|Fle, and ro = =+ |F|r, and v = %.
Proof. Assume that for every t € I, the point z(t), viewed as a point in D;, satisfies
property Zi(eq,ry).

Let Ly,...,L;, : F — F* be k random lines, such that for every L € {L;,..., L}, we
have L(0) = 0, and L is orthogonal to the i** coordinate.
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Denote by E the event that for every j € [k], the line L; is in a general position (as
a line in F*), that is, it’s image is not a single point. Note that the event E occurs with
probability of at least 1 — IJFI%‘

Let My, ..., My : F? — F¢ be k plains, where M;(t;,t2) = L;j(t;) + 2(t2), (where the
addition is over the vector space F*).

Let S* and S be two copies of the set of points {M;(t1,t2)}jei)n,er C FY, and
view S’ as a subset of D; and S*~! as a subset of D;_;. Let S = S*U S ! C D. Let
A €r As. Recall that we view A as a function A : S — F, and we denote by A;, A;_; the
restriction of that function to S%, S !, respectively.

Define A? : S' — F by A%2) = Ai(2)) for 2/ & {z(t)}ier, and A%(2') = 0 for
2 € {2(t)her. Define AY | : S=1 — F by AY (') = A;_1(7) for 2/ & {2(¢) her and
AY (') =0 for 2’ € {2(t) }ser-

We say that M; is good if the following is satisfied:

1. For every t; € F, and every t € T,

AO t17 ZA tl) )) h

heH

2. For at least |H| values ty € F, the function A o M;(x,ts) : F — F is a univariate
polynomial of degree < 2¢|H|.

By Proposition 2.13, (applied with f = A% o M;, f' = A | o M; and d = 2(|H|), if
M; is good then for every t, € H, the function A | o M;(x,t3) : F — F is a univariate
polynomial of degree < 2¢|H|.

Proposition 2.13. Let f : F? = F and f' : F? = F be two functions. Assume that:

1. For everyt; € F, and everyt € F,

t17 Zf tlv

heH

2. For at least |H| values ty € F, the function f(. 1) : F — F is a univariate polynomial
of degree < d.

Then, for every ty € H, the function f(’*th) :F — F is a univariate polynomial of degree
<d.

Proof. For every h € H, present the function f(’* e F — T as a univariate polynomial
(in the free variable y),

F|—1

Fuh) = Fam@) =) ans-y°

s=0

48



2.7 Soundness of V' in the Base PCP

where ay,, ..., ap -1 € F. Thus, for every y € F, and every t € F,

[F|—1 |F|—1
f(*,t)<y> = f(yat) = Z fl<y7 h)th = Z Z Qp,s ys : th = Z (Z Qp,s th) -y

heH heH s=0 s=0 heH

Assume for a contradiction that for some s > d, the polynomial ), _, ap - t" is not
the identically 0 polynomial, and let s be the largest such index. Since ), , ans - th
is not identically 0, and its degree is < |H| — 1, it gives 0 on at most |H| — 1 values of
t € F. Hence, the polynomial f(. ) (y) is of degree < s for at most |H|— 1 values of ¢ € I,
which is a contradiction to the assumption that for at least |H| values t € T, the function
J) - F — [ is a univariate polynomial of degree < d.

Thus, for every s > d, the polynomial », _, ans - t" is the identically 0 polynomial.
That is, for every s > d and every h € H we have a5, = 0. Hence, for every h € H, the
function f(’*ﬁ) : F — F is a univariate polynomial of degree < d. [

We will show that with high probability, at least k—ry of the plains M € {M;, ..., My}
are good (where the probability is over Ly, ..., Ly, A).
Claim 2.13.1. With probability > 1— |F|e —2|F|d — IFIZ r— Ellfj, for at least k—[Flr — ==
|H|
|E| -

of the indices j € [k], we have that M; is good, where v =

Proof. First note that for ¢; = 0,

AO t17 ZA tl) )) h

heH

is satisfied trivially (for every j € [k], and every ¢t € F), since AY o M;(0,x) and AY | o
M;(0, %) are the identically 0 function (by the definitions).

For every t; € F\ {0}, consider the set of points {A/;(t1,0)};cp and note that this is
a set of k random points in F’, such that the i*" coordinate of each of these points is 0,
(that is, all other coordinates of all these points are uniformly distributed and independent
random variables). Note that in Claim 2.5.7, the i coordinate of each random point is
ignored. Hence, by Claim 2.5.7, using also Claim 2.5.1, with probability > 1 — e — 24, for
at least k — r of the indices j € [k], the following is satisfied for every ¢ € F:

A, (M;(tq,1) ZAz 1(M;(ty, b))t ¢

heH
If, in addition, the event F occurs, then for every t € F, we have that, A(M;(t1,t)) =
AZ(Mj<t1,t>) and A?_l(Mj(tl,t)) = Aifl(Mj(tl,t)) and hence

AO tl) ZA tla ))

heH

(and recall that for t; = 0 this is satisfied trivially).

49



2. DELEGATION FOR P

Recall that the event E occurs with probability of at least 1 — WF\%'
Thus, by the union bound, with probability > 1 — |Fle — 2|F|§ — \F\%’
— |F|r of the indices j € [k], the following is satisfied for every t; € F and every ¢ € F:

ANM; (1, 1)) =) AL (M (ty, h)t" (2.3)

heH

for at least

For every t, € IF, consider the set of lines {M;(x,2)};cpr and note that this is a set of
k random lines, such that for every L € {M;(x,t2)};cp, we have L(0) = z(f2), and L is
orthogonal to the i*" coordinate. Since z(t,), viewed as a point in D;, satisfies property
Zi(€1,m1), and using also Claim 2.5.1, with probability > 1 — ¢, — §, for at least k — 7,
of the indices j € [k], we have that AY o M;(x,t5) : F — F is a univariate polynomial of
degree < 2(|H|.

Since this is true for every to € F, by Proposition 2.14, applied with o = ¢; + 9, we
obtain the following for any v < 1:

with probability > 1 — %, for at least || values t, € F we have that for at least
k —ry of the indices j € [k], the function Ao M;(x,t;) : F — F is a univariate polynomial
of degree < 2(|H|.

Proposition 2.14. Let {E;}cr be a set of events, such that, for every t € F, Pr(E;) >

1 —a. Then, for any v < 1, with probability of at least 1 — ﬁ, at least v|F| events in
{Ei}ier occur.

Proof. Let I, be the characteristic function of the event —F;. Let I = ZteF I;. Thus,
E[I] < a|F|. By Markov’s inequality, Pr[I > (1 — v)|F|] < a/(1 — ). Thus, with
probability of at least 1 — /(1 — =), at least v|F| events in {F};};cr occur. O

Thus, with probability > 1 — %, for at least v|F| values t5 € F we have that for

at most 71 of the indices j € [k], the function AY o M;(*,t3) : F — F is not a univariate
polynomial of degree < 2¢|H]|.

Since in a {0, 1}-matrix with v|F| rows and [k] columns, with at most r; ones in each

y[Flra
v|F|—|H]

total number of ones is > «|F|ry), this implies that with probability > 1 —

most WE;ET}JI indices j € [k] we have that for less than |H| of the values tg E F the

function AY o M;(x,ty) : F — F is a univariate polynomial of degree < 2¢|H]|.
Combined with Equation (2.3), by the union bound, with probability > 1 — |F|e —

2|F|6 — IFV r— €1+‘5 , for at least k — |F|r — H;Flh of the indices j € [k], we have that:

row, there are at most

columns with more than v|F| — |H| ones (otherwise, the

61+5 , for at

1. For every t; € F and every t € F:

A t17 ZA t17 )) h

heH

2. For at least |H| of the values ty € F the function AY o M;(*,t3) : F — F is a
univariate polynomial of degree < 2¢|H].
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That is, with probability > 1 — |F|e —2|F|d — IIFI‘-’ r— €1+‘5 , for at least k — |F|r — WHFHF—‘T}J\
of the indices j € [k], we have that M is good In partlcular for v = %, we have
that with probability > 1 — |Fle — 2|F|J — IJFI‘“’ T — €1+5 , for at least k — [F|r — {7 of the
indices j € [k], we have that M; is good. O

By Proposition 2.13, Claim 2.13.1 implies that with probability > 1 — |F|e — 2|F|§ —
I]FI% — €1+5 > 1—ey+4, at least k —ry of the indices j € [k] satisfy that for every t, € H,

the functlon AY o M;(*,tz) : F — F is a univariate polynomial of degree < 2¢|H|, (where
the probability is over Ly, ..., Ly, A).

Fix t, = z;. Consider the set of lines {M;(*,t2)};c and note that this is a set of k
random lines, such that for every L € {M;(x,t3)} e, we have L(0) = 2(ty) = z, and L
is orthogonal to the i** coordinate.

With probability > 1 — €, + 4, at least k — ry of the indices j € [k] satisfy that the
function A? | o M;(x,t) : F — F is a univariate polynomial of degree < 2¢|H|. Thus,
using Claim 2.5.1, the point z, viewed as a point in D;_1, satisfies property Z(ez, ro).

This concludes the proof of Lemma 2.12. O

Combining Lemma 2.12 and Lemma 2.9, we obtain the following lemma.

Lemma 2.15. Let ¢, > 0. Letry > 0. Leti € {2,...,0}. Let z = (21,...,2) € F* be
a point, such that, z; € H. For everyt € F, let 2(t) = (21,..., zi_1,t, 2iy1,- .., 2) € F".
Assume that for every t € T, the point z(t), viewed as a point in D;, satisfies property
Zi(e1,m1). Then the point z, viewed as a point in D;_1, satisfies property Z:1(ey, 1),

where €3 = 1= + 5|Fle, and rp = 17 + 3|F|r, and v = %.
Proof. Follows by applying Lemma 2.12 and then Lemma 2.9. O]

We can now prove Lemma 2.7.

Proof. Recall that we assume that for every distribution Ag in the family {Ag}, every
query in S N Dy is answered by 0 with probability 1 (since the polynomial P, was just
the 0 polynomial and was added to the PCP proof for simplicity of notations). Therefore,
any point z € Dy, satisfies property Z‘(ey, r;), where ¢, = 0 and r, = 0.

By inductive application of Lemma 2.15, for any i € {1,...,¢ — 1}, any point z =

(21,...,2¢) € Dy, such that, z;1,...,2, € H, satisfies property Z(e;, r;), where ¢ =
72 + 5[F[e and r; = $£ + 3|F|r, and v = %.
In particular, any point z = (z1,...,2¢) € Ds, such that, 2o,...,2 € H, satisfies

property Z'(e1,r1), where ¢; < (51@)6[ < 6/|F|e and r; < (‘%'F'r < 6€|F|7‘
Hence, by Lemma 2.12, any point z = (z1,...,2:) € Dg, such that, z1,...,2, € H,
satisfies property Z!(ey, o), where ¢y = 7 +2[Fle < 7¢[Fle, and ro = %+\Flr < TL|F|r.
Finally, by Lemma 2.11, any point z = (21,...,2¢) € Dy, such that, z1,...,2 € H,
satisfies property Z(€',r’), where ¢ < 8¢|F|e, and ' < 8¢|F|r. O

51



2. DELEGATION FOR P

2.7.4 Consistency of X

In this subsection we will show that, intuitively, when taking a large number of lines
through a point z € Dy, with high probability, there exists a value v € [, such that for
most of these lines, the answers correspond to low degree polynomials that “evaluate”
the point z to v.

This is stated formally in Lemma 2.18, Lemma 2.19 and Lemma 2.20. The main goal
of the subsection is to prove Lemma 2.19 and Lemma 2.20 (their statements could be
read before reading the rest of the subsection). To prove these lemmas, we will need to
first prove Lemma 2.16 and Lemma 2.18.

Lemma 2.16. Let ¢ = 3|F|e. Let v’ = 2|F|r. Let z € Dx. Let Ly, ..., Ly, L}, ..., L} :
F — Dx be 2k random lines, such that for every L € {Ly,..., Ly, L},..., L}, we have
L(O) = z. Let S/ = {Lj(t)}je[k],tEIF U {L;(t)}je[k],teﬂf C D)(. Let A €Rr AS/.

For any v € F, define AV : 8" — F by A"(2') = A(2') for 2/ # z and A%(z) = v.

Then, with probability > 1 — €, for at least k — 1" of the indices j € [k|, there exists
v €, such that, both A”o L; :F — F and A®o L, : F — T are univariate polynomials of
degree < m|H| (where the probability is over Ly, ..., Ly, L}, ..., L}, A).

Proof. Let Lq,...,Lg, L},..., L, : F — Dy be 2k random lines, such that for every
Le{Ly,...,L,L},..., L.}, we have L(0) = z.

Denote by E the event that for every j € [k], the lines L;, L} are in general position,
that is, the vectors L;(1) — L;(0), Li(1) — L;(0) span a linear subspace of dimension 2 (as

vectors in Dy = ™). Note that the event E occurs with probability of at least 1 — mf%.

Let My, ..., My : F?* — Dy be k plains, where M;(ty,ts) = Lj(t1) + L)(t2) — 2, (where
the addition/substraction are over the vector space Dy = F™).

Let S = {M;(t1,t2) } k)t t2er C Dx. Let A €g Ag. For any v € IF, define A” : S = F
by AY(2") = A(Z') for 2/ # z and AY(z) = v.

We say that M; is good if the following is satisfied:

1. For every t; € F\ {0}, the function Ao M;(t;,*) : F — F is a univariate polynomial
of degree < m|H|.

2. For every t, € F\ {0}, the function Ao M;(*,t;) : F — F is a univariate polynomial
of degree < m|H|.

By Proposition 2.17, (applied with f = Ao M; and d = m|H|), if the event E occurs
and M, is good then there exists v € F, such that, AV o L; = A” o M;(%,0) : F — F and
Avo L = A” o M;(0,%) : F — F are both univariate polynomials of degree < m|H]|.
Proposition 2.17. Let f : F2 — F be a function. Assume that for every t; € F\ {0},
the function fu, . @ F — F is a univariate polynomial of degree < d, and for every
to € F\ {0}, the function fu..,) : F — F is a univariate polynomial of degree < d, where
d < |F|. For any v € F, define f* : F? — F by f'(t1,ta) = f(t1,t2) for (t1,t2) # (0,0)
and f¥(0,0) = v. Then, there exists v € F, such that, fi, . F = F and fi, 5 F = F
are both univariate polynomials of degree < d.
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Proof. For every t, € F\ {0}, the function f(,,,) : F — F is a univariate polynomial of
degree < d. Therefore, there exist ay,...,aq € F, (where ay,...,a4 are the Lagrange
interpolation coefficients), such that for every t, € F\ {0}, we have f(0,t) = S0 a; -
f(t,ta). Since fU(t1,t2) = f(t1,t2) for (t1,t2) # (0,0), this implies that for every ty €
F\ {0} and every v € F, we have f(0,ty) = Zle a; - fU(t, ta).

Let v = Y% a; - f(t,0). Since f*(0,0) = v, we now have for every t, € F (including
ty = 0), f7(0,t2) = S0y ar- fU(t,t2). That is, £, = Yy ar-f§,,). Since f& .. fo
are identical to f(14),..., f(ax and are hence univariate polynomials of degree < d, their
linear combination f(%’*) is also a univariate polynomial of degree < d.

The proof now follows from Proposition 2.10, applied on the function f¥ (with vari-
ables t1,ty switched). O

We will show that with high probability, at least k—r' of the plains M € {M;, ..., M}
are good (where the probability is over Li,..., L, L},..., L}, A). By Proposition 2.17,
this implies that with high probability, for at least k& — 7" of the indices j € [k], there
exists v € F, such that, A" o L; = A" o M;(*,0) : F — F and A" o L’ = A" o M;(0, *) :
F — T are both univariate polynomials of degree < m|H| (where the probability is over
Lu,...,Li, L,..., L, A).

Claim 2.17.1. With probability > 1 — 2|F|e — 4|F|3, for at least k — 2|F|r of the indices
J € [k], we have that M; is good.

Proof. For every t; € F\ {0}, consider the set of lines {M;(t1,*)};c and note that
this is a set of k random lines in Dx. Hence, by Claim 2.5.2, using also Claim 2.5.1,
with probability > 1 — e — 24, for at least & — r of the indices j € [k], we have that
Ao M,;(ty,*) : F — F is a univariate polynomial of degree < m|H|.

For every t, € IF\ {0}, consider the set of lines {A;(*,t2)} e and note that this
is a set of k random lines in Dx. Hence, by Claim 2.5.2, using also Claim 2.5.1, with
probability > 1—e—24, for at least k—r of the indices j € [k], we have that Ao M,(x,ts) :
F — F is a univariate polynomial of degree < m|H|.

Adding up these facts, by the union bound, we obtain that with probability > 1 —
2|F|e — 4|F|9, for at least k — 2|F|r of the indices j € [k], we have that:

1. For every t; € F\ {0}, Ao M;(t;,*) : F — I is a univariate polynomial of degree
< m|H|.

2. For every t, € F\ {0}, Ao M,(x,t3) : F — F is a univariate polynomial of degree
<mlH|.

That is, with probability > 1 — 2|F|e — 4|F|, for at least k — 2|F|r of the indices j € [k],
we have that M; is good. O]

By Proposition 2.17, and since the event E occurs with probability of at least 1— IJFIk%

Claim 2.17.1 implies that with probability > 1 — 2|F|e — 4|F|§ — IFIQ% >1—¢€+6, for at
least & — 7’ of the indices j € [k], there exists v € F, such that, AY o L; = A" o M;(%,0) :
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F — F and A" o L, = A" o M;(0,*) : F — F are both univariate polynomials of degree
< m|H]| (where the probability is over Ly, ..., L, L}, ..., L}, A). Thus, using Claim 2.5.1,
Lemma 2.16 follows. [

Lemma 2.18. Let ' = 20|F|r. Let € = 4|F|e. Let z € Dx. Let Lq,..., Loy : F — Dx
be 2k random lines, such that for every L € {Li,..., Lo}, we have L(0) = z. Let
S = {Lj(t)}je[Qk},te]F C Dx. Let A e Ag.

For any v € F, define A” : S — F by A"(2') = A(Z') for 2 # z and A’(z) = v.

Then, with probability > 1 — €, there exists v € F, such that, for at least 2k — r' of
the indices j € [2k], Ao L; : F — T is a univariate polynomial of degree < m|H| (where
the probability is over Ly, ..., Loy, A).

Proof. Let Ly, ..., Lo, : F — Dx be 2k random lines, such that for every L € {Ly, ..., Lo},
we have L(0) = z. Let S = {L;(t)}jcpner C Dx. Let A €g Ag. For any v € F, define
AV S = F by A(2') = A(2') for 2’ # z and A%(z) = v.

Denote by E the event that there exists v € F, such that, for at least 2k — r’ of the
indices j € [2k], A" o L; : F — F is a univariate polynomial of degree < m|H|. We will
show that Pr(E) > 1 — ¢, as needed (where the probability is over Ly, ..., Lo, A).

Partition Ly, ..., Lo, randomly into L},...,L; and LY,...,L]. Denote by E’ the
event that for at least k — 2|F|r of the indices j € [k], there exists v € I, such that, both
Ao L i F — F and AYo L7 : F — F are univariate polynomials of degree < m|H|. By
Lemma 2.16, Pr(E’) > 1 — 3|F|e.

Claim 2.18.1. Pr(E' | =E) < 2~ [FIr/4

Proof. For every v € IF, let J, be the set of indices j € [2k], such that, AYo L, : F — F is
a univariate polynomial of degree < m|H|. Note that for every v # o' € F, J, N J, = 0.
If the event = E occurs then for every v € F, |J,| < 2k —r’. Denote by J the largest set
J, and by J the complement of .J in [2k]. Thus, if the event =FE occurs then |.J| > r’.

Given the sets {.J,},er, the probability that E’ occurs is the probability that when
partitioning [2k] randomly into k pairs, for at least k& — 2|F|r pairs the two indices in the
pair are in the same set .J,. Assuming that |.J| > 7/, this probability can be bounded by
2-FI" by the following argument:

Choose the partition as follows: First choose randomly k' = 7//2 different indices
Jis.-.,jw in J. Match the indices j;,...,ji one by one, each to a random index in
[2k] that was still not chosen. Say that j, € {ji,...,Jjw} is good if it was matched to
an index in a set J, such that j; € J,. Finally, extend the partial partition randomly
into a partition of [2k] into k pairs. Note that the probability for an index j; to be
good is at most # < 0.51, independently of all previous choices of indices. Thus,
the probability /that at least k' — 2|F|r indices j; € {j1,...,Jw} are good is at most
k. (2|1E7|T) . 051k 2|F|r <92 |]F|r/4'

Therefore, Pr(E' | —E) < 27 FI7/4, O

We can now bound,

1 —3|F|e < Pr(E') < Pr(E' | =E) + Pr(E) < Pr(E) + 27IFI/4

o4



2.7 Soundness of V' in the Base PCP

Thus,
Pr(E) > 1 — 3|F|e — 271FI"/4 > 1 — 4|F|e

]

Lemma 2.19. Let r' = 20|F|r. Let ¢ = 5|Fle. Let z € Dx. Let Ly,..., Ly : F — Dy
be k random lines, such that for every L € {Ly,..., Ly}, we have L(0) = z. Let S =
{Lj(t)}je[k},teIF C Dx. Let A e Ag.

For any v € F, define A” : S — F by AV(2') = A(Z') for 2 # z and A’(z) = v.

Then, with probability > 1 — €, there exists v € F, such that, for at least k —r' of the
indices j € [k], Ao L; : F — F is a univariate polynomial of degree < m|H| (where the
probability is over Ly, ..., Ly, A).

Proof. Follows immediately by Lemma 2.18 and Claim 2.5.1. O

Lemma 2.20. Let r’ = 40|F|r. Let € = 10|Fle. Let z € Dx. Let Ly,...,Lsx : F — Dx
be 3k random lines, such that for every L € {Li,...,Ls}, we have L(0) = z. Let
S = {Lj(t)}je[gkLte]F C Dx. Let A e Ag.

For any v € F, define A” : S — F by A¥(2') = A(Z) for 2/ # z and A" (z) = v.

Then, with probability > 1 — €, there exists v € F, such that, for at least 3k — ' of
the indices j € [3k], A’ o L; : F — F is a univariate polynomial of degree < m|H| (where
the probability is over Ly, ..., L, A).

Proof. Let Ly, ..., Lg; : F — Dx be 3k random lines, such that for every L € {Ly, ..., L3},
we have L(0) = z. Let S = {L;(t)}jcpner C Dx. Let A €g Ag. For any v € F, define
AV S = F by AY(2') = A(2') for 2/ # z and A¥(z) = v.

Apply Lemma 2.18 twice: once on the set of lines {L1, ..., Lo}, and once on the set
of lines {Lyy1, ..., Lsr}. By applying Lemma 2.18 twice, and using also Claim 2.5.1, we
know that with probability > 1 — ¢/, both of the following are satisfied:

1. There exists v; € F, such that, for at least 2k —20|F|r of the indices j € {1,...,2k},
Ao L; : F — F is a univariate polynomial of degree < m|H|.

2. There exists vy € F, such that, for at least 2k — 20|F|r of the indices j € {k +
1,...,3k}, Ao L; : F — F is a univariate polynomial of degree < m|H|.

Note that if both of the above are satisfied then vy = vy, since 2k — 20|F|r > 3k/2.
Therefore, with probability > 1 — €/, there exists v € F, such that, for at least 3k — 40|F|r
of the indices j € {1,...,3k}, Ao L; : F — I is a univariate polynomial of degree <
m|H]. O

2.7.5 Consistency of X and F,

Let 4,149,435 € H™. Let by, by, b3 € {0,1} be such that @(iy,is,13,b1,be,b3) = 1, that is,
the clause (w;, = by) V (w;, = by) V (w;, = bs) appears in the 3-CNF formula ¢.

In this subsection we will show that, intuitively, when taking a large number of
lines through each of the points 71,19,i3 € Dx, with high probability, there exist val-
ues vy, Vg, v3 € F, that satisfy (v; — by) - (va — ba) - (v3 — b3) = 0, and such that:
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1. For most of the lines through ¢;, the answers correspond to low degree polynomials
that “evaluate” the point i1 to vy.

2. For most of the lines through i,, the answers correspond to low degree polynomials
that “evaluate” the point i5 to vs.

3. For most of the lines through i3, the answers correspond to low degree polynomials
that “evaluate” the point i3 to vs.

This is stated formally in Lemma 2.22. To prove this lemma, we will need to first
prove Lemma 2.21.

Lemma 2.21. Let v’ = 9|F|r. Let € = Y|Fle. Let z = (iy,1a,13,b1,ba,b3) € (H™)? x
H? = H* C F*. We view z as a point in Dy. We view i1, 19,15 € H™ C F™ as points in
Dx.

Let Ly,...,Ly : F — Dq be k random lines, such that for every L; € {Ly,..., Ly},
we have L;(0) = z. For every L; € {L1,..., Ly}, the line L; is a function L; : F — F*.
Let le- : F — F™ be L;, restricted to coordinates {1,...,m}. Let LJZ. :F — F™ be Lj,
restricted to coordinates {m+1,...,2m}. Let L;f :F— F™ be Lj, restricted to coordinates
{2m +1,...,3m}. We think of L}, L3, L% as lines L}, L3, L3 : F — Dx, and note that
L;(0) =iy, L3(0) = 4g, L3(0) = is.

Let S = {L;(t)}jemer C Do. Let S* = {Li(t), L3(t), L3(t)}jemyeer C Dx. Let
S=8S°USYXCD. Let Aecp Ag.

Define AY : S° — F by AY(2') = Ao(2') for 2/ # 2 and AJ(z) = 0. For any i € Dx
and v € F, define A7V . S* — T by A7V(7) = Ax (') fori' # i and ALV (i) = v.

Then, with probability > 1—¢€', there exist vy, v9,v3 € F, such that, for at least k—r' of
the indices j € [k|, the following is satisfied (where the probability is over Ly, ..., Ly, A):

1. Ayo L;:F —F is a univariate polynomial of degree < 2(|H|.
2. A7 o Lj : F — F is a univariate polynomial of degree < m|H]|.
3. Ao LJZ :F — T is a univariate polynomial of degree < m|H|.

4. AR o L? :F — F is a univariate polynomial of degree < m|H|.

~

5. gb(Z) . (Ul — bl) . ('UQ — b2) . (Ug — b3) =0

Proof. Let Ly,..., L : F — Dy be k random lines, such that for every L; € {L4,..., Ly},
we have L;(0) = z. For every j € [k]: Let Lj : F — F™ be Lj, restricted to coordinates
{1,...,m}. Let sz : F — F™ be Lj, restricted to coordinates {m + 1,...,2m}. Let
L? : F — ™ be L;, restricted to coordinates {2m + 1,...,3m}. We view L}, LJZ, L;‘ as
[LI213:F - Dy.

Let S° = {L;(t)}jemser € Do. Let S* = {Li(t), L3(t), L}(t)}emer C Dx. Let
S =S5"USX CD. Let Acg Ag.
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2.7 Soundness of V' in the Base PCP

Define AJ : S® — T by A3(2') = Ay(Z') for 2’ # z and AY(z) = 0. For any i € Dx and
v € F, define A7V : SX — F by AL (V) = Ax (i) for i’ # i and A% (i) = v.

Denote by E the event that for every j € [k], and every w € {1,2,3} the line LY is
in a general position (as a line in F™), that is, it’s image is not a single point. Note that
the event E occurs with probability of at least 1 — \F\S%'

By Lemma 2.7, using Claim 2.5.1, with probability > 1 — 8¢|F|e — §, for at least
k — 8¢|F|r of the indices j € [k], we have that AJo L; : F — F is a univariate polynomial
of degree < 2¢|H|.

By Lemma 2.19, using Claim 2.5.1, with probability > 1—5|F|e—J, there exists v; € F,
such that, for at least k — 20|F|r of the indices j € [k], we have that A% 7" o Li:F—TF
is a univariate polynomial of degree < m|H|.

By Lemma 2.19, using Claim 2.5.1, with probability > 1—5|F|e—J, there exists vy € F,
such that, for at least & — 20|F|r of the indices j € [k], we have that A'27" o L;:F—TF
is a univariate polynomial of degree < m|H|.

By Lemma 2.19, using Claim 2.5.1, with probability > 1—5|F|e—J, there exists v3 € F,
such that, for at least k& — 20|F|r of the indices j € [k], we have that A3 7" o L3:F—TF
is a univariate polynomial of degree < m|H|.

For every t € F\ {0}, consider the set of points {L;(t)};c and note that this is a set
of k random points in Dy. Each point L;(t) € F® can be written as

Ly(t) = (Lj(t), L} (), L3 (1), Ly(t)e-a, Ly(t)e-1, L;(t)e) € (F™)? x F* = F*

where L;(t)s—2, Lj(t)e—1, Lj(t), are the last 3 coordinates of L;(¢). By Claim 2.5.8, using
also Claim 2.5.1, for every ¢t € F \ {0}, with probability > 1 — e — 24, for at least k — r of
the indices j € [k], we have

Ao(Lj()) = S(Lj(£)) - (Ax(Lj(8)) = Lj()e-2) - (Ax (L3 (1)) = L (£)e-1) - (Ax (L3 () — Ly (1)e)

If in addition the event E occurs, this implies that for every vy, v, v3 € F,

AJ(L; (1)) = S(Ly(0)- (AR (L3 (8)) =L (£)e—2)-(AZ (L3 () = Ly (1)e—1)- (AR (L3(8)) =L (£)e)
Adding up all this, by the union bound, we obtain that with probability > 1 — €/,

there exist vy, v, v3 € F, such that, for at least k — 7’ of the indices j € [k], the following
is satisfied (where the probability is over Ly, ..., Lg, A):

1. AjoL;:F — F is a univariate polynomial of degree < 2¢|H].

2. A7 o le. :F — F is a univariate polynomial of degree < m|H|.
3. A7 0o L% :F — F is a univariate polynomial of degree < m|H]|.
4. A¥7" o L3 : F — F is a univariate polynomial of degree < m|H|.
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5. For every t € F\ {0},
ALy (1)) =

S(Ly (1)) (AR (Lj(8)) =Ly (t)ema)- (A (L3 (£) = Ly (8)e—1)-(AR 7 (L (1)) = L; (£):)

Note that since both sides of the equation are polynomials of degree < |F| in the
variable ¢, the equation must be satisfied for ¢t = 0 as well. Substituting ¢ = 0, since
L;(0) = z, we have

0=¢(2) - (1 —by) - (va — bs) - (v3 — b3)

O

Lemma 2.22. Let ' = 9|F|r. Let € = 9|F|e + 6. Let iy,i9,i3 € H™. We view iy, is, i3
as points in Dx. Let by, by, by € {0,1} be such that ¢(iq,1s,13,b1,b,b3) = 1, that is, the
clause (w;, = by) V (wi, = be) V (wi, = bs) appears in the 3-CNF formula .

Let L,...,Ly : F — Dx be k random lines, such that for every L € {Li,...,L}},
we have L(0) = iy. Let L? ..., L? : F — Dx be k random lines, such that for every
Le{l3...,L2}, we have L(0) = iy. Let L3,... L3 : F — Dx be k random lines, such
that for every L € {L3,..., L}, we have L(0) = 3.

Let S = {Lj(t), L}(t), L}(t) }jep ier € Dx. Let A €g As.

For any i € Dx and v € F, define A" : S — F by A7V (i") = A(¢') for i # i and
A (i) = w.

Then, with probability > 1 — €, there exist vy, ve,v3 € F, such that, for at least k — r'
of the indices j € [k|, the following is satisfied
(where the probability is over L, ..., Li L3 ... L3, L3 ... L3 A):

1. An7o Li - F — F is a univariate polynomial of degree < m|H].
2. A7z o LJQ- :F — F is a univariate polynomial of degree < m|H|.
3. A= o L3 F — F is a univariate polynomial of degree < m|H]|.

4. (’Ul —bl) . (Ug —bg) . (Ug —bg) =0

Proof. Follows immediately by Lemma 2.21, applied for the point z = (i1, 42, i3, by, ba, b3),
and Claim 2.5.1. O]

2.7.6 Property R(¢, 1)

Recall that we have a (fanin 2) Boolean circuit C, of size N = O(t(n)s(n)) that computes
L on inputs of length n. The circuit C, is layered, with O(s(n)) gates in each layer, such
that a child of a gate in layer ¢ + 1 is either an input variable (or a negation of an input
variable) or a gate in layer i. Recall that we assume that in the circuit C, all negations
are on input variables, and that the two children of any gate in the circuit are different.
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2.7 Soundness of V' in the Base PCP

Recall that the gates of the circuit are indexed by the numbers 1,..., N, in an order
that agrees with the layers of the circuit. We assume that 1,...,n are the indexes of the
n input variables and n + 1,...,2n are the indexes of their negations, and that N is the
index of the special output gate.

Recall that ¢(wy, ..., wy) is a 3-CNF Boolean formula, such that, ¢(ws,...,wy) =1

if and only if wy, . .., wy is the computation of the circuit C,, on the input x = (x4, ..., z,),
and wy = 1. Denote by x1,...,xyx the computation of the circuit C, on the input
x = (x1,...,2,). Thus, p(wy,...,wy) = 1 if and only if (wy,...,wx) = (x1,...,TN),

and zy = 1.

Recall that since N = |H|™, we identify [N] and H™ by the lexicographic order on
H™, and view wy,...,wy and z1,...,xy as indexed by i € H™ (rather than i € [N]).
We hence view x = (21, ...,2y) as a function z : H™ — {0, 1} (given by x(i) = x;, where
we identify [N] and H™).

Recall that ¢ : (H™)3 x {0,1}® — {0, 1} is a function where ¢(iy, 2,73, b1, b2, b3) = 1
if and only if the clause (w;, = by) V (w;, = by) V (w;, = bs) appears in ¢, and ¢ : F* — F
is the low-degree extension of ¢.

We will now give a definition that will be central in the rest of the section. Intuitively,
a subset B C H™ C Dy satisfies property R(¢’,7’') if when taking k lines through every
point in B, with high probability, for every point ¢ € B, for most of the lines through the
point 7, the answers correspond to low degree polynomials that “evaluate” the point 7 to
Z;.

To make sure that the property is well defined, we will limit ourselves to sets B C H™
such that k| B||F| < kjpas. Since we identify H™ and [N], we view each set B also as a
subset of [N]. We will think of every set B also as a subset of Dx.

Let B be the set of all subsets B C [N], such that, k|B||F| < kya./2.

Definition 2.23. Property R(¢',r'):
Let € >0 and ' > 0. Let B C H™ be such that k|B||F| < kpaz. We view B as a subset
Of Dx.

For every i € B, let L},...,Li : F — Dx be k random lines, such that for every
Le{Li ... Li}, we have L(0) = i.

Let S = {L§'<t)}ieB,j6[k],t€IF C Dx. L@Z?A €R .As. .

For anyi € Dx and v € F, define A7 : S — F by A7V(i") = A(Y') for i # i and
A7) = w.

We say that the set B satisfies property R(€',r") (also denoted B € R(€,r")) if with
probability > 1 — ¢, for every i € B, for at least k — r' of the lines L € {L},... Li},
we have that A% o L : F — T is a univariate polynomial of degree < m|H| (where the
probability is over {L}}icp jer), A).

We think of the empty set as satisfying R(€’, ') for any €, 7.
In all that comes below, we fix
r’ = 9¢|F|r

Lemma 2.24. Let i € [2n]. Then, {i} € R(¢,r’), where ¢ = 10¢|F|e, and r' = 9¢|F|r.
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Proof. We will give the proof for i € [n], such that, x; = 0. The proof for i € [n], such
that, z; = 1, and for : € {n +1,...,2n} is similar.

Recall that for every i € [n], the formula ¢ contains a clause that checks that w; = ;.
For example, if z; = 0, we have the clause (w; = 0) V (w; = 0) V (w; = 0) that ensures
that w; = 0.

Let Li,...,Li, L3 ... L3 L3 ....L3 : F — Dx be 3k random lines, such that for
every line L € {Li,..., L}, L3 ... L2 L3 ... L}}, we have L(0) = i.

Let S = {Lj(t), L3(t), L?(t)}je[k}ﬂfe[ﬁ‘ C Dx. Let A€ As. '

For any v € IF, define A" : S — F by A"7"(i') = A(¢') for ¢/ # i and A"7(i) = v.

By Lemma 2.22) with probability > 1 —9¢|F|e — 0, there exist vy, v9, v3 € F, such that,
for at least k — ' of the indices j € [k], the following is satisfied
(where the probability is over Li,..., Lt L3 ... L3 L3 ... L3 A):

1. A7" o L : F — F is a univariate polynomial of degree < m|H]|.
2. A7 0 L% :F — F is a univariate polynomial of degree < m|H|.
3. A7 o L3 :F — F is a univariate polynomial of degree < m|H|.
4. v1-v9-v3 =0.

On the other hand, by Lemma 2.20, with probability > 1 — 10|F|e, there exists v € F,
such that, for at least 3k — 40|F|r of the lines L € {L1,...,L}, L3, ... L3 L3, ... L3},
Ao L : F — F is a univariate polynomial of degree < m|H|.

Thus, by the union bound, with probability > 1 — 9¢|F|e — 10|F|e — 4, there exist
v1, V9, v3,v € I, such that, vy - vy - v3 =0, and

1. For at least k—7’ of the indices j € [k], A" ole- : F — Fis a univariate polynomial
of degree < m|H|.

2. For at least k—7' of the indices j € [k], A”7*?0L? : F — [ is a univariate polynomial
of degree < m|H|.

3. For at least k—7" of the indices j € [k], A7 0o L? : F — F is a univariate polynomial
of degree < m|H|.

4. For at least 3k —40|F|r of the lines L € {Li,..., L}, L3,..., L3 L3 ... L3} Ao
L :F — F is a univariate polynomial of degree < m|H|.

Since, 40|F|r + ' < k, this implies v = v; = vy = v3, and hence v = 0.
Thus, with probability > 1 — 9¢|F|e — 10|Fle —§ > 1 — € + 6, for at least k — r’ of the
lines L € {Li,...,Li}, A”7%c L : F — F is a univariate polynomial of degree < m|H|.
The proof of the lemma hence follows by Claim 2.5.1. O]

Lemma 2.25. Let iy,i9,13 € [N] be such that the gate indexed by iy in the circuit C, has
children indexed by is,i3. Let B € B be such that iy, i3 € B. Assume that B € R(¢', 1),
where ' = 9| F|r. Then BU{i1} € R(e",r"), where €' = € + 9|F|e 4 36.
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Proof. Let B'= BU{iy}. Forevery i € B, let L!,... Li : F — Dx be k random lines,
such that for every L € {L¢, ..., Li}, we have L(0) = i.

Let S = {L;"(t)}iEB’,jE[k],teF C Dyx. Le't A €R .As. ‘

For any i € Dx and v € F, define A*7" : S — F by A"7"(¢') = A(¢') for ¢ # ¢ and
ATY(4) = v,

Since the gate indexed by ¢; in the circuit C,, has children indexed by is, i3, the formula
¢ contains the clause (w;, = x;,) A (Wi, = T4) — (Wi, = ;).

By Lemma 2.22 and Claim 2.5.1, with probability > 1 — 9¢|F|e — 24, there exist
v1, Vg, v3 € F, such that, for at least & — 1’ of the indices j € [k], the following is satisfied
(where the probability is over {L%(t)}ienr jeu ter, A):

1. An—vio Lj.l :F — F is a univariate polynomial of degree < m|H]|.
2. A7 0 Lj? :F — F is a univariate polynomial of degree < m/|H]|.
3. A7 o L§-3 :F — F is a univariate polynomial of degree < m|H|.
4. (vg =x4) A (V3 = x45) — (V1 = x3)

On the other hand, since the set B satisfies property R(¢’,7’), using Claim 2.5.1, with
probability > 1— ¢ —d, for every i € B: For at least k — 1’ of the lines L € {L},..., Lt },
we have that A% o L : F — F is a univariate polynomial of degree < m|H|.

Thus, by the union bound, with probability > 1—¢€—9¢|F|e—30, there exist vy, v, v3 €
IF, such that, (ve = x,) A (v3 = 24,) — (v1 = x;,), and

1. For at least & — 7/ of the indices j € [k], A"~ o L;l : F — F is a univariate
polynomial of degree < m|H|.

2. For at least k — 1’ of the indices j € [k], A?7"2 o L;-Q : F — F is a univariate
polynomial of degree < m|H].

3. For at least k — r’ of the indices j € [k], A% o L;F” : F — F is a univariate
polynomial of degree < m|H|.

4. For every i € B, for at least kK — 1’ of the lines L € {L%,... L}, we have that
A% o [: F — F is a univariate polynomial of degree < m|H]|.

Since, r’ + r’ < k, this implies vy = x;,, v3 = x;, and hence also v; = z;,.
Thus, with probability > 1 — ¢ — 9¢|F|e — 39,

1. For at least k — r’ of the indices j € [k], A" %1 o L;l : F — F is a univariate
polynomial of degree < m|H|.

2. For every i € B, for at least k — r’ of the lines L € {L¢,..., L}, we have that
A% o [: F — F is a univariate polynomial of degree < m|H|.

Thus B € R(€",r") O
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Lemma 2.26. Let Bl,BQ € B. [f Bl € R(Elﬂ",) and B2 € R(EQ,T’/) then Bl U BQ €
R(€,r"), where € = €1 + €3 + 20.

Proof. Follows immediately by the union bound and (two applications of) Claim 2.5.1.
m
Lemma 2.27. Let By, By € B. If By C By and By € R(ey, 1) then By € R(eq,1’), where
€1 = €9 + 0.

Proof. Follows immediately by Claim 2.5.1. O

2.7.7 Proof of Lemma 2.5

Lemma 2.5 will be superseded by Lemma 2.31. We include its proof since: (1) it is
simpler than the proof of Lemma 2.31, (2) it allows for a more modular proof and (3)
what remains to be shown is relatively short.

For the rest of Section 2.7, we assume that k.. > 4sk|F| + 6k(|F|?>. We assume
for a contradiction that for some = ¢ L, there exists a d-no-signaling family of distri-
butions {Ags}scp,s|<km.. that fools V' with probability larger than 1 —e. That is, the
verifier V' accepts with probability > 1 — ¢, where on queries (), the answers are given
(probabilistically) by A €r Ag.

For every ¢ € {2n,...,N}, define B; € B as follows: B; contains all the indexes
2n < ¢’ <, such that, in the circuit C,, the gate indexed by ¢’ is either in the same layer
as the gate indexed by 4, or in the previous layer. Note that B, = () (this was added
for the simplicity of the notation) and recall that we think of the empty set as satisfying
R(€,r") for any €.

Lemma 2.28. Assume that ky.. > 4sk|F| + 6k(F]*. Let i € {2n +1,...,N}. If
Bi_1 € R(¢,1"), where " = 9¢|F|r, then B; € R(e",1"), where € = € + 30(|F|e.

Proof. Denote by 1,15 the indexes of the two children of the gate indexed by ¢ in the
circuit C,. Note that {iy,is} C [2n] U B;_;. Denote B’ = {i1,i2} N [2n]. Note also that
By Lemma 2.24 and Lemma 2.26, B’ € R(20¢|F|e + 20, 7").
Hence, by Lemma 2.26, B’ U B;_; € R(¢' 4 20¢|F|e + 46,17).
Hence, by Lemma 2.25, B'U B;_1 U {i} € R(¢ + 29¢|F|e + 70,7").
Hence, by Lemma 2.27, B; € R(€' + 29¢|F|e + 8, r'). O

Lemma 2.29. Assume that k.. > 4sk|F| + 6k(|F|>. Then, By € R(¢,r’), where

" = 9l|F|r and € = 30N/|F|e = 0.3.

Proof. Follows immediately by an inductive application of Lemma 2.28, and since € =

1
100N{[F] ]
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Proof of Lemma 2.5

Proof. Let r' = 9¢|F|r.

Consider the point N € [N], viewed as a point in H™ C Dx. Recall that the formula
¢ contains a clause (wy = 1) V (wy = 1) V (wy = 1) that checks that wy = 1.

Let Li,..., Ly, L3 ... L3 L3 ....L} : F — Dx be 3k random lines, such that for
every line L € {Li,..., Ly, L3 ... L2 L3 ... L}}, we have L(0) = N.

Let S = {Lj(t), L3(t), L}(t)}jemer C Dx. Let A € As.

For any v € F, define AV7v: S — F by AV7v(i') = A() for ' # N and AVN7Y(N) =
.

By Lemma 2.22, with probability > 1 — 9¢|F|e — 4, there exist vy, ve, v3 € F, such that,
for at least & — 7’ of the indices j € [k], the following is satisfied
(where the probability is over Li,..., L}, L3, ... L3 L3,... L}, A):

1. AN7v oL} :F — F is a univariate polynomial of degree < m|H|.

2. A7 o [2:F — F is a univariate polynomial of degree < m|H]|.

3. AN7v o [3:F — F is a univariate polynomial of degree < m|H]|.

4. (v —1)-(va—1)-(v3—1) =0.

On the other hand, by (three applications of) Lemma 2.29 and Claim 2.5.1:

1. With probability > 1 — 0.3 — 24, for at least k — 1’ of the lines L € {L},...,L;},
we have that AV 7*¥ o [ : F — F is a univariate polynomial of degree < m|H]|.

2. With probability > 1 — 0.3 — 24, for at least k — r’ of the lines L € {L?, ... L}},
we have that AN7*¥ o L : F — F is a univariate polynomial of degree < m|H|.

3. With probability > 1 — 0.3 — 24, for at least k — r’ of the lines L € {L3,... L3},
we have that AN7?¥ o [, : F — F is a univariate polynomial of degree < m|H]|.

Thus, by the union bound, with probability > 0.1 — 9¢|Fle — 7§ > 0, there exist
v1, Vg, v3 € F, such that, (v; — 1)« (vy — 1) - (v3 — 1) =0, and

1. For at least k — 1’ of the indices j € [k], AN7" o L} : F — F is a univariate
polynomial of degree < m|H].

2. For at least k — ¢’ of the indices j € [k], AN7" o L7 : F — F is a univariate
polynomial of degree < m|H|.

3. For at least k — 1’ of the indices j € [k], AN7" o L} : F — F is a univariate
polynomial of degree < m|H|.

4. For at least k — 1’ of the lines L € {L},... L1} we have that AN?*¥ o 1 F — F
is a univariate polynomial of degree < m|H|.
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5. For at least k — 1’ of the lines L € {L3,..., L2}, we have that AN?* o [ : F — F
is a univariate polynomial of degree < m|H|.

6. For at least k — 1’ of the lines L € {L3,..., L3}, we have that AN"*V o [ : F — F
is a univariate polynomial of degree < m|H|.

Since, ' 4+ r’ < k, this implies xy = v; = vy = v3, and hence x = 1. Thus, the
original input x is in the language L. O

2.8 Soundness of V in the Base PCP

Lemma 2.30 will be superseded by Lemma 2.46. We include its proof for completeness.

Recall that k& < poly(n), such that 4|F|* < k < N, is the security parameter of the
PCP, and that 1 < r < k is the parameter of the relaxed verifier V’. Recall that ¢ and
|F| are bounded by polylog(V).

Lemma 2.30. For a security pammeter k < poly(n), such that 4|F|* < k < N, fix the
following parameters: Let r = 4O€|F| Let € = 2772 Let kpqge = 4sk|F| + 12k€|F\2 where

s = O(s(n)) is the mazimal number of gates in a layer of the circuit C,. Let 6 = W.

Then, V' has soundness € against (kyq., 0)-no-signaling strategies.

Proof. Assume for a contradiction that V' doesn’t have soundness e against (kpqq,9)-
no-signaling strategies. By Lemma 2.3, since § < W, we know that V'’ (with
parameter r) doesn’t have soundness 1—¢ against (k! .., ¢')-no-signaling strategies, where
k= kpmaw — 6kUF|> = 4sk|F| + 6k(|F|?, and & = 86|F|%FIF" /e < and ¢ =

(10€|F|27" +26) /e < IOONE\IF\
Hence V' (with parameter r) doesn’t have soundness 1 — e against (k;nax,é’ )-no-

signaling strategies, where k' = 4sk|F| + 6k{|F|?, and §' = W’ and € = 100N£UF\
This contradicts Lemma 2.5. ]

N
|]F|uum2 )

2.9 The Augmented PCP

In this section we describe the construction of the augmented PCP system, based on the
base PCP system described in Section 2.5.

Let £ be a language in DTISP(t(n),s(n)), where poly(n) < t(n) < exp(n) and
max(n,log(t(n))) < s(n) < t(n). Let x be an input of length n. Since £ € DTISP(t(n), s(n)),
for any n there is a (fanin 2) Boolean circuit C, of size N = O(t(n)s(n)) that computes £
on inputs of length n. Moreover, the circuit C, is layered, with at most ¢t = O(t(n)) layers
that consist of s = O(s(n)) gates each. For simplicity, we think of the input variables
x1,...,%, and their negations as being included in each layer of C, (since s > n this
property can be achieved by increasing s by a constant factor)

We augment each circuit C,, to produce a circuit C;, as follows.
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Let G be a finite field of characteristic 2 and size |G| = ©(log”s). Fix an arbitrary

set Hg C G of size |Hg| = log s and a dimension mg = 10{;{50‘;5 (such that |Hg|™® = s

and mg - |Hg| < MGIT—I) (For simplicity and without loss of generality we assume that
log s and 10{;{50‘28 are integers). We construct a circuit Cypg : {0,1}* — {0, 1}P°¥®) by the

following two-step process:

1. Given an input a € {0,1}*, the circuit C pg first computes the LDE & of o w.r.t.
G, Hg, mg. Recall that the polynomial & : G™¢ — G is the (unique) individual
degree |Hg| —1 polynomial that agrees with o on Hi'® (when « is interpreted as the
truth table of a function o : Hi'® — {0,1}), see Section 2.4.6. Denote the output
of this step by /. We note that o’ can be computed by a Boolean circuit of size
poly(|G|™=) = poly(s) and depth O (mg -log(|G|)+logme - polylog(|G|)) = O(log(s))
(see Appendix 2.A).

2. As its second (seemingly redundant) step, the circuit Cipg verifies that the restric-
tion of o to every line L : G — G™¢ is a degree mg|Hg| univariate polynomial.
That is, for every line L, the circuit C pg checks that the function o/ o L is a de-
gree mg|Hg| univariate polynomial. For every such line L there is a corresponding
output bit of C pg that equals 1 if @/ o L has low degree and 0 otherwise. (Indeed,
if o/ is in fact the LDE of « then every output bit of Cpg should have value 1.)

We note that testing the degree of a univariate function f : G — G can be
done by a Boolean circuit of size poly(|G|) = polylog(s) and depth polylog(|G|) =

polylog(log(s)).

We denote by d the depth of Cpg and note that d = O(logs). We also note that
the circuit C_pg has size poly(s) but if that size is smaller than 2¢ - s - log®(¢) then we
(artificially) increase the size of C pg to be 2¢-s-1log”(t) while maintaining the depth d (by
simply adding dummy gates).'”” We assume that C_pg contains no negation gates, but
may contain arbitrary fan-in 2 Boolean gates. We also note that C pg can be generated
by a Turing machine in space O(log s).

The circuit C] is constructed by adding to C,, the computation of C pg on every
layer of C,,. Thus, the circuit C], is composed of t layers, where each layer consists of the
corresponding layer of C,, and the computation of C pg on that layer. That is, the first
layer consists of the first layer of C,, and the computation of C|pg on the first layer of C,
and for each p € {2,...,t}, the p-th layer of C, consists of the computation of the p-th
layer of C,, from the (u— 1)-th layer of C!, and the computation of C pg of the u-th layer
of C,. We denote the size of C/, by N’. Recall that the input variables zy,...,z, and
their negations are included in each layer of C,,. Thus, the layer p of C/, can be computed
directly from layer ;1 — 1 of C!. Note that C! has depth ¢ - d and that

s-t-2%.1og’(t) < N’ < poly(N).

13This step can actually be avoided and we do it solely for convenience.
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We call the gate indexed by N’ the special output gate and note that its value repre-
sents the decision of whether x € £. We also assume without loss of generality that in
the circuit C] all negations are on input variables, and that the two children of any gate
in the circuit are different (this property can be achieved by duplicating each gate in the
circuit twice, increasing the number of gates in each layer by a factor of 2). Note however
that C!, contains arbitrary fan-in 2 Boolean gates. Lastly, we note that there exists an
O(log N') space Turing machine that on input n € N outputs the circuit C/,.

For every layer 1 € [t] we denote by (3, C [N'] the set of indices of gates in C],
that are associated with the LDE of the u-th layer of C,,. For z € G™¢, we denote by
Bulz] C B, the set of indices of the log, |G| gates associated with the point z in the

computation of the LDE of layer p in C]. For a sequence of indices Z C G™¢ we denote

by BlZ] € U.ezBu(2).

We construct the formulas ¢, p¢, ., as well as the parameters H, F, m and ¢, exactly
as in Section 2.5 but with respect to the circuit C, (of size N’) rather than C,, (of size V).
We also construct the corresponding functions ¢, ¢¢r, ¢, and (13, QAbcl, ng as in Section 2.5.

In addition, we construct a formula @ezirq (w1, ..., wyr) as follows. For every i € [N'],
the formula ., contains a (seemingly redundant) clause that verifies that w; has a
Boolean value. Additionally, for every u € [t], we add to @ezra clauses that verify that
each one of the output gates of the corresponding C pg circuit of layer p has value 1. In
other words,

Qpextra(wla e awN’) -

A\ ((wi =0)V (w; =0) V (w; = 1)) A A ((w; = 1)V (w; = 1) V (w; =

1E[N'] i is output gate of C pg

Let Geptra 1 (H™)?>x{0,1}2 — {0, 1} be the function where @eypirq (i1, 42, 93, b1, ba, b3) = 1
if and only if the clause (w;, = by) V (w;, = by) V (w;, = b3) appears in Qezrqa. Extend
Gextra 10 be a function e, : H¥™3 — {0, 1} by setting it to be 0 for inputs outside of
H3™ x {0,1}3. Let Qgeztm : F* — F be the low-degree extension of @egira.

Since there is an O(log N') space deterministic Turing machine that on input n outputs
Qeatra; Dy Proposition 2.2, the function gzgemtm can be computed in O(log N') space.

Let @ = ¢© A Qeptra and let ¢ @ (H™)® x {0,1}> — {0,1} be the function where
@' (i1,192,13,b1,b2,b3) = 1 if and only if the clause (w;, = b1) V (w;, = ba) V (wi; = bs)
appears in ¢'. Extend ¢’ to be a function ¢' : H3™3 — {0,1} by setting it to be 0 for
inputs outside of H>™ x {0,1}3. Let é’ : F* — TF be the low-degree extension of ¢'.

R Sir}ce thf: sets of clauses of ¢ and .., are disjoint, we have gzg’ = gzg—i- gzgema =
¢az + ¢<C’ + ¢extra-

The PCP proof (i.e., the polynomials X, Py, ..., P,) is constructed exactly as in Sec-
tion 2.5.1 except that we use the circuit C/, and the formula ¢’ (rather than C, and o).
The PCP verifier V' (resp., the relaxed verifier V') is constructed exactly as in Section 2.5.2
(resp., Section 2.5.3) with respect to the new PCP proof.
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2.10 Soundness of V' in the Augmented PCP

In this section we will show that the relaxed verifier V' cannot be fooled to accept = & L,
with probability close to 1.

Recall that k < poly(n), such that 4|F|* < k < N’, is the security parameter of the
PCP, and that 1 < r < k is the parameter of the relaxed verifier V’. Recall that ¢ and
|F| are bounded by polylog(N’).

Recall that ¢ is the depth of the (original) circuit C,, and that d = O(logs) is the
depth of the circuit C pg. We will prove the following lemma.

Lemma 2.31. Assume that k.. > kpolylog(s)log(t)|F| + 6k(|F|*. Assume that 6 <

1 S 1 2% k
TO00NIIF] Fiz e = TOONTIF] and note that ¢ > 10max (0, =z ) - Assume r <

206]F] -
Then, V' has soundness 1 — € against (kpyaz, 0)-no-signaling strategies.

The rest of the section is devoted to the proof of Lemma 2.31. From now on, through
Section 2.10, fix Kpqz, 0, €, 7 to be as in the statement of Lemma 2.31 and fix

r' = 9(|F|r
(note that " < k/2). We also fix a parameter
v = 10(log(t) + d).

We will assume for a contradiction that for some x ¢ L, there exists a d-no-signaling
family of distributions {Ag}scp,|s|<km.. that fools V' with probability larger than 1 — e.
That is, the verifier V' accepts with probability > 1 — ¢, where on queries @), the answers
are given (probabilistically) by A € Ag.

2.10.1 Reading Multiple Points Together

Let B C H™ and let « : B — {0,1}. We think of B as specifying a subset of the
variables of the formula ¢’ and of o as an assignment to B. We say that « is consistent
with respect to B if it satisfies all the clauses of ¢ in which only variables in B appear.

Lemma 2.32. Let B C H™ such that 3k|F||B| < kmaz-

For every i € B, let L},...,Li : F — Dx be k random lines, such that for every
Le{Li,...,Li}, we have L(0) = i. Let S = {L}(t)}icB jek)er C Dx. Let A € As.

For any i € Dx and v € F, define A" : S — F by A™V(i') = A() for i’ # i and
AT(G) = w.

Then, with probability > 1—200|B|*(|Fle, there exists o : B — {0, 1} that is consistent
with respect to B, such that for every i € B, for at least k — 1’ of the indices j € [k], it
holds that AW o L : F — F is a univariate polynomial of degree < m|H| (where the
probability is over {L}}ieBJ‘E[k], A).
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Proof. For every i € B, let L,... Ly, Ly ..., Ly Li ., ..., Ly : F— Dx be 3k ran-
dom lines, such that for every L € {L!} we have L(0) = i. Let S = {L}(t) }ien jesh)ter C
Dx. Let A €Rr As.

By Lemma 2.20, using also Claim 2.5.1, for every ¢« € B, with probability > 1 —
10|Fle — 6, there exists v; € F, such that, for at least 3k — r’ of the indices j € [3k],
A7 o Lt F — F is a univariate polynomial of degree < m|H| (where the probability is
over {L;"}iEB,jG[?;k}u A).M

Let ¢ = (w;, = by Vw;, = by V w;, = b3) be a clause in ¢’ such that iy, is,i3 € B.
By Lemma 2.22 (using also Claim 2.5.1), with probability > 1 — 9¢|F|e — 2§ there exist
o o), vgfm € I such that for at least k — r’ of the indices j € [k] it holds that:

JE[3K])’

. Ao L’1 F — F is a univariate polynomial of degree < m|H]|.
2. Ai—vs” o L2, : F — F is a univariate polynomial of degree < m|H|.
3. Ais—v’ L’Qi +; + F— F is a univariate polynomial of degree < m|H|.

4. (W = b)) - (W8 = by) - () = by) = 0.

By the union bound, and since B contains at most 8| B|* clauses, with probability
> 1—|B|(10|F|e +d) — 8| B|*(9¢|Fle + 28) > 1 —100|B|*/|F|e, for every i € B there exists
v; € F and for every clause ¢ = (w;;, = by V w;, = by V w;, = b3) in ¢’ that contains only
variables from B, there exist v(w) éw), véw) € F such that:

1. For at least 3k — 1’ of the indices j € [3k], A" o L} : F — F is a univariate
polynomial of degree < m|H|.

2. For at least k — ' of the indices j € [k],

(a) Aot Li.1 :F — F is a univariate polynomial of degree < m|H|.

(b) A= o oL, ; + F — F is a univariate polynomial of degree < m|H|.

(c) AZ3_>”:(%¢) o L% +;  F — F is a univariate polynomial of degree < m|H]|.

(@) (017 = br) - (15" = o) - (05" — bs) = 0.
where the probability is over { L’ }iep je[sk], A. But since /41" < k, the latter implies that
for every clause ¢ = (w;, = by V w;, = by V w;, = b3) it holds that U(w) = vy, véw) = v,

and véw) = v, and in particular, (v;, — by) - (v, — ba) - (vi; — b3) = 0. Furthermore, since
for every i € B there is a clause of the form iy =iy =i3 =4 and by = by =0 and b3 =1
(indeed, these clauses were added in @, to ensure a Boolean value), for every i € B it
holds that v; - v; - (v; — 1) = 0 and so v; € {0,1}.

14WWe note that the statement of Lemma 2.20 refers to a smaller value of r’ but of course, in particular,
it also holds for larger values of r’.
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Thus, with probability > 1 — 100|B|>/|F|e, there exists an assignment o : B — {0,1}
that is consistent with respect to B such that for every i € B, for at least 3k — r’ of
the indices j € [3k] it holds that A™*® o Li : F — F is a univariate polynomial of
degree < m|H| (where the probability is over {L!}icp jejsn, A).-

The lemma follows from Claim 2.5.1. ]

2.10.2 The Main Lemma

Fix a layer p € [t] of the circuit C],. Recall that:

e 5, C [N'] refers to the set of indices of gates in C] that are associated with the
LDE of the p-th layer of C,.

e For every point z € G™¢ we denote by §,[z] C 3, the set of indices of the log, |G|

gates associated with the point z in the computation of the LDE of layer p in C,.

For a sequence Z C G™¢ we denote by f,[Z] o U.ezBu(2).

e The values z1,...,zn denote the computation of the circuit C] on the input
(.1'1, c ,l’n).

Lemma 2.33. Let A € (3, be a fized point and let Z = (z,...,2,) be a sequence of v
points, where each point z; is uniformly distributed in G™€.

Let B = B,[Z]U{\}. We view the random variable B as being distributed over subsets
Of H™ C Dx.

For every i € B, let L\,... L} : F — Dx be k random lines, such that for every
Le{L,...,Li}, we have L(0) = i.

Let S = {Lé(t)}ieB,je[k],te]F C Dx. Let‘A er As. ‘

For any i € Dx and v € F, define A" : S — F by A7V (i") = A(¢') for i # i and
A (i) = w.

Letn > 0. Suppose that with probability > 1—mn, for every i € p,[Z], for at least k—r'
of the lines L € {L},..., Li}, we have that A% o L : F — F is a univariate polynomial
of degree < m|H| (where the probability is over Z,{L’}icp jer), A)-

Then, with probability > 1 — n — polylog(s) - v3¢|Fle — 277, for every i € {\} U B,[Z],
for at least k — 1’ of the lines L € {L%,... L}, we have that A% o L : F — F is a
univariate polynomial of degree < m|H| (where the probability is over Z, {Lé}ieB’jE[k], A).

Proof. Let zy € G™¢ be the point such that A € 5,[z0] (i.e., A belongs to the block asso-
ciated with the point zp). Let Z = (z1,...,2,) be a sequence of v uniformly distributed
points in G™¢. For every i € [v], let L,, ,, : G — G™¢ be the line L, ..(t) = (2 —20)-t+2o
(i.e., the line that passes through the points zp and z;).

For every line L, ,, let B, ., C [N’] be the indices of all gates that are associated
with the verification in C], that the LDE of layer p restricted to the line L, ., is a degree
mg|Hg| univariate polynomial (recall that such gates are a part of the Cpg circuit of the
p-th layer of C!,, see Section 2.9). Let B’ = Ujc B, .,- Note that |B’| = v - polylog(s)

n’
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(since the verification can be implemented by a Boolean circuit of size polylog(s), see
Section 2.9).
For every assignment a : B’ — {0, 1}, we denote by ag : G™¢ — G the partial func-

tion” ag(¢) ¥ a(B,[¢]) € {0,1}221¢ (where ag is only defined over Uiep] { Lzo,2 (W)

u € G}). We say that a is consistent (w.r.t. the sequence Z) if for every i € [v] the
function ag o L, ., is a degree mg|Hg| (univariate) polynomial. We say that the assign-
ment o : B — {0,1} is correct at the point ( € Uijepj{ Lz, (u) : u € G} if for every
i € B,(¢) € B’ it holds that (i) = x;. We say that the assignment « is correct at a
sequence of points if it is correct at every point in the sequence.

For every i € B/, let L},..., L} : F — Dx be k random lines, such that for every
Le {Lﬁ, e ,Lz}, we have L(O) =1i. Let S = {Lj'(t)}ieB’,je[k],teF C Dx. Let A ep Ag.

For any i € Dx and v € F, define A" : S — F by A™?(i') = A(¢') for i’ # i and
AT (f) = v,

Since the Cpg circuit of layer p verifies that each line L, ., has low degree, by
applying Lemma 2.32 to the set B’ (while noting that 3k|F||B’| < kma:) we have that,
with probability > 1 — 200(v - ponIog(s))3€|F|e, (over {L%}iep jew), A), there exists a
consistent assignment « : B’ — {0,1} such that for every i € B’, for at least k — 1’/
of the indices j € [k], it holds that A™*@ o L! : F — F is a univariate polynomial of
degree < m|H]| .

On the other hand, by the lemma’s hypothesis (using also Claim 2.5.1), with prob-
ability > 1 —n — ¢ (over Z,{L’}iep jep), A), for every i € §,[Z], for at least k — 1’ of
the lines L € {L¢,..., Lt}, we have that A”"% o L : F — F is a univariate polynomial of
degree < m|H|.

Let E be the event that there exists a consistent assignment « : B — {0,1} that is
correct on Z such that for every ¢ € B, for at least k — 7’ of the indices j € [k], it holds
that A" o Li : F — F is a univariate polynomial of degree < m|H|.

By the union bound (and using the fact that ' + 1’ < k),

Pr[E] > 1 — n — polylog(s) - v*¢|F|e.

where the probability is over Z, { L} }icpr jew), A.

Let E' be the event there exists a consistent assignment « : B" — {0,1} that is
incorrect at the point zy such that for every ¢ € B’, for at least k& — r’ of the indices
j € [K], it holds that A™7*@ o L’ : F — F is a univariate polynomial of degree < m|H]|.

Consider the event £ A E’. If both E and E’ occur then, by their definitions:

1. There exists a consistent assignment « : B’ — {0,1} that is correct on Z such
that for every i € B’, for at least k — 1’ of the indices j € [k], it holds that
Aol o Ll - F — F is a univariate polynomial of degree < m|H]|.

15We use a(B,[¢]) to denote the element in G that is obtained by considering the assignment « applied
to the gates indexed by (,[(] in C], and interpreting the resulting log, G string as the corresponding
element in G.
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2.10 Soundness of V' in the Augmented PCP

2. There exists a consistent assignment o/ : B’ — {0, 1} that is incorrect at the point
zp such that for every i € B’, for at least k — ' of the indices j € [k], it holds that
A=e'@ o [ F — F is a univariate polynomial of degree < m|H|.

However, since 1’ 4+’ < k the assignment o must agree with o’ on every i € B’. Thus, if
the event E' A E’ occurs then there exists a single consistent assignment o : B’ — {0, 1}
that is correct on Z and incorrect at the point zy such that for every ¢ € B’, for at least
k — 1" of the indices j € [k], it holds that A7) o L} :F — F is a univariate polynomial
of degree < m|H|.

We proceed to compute the probability that the event £ A E' occurs. First observe
that the sequence Z can be generated by using the following random process. First a

sequence Z' = (z],...,z) of v uniformly random points in G™¢ is selected. For every

e 2
i € [v], let L., (t) = (2; — 20)t + 2o be the line that passes through the points zy and z;.
For every i € [v], the point z; is selected by choosing at random w; € G\{0} and setting
2z = L, .(u;). Note that each one of the sequences Z and Z' is a sequence of v uniformly
distributed points in G™¢.

Let x : B" — {0,1} denote the assignment of correct values to B’. That is, for
every i € B’ it holds that x(i) = z;. Note that Z’ already determines the set B’ and
that 7/, {L; Yienr jer), A already determine whether the event £’ occurs (regardless of the
choice of 7). Furthermore, if Z’, {L;}iGB/,je[k], A are such that the event E’ occurs, then
the assignment « (guaranteed by E’) is consistent and incorrect at the point zy. Thus,
for every i € [v] the two polynomials ag o L., ., and xg o L., ., differ (at the point 0)
and have degree at most mg|Hg|. Hence, the two polynomials can agree on at most
meg|Hg| < MGIT—I points, or in other words, for every i € [v] the assignment « is correct
on less than half of the points on the line L. Thus, we have:

e paEe e [eEar]
Zy{L;'}iEB/,jE[k]“A Zla{L;}iEB/,je[k]aA UL,y Uy
= Pr[E/] . ) E |: Pr [E /\ El] E/] +
Zlv{L;}iEB/,je[k]yA UL yeees Uy
Pr[—!E’] . - E [ Pr [E/\El} _|E,‘|
Z@{L;}iEB/’je[k]’A T

However, if Z', {L}}icpr je) and A are such that =E' occurs then Pry, . [E A E'] = 0.
On the other hand, by the foregoing discussion, if Z’, {L;‘}iEB’,je[k]v and A are such that
E’ occurs then Pr,, ., [EAE'] <27%. Thus:

_Pr [EANE]<Pr[E]-27" <27
Zv{Lé}iEB’,je[k]vA

and so
Pr[E A =E'] = Pr[E] — Pr[E A E'] > 1 —n — polylog(s) - v*¢|F|e —27".
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In other words, with probability 1 — 7 — polylog(s) - v3¢|F|e — 27, there exists a
consistent assignment « : B" — {0, 1} that is correct on Z and on z such that for every
i € B', for at least k — 1’ of the indices j € [k], it holds that A o LI : F — F is a
univariate polynomial of degree < m|H|. The lemma follows by Claim 2.5.1.

[]

2.10.3 Some Useful Claims

Claim 2.33.1. Let S C D, |S| < knae be a set generated by some random process. Let
A e As. Let g(S, A) be a predicate such that Praglg(S, A)] > 1/2. Let f(S,A) be a
predicate such that Pry s[f(S,A) | (S, A)] =p. Let S',Q, such that ' C Q C D,|Q| <
Emaz, be two sets generated by some random process, such that the distribution of S’ is
identical to the distribution of S. Let A" €er Ag. Then,

_ < / // / // <

Proof. Denote:

™ Pr [7(S,A) A g(S, A)]

b Pr [g(S. A)

S,AGR.AS
def
= P S’ AN g(S, AL
c JPr (S Ay Ag(S' Ay)
a< p S’ AL,
Q,SHA’ERAQ[Q( ) S)]

By Claim 2.5.1, |a —¢| < § and |b — d| < ¢ (and in particular d > 1/2 — ¢ > 0.4 and
therefore the conditional probability space in the lemma’s conclusion is non-empty). Note
that:

a

3 = o B, (S A) ] g(5, A)]

C ) / / /

E B QyS/,II:/IG‘RAQ[f(S ’AS’) | g(S aAS/)].

Using elementary manipulations we have that,

a

b_g _ lad — b _ lad — cd + cd — be| < dla — c| + c|d — b < |a—c\+|d—b|

bd bd bd - b b

«c/d < 48

where the last inequality uses also the hypothesis that b > 1/2 and the fact that ¢ < d. [

Claim 2.33.2. Lety > 0 and let A and B be events over the same probability space such
that Pr[A] > 1 —~ and Pr[B] > 5. Then Pr[A|B] > 1 — 2.
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2.10 Soundness of V' in the Augmented PCP

Proof.

Pr[A A B] S Pr[A] + Pr[B] — 1
Pr[B] — Pr[B] Pr[B] —

Pr[A|B] =

Claim 2.33.3. Let v,n < 1 and let A and B be events over the same probability space
such that Pr[B] > 1 —~ and Pr[A|B] > 1 —n. Then Pr[A] > 1 —~v —n.

Proof.
Pr{A] = PrlAAB] = Pr[A|B] - Pr[B] =2 (1 =y)(1 =n) =1 —=7—n.
]

Claim 2.33.4 (Union Bound under Conditioning). Let A, B and C be events over the
same probability space, such that C has non-zero probability. Then:

Pr[AV B|C] < Pr[A|C] + Pr[B|C].
Proof.

Pr[(AV B) A C] < Pr[(AANC)] 4+ Pr[(BAC)]

PrAVBICl = —=F e = Pr[C]

— Pr[A|C] + Pr[B|C].
O

2.10.4 The Property R, and making Progress under Condition-
ing

We will now give two definitions that will be central in the rest of the section. The first
definition is analogous to the definition of the property R (Definition 2.23) in Section 2.7.6.

Definition 2.34. Property R, (¢,7'):
Let e [t], € >0 and v > 0.

Let B C [N'] such that (|B| + v -logy |G|) - k|F| < kmas. Let Z be a sequence of v
uniformly distributed points in G™¢. Let B' = B U §,[Z]. We view both B and B’ as
being distributed over subsets of H™ C Dx.

For every i € B', let L},..., L. : F — Dx be k random lines, such that for every
Le{Li ... Li}, we have L(0) = i.

Let S = {L§'<t)}i€B’,je[k],t€]F C Dx. Let A €Rr .As. '

For any i € Dx and v € F, define A" : S — F by A7(i") = A(i') for i # i and
AT(G) = w.

Denote by E the event that for every point i € 5,[Z], for at least k — 1’ of the lines
Le{L:,....,Li}, we have that A”7% o L : F — F is a univariate polynomial of degree
<m|H|.
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We say that the set B satisfies property R,(¢',r") (also denoted B € R,(€,r")) if,
conditioned on the event E, with probability > 1 — €, for every point i € B, for at least
k — 1" of the lines L € {L,...,Li}, we have that A% o L : F — F is a univariate
polynomial of degree < m|H| (where the probability is over Z, {L;}ieBJe[k}, A).

To ensure that R, is well defined, if Pr[E] = 0, then no set B is said to satisfy
R, (€,7").

Definition 2.35. p-good layers:
Let p € [t]. Let Z be a sequence of v uniformly distributed points in G™¢.

For every i € B,[Z], let L, ... ,Li : F — Dx be k random lines, such that for every
Le{Li ... Li}, we have L(0) = i.

Let S = {Lé<t)}ieﬁu[z},je[k],t€F C Dyx. Let Aep Ag. -

For any i € Dx and v € F, define A" : S — F by A7(i") = A(i') for i # i and
AT(G) = w.

We say that the layer u is p-good for p € [0,1] if, with probability > p, for every
point i € B,[Z], for at least k — 1" of the lines L € {L%,..., Li}, we have that A% o
L :F — F is a univariate polynomial of degree < m|H| (where the probability is over
Z AL Yiesuiz).5em, A)-

Lemma 2.36. Let iy,iq,i3 € [N'] be such that the gate indexed by iy in the circuit C,,
has children indexed by is,i3. Let p € [t] be a 0.9-good layer. If {is}, {is} € R,(€,77),
then {i1} € R, (€, 1) where € = 2¢ + 34(|F|e.

Proof. Let Z be a sequence of v uniformly distributed points in G™¢. Let B = {iy, i, i3}U
BulZ]. We view B as being distributed over subsets of H™ C Dy.

For every i € B, let L!,..., L} : F — Dx be k random lines, such that for every
Le{L:,...,Li}, we have L(0) = i.

Let S = {Lz(t)}ieB,je[k],teF C Dy. Let Aeg Ag. 4

For any ¢ € Dx and v € F, define A" : S — F by A7"(i') = A(¢') for i’ # i and
AT(G) = w.

Denote by E the event that for every point i € §,[Z], for at least & — r’ of the lines
L e {Li, ... L}, we have that A"”% o L : F — F is a univariate polynomial of degree
< m|H|. Since p is a 0.9-good layer (using also Claim 2.5.1), the event E occurs with
probability > 0.9 — § > 1/2 (where the probability is over Z, {L}}iep jein, A)-

Since {i2} € R, (¢, '), using also Claim 2.33.1, conditioned on the event E occurring,
with probability > 1 — ¢ — 46 for at least k — ' of the lines L € {L?,..., L}, we
have that A2?7%2 o [ : F — F is a univariate polynomial of degree < m|H| (where the
probability is over Z, {L}iep e, A)-

Similarly, since i3 € R,,(€¢,7’), conditioned on the event E occurring, with probability
> 1— ¢ — 46 for at least k — 1’ of the lines L € {L%,..., Li*}, we have that A5 o L :
F — F is a univariate polynomial of degree < m|H| (where the probability is over
Z,{Li}ien jem: A)-

Since the gate indexed by 4 in the circuit C/, has children indexed by iz, i3, the formula
¢ contains the clause (w;, = x;,) A (wy, = x3,) — (w;; = x;). Thus, by Lemma 2.22
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2.10 Soundness of V' in the Augmented PCP

(using also Claim 2.5.1), with probability > 1 —9¢|F|e — 20, there exist vy, v9, v3 € F, such
that, for at least k — " of the indices j € [k],

1. Ao Lé.l :F — F is a univariate polynomial of degree < m|H|.
2. A7 0 Lé? :F — F is a univariate polynomial of degree < m|H]|.
3. Als=vs o L§3 :F — I is a univariate polynomial of degree < m|H]|.
4. (vg =x4) A (V3 = x4,) — (V1 = x3)

Thus, using Claim 2.33.2, conditioned on the event F occurring, with probability >
1 — 18/|F|e — 46, there exist vy, vy, v3 € F, such that, for at least k — r’ of the indices
J € [K],

1. Ao Lé.l :F — T is a univariate polynomial of degree < m/|H]|.

2. Az7v2 o Lé? :F — I is a univariate polynomial of degree < m|H]|.

3. A7 o L;?" :F — F is a univariate polynomial of degree < m|H]|.

4. (vg = x4) A (V3 = T4) — (V1 = x4).

Thus, by the union bound under conditioning (Claim 2.33.4), conditioned on the event

E occurring, with probability > 1 — 2¢’ — 18/|F|e — 124, there exist vy, vs,v3 € F, such
that (ve = x4,) A (v3 = 24,) — (v1 = x;,) and:

e Tor at least k — 1’ of the lines L € {L?,..., L}?}, we have that A?>%20 [ :F — F
is a univariate polynomial of degree < m|H|.

e Tor at least k — 1’ of the lines L € {L¥,..., L}?}, we have that A®~%s 0 [ :F — F
is a univariate polynomial of degree < m|H|.

e For at least k — 7’ of the indices j € [k],

1. Au=vio L;l : F — T is a univariate polynomial of degree < m|H|.
2. Aiz72 0 Lé? :F — F is a univariate polynomial of degree < m|H|.

3. AB7vs o L§3 : F — F is a univariate polynomial of degree < m|H].

Since 1’ + 1" < k, this implies that vy = x;,, v3 = z;, and hence v; = x;,. Thus,
conditioned on the event E occurring, with probability > 1 — 2¢’ — 18/¢|Fle — 126 >
1—2¢' —30¢[Fe, for at least k—1' of the lines L € {L}!,..., L}'}, we have that A1 =% oL :
F — F is a univariate polynomial of degree < m|H| (where the probability is over
Z, {Lé‘}ieB,je[k}a A).

The lemma follows by an application of Claim 2.33.1. O]
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If C'is a circuit, we say that a subset B of the gates of C' is a sub-circuit of C' if for
every gate g € B either both of its children are in B or both are not in B. Gates in
B whose children are not in B are called input gates of B and gates in B who are not
children of any gate in B are called output gates of B. We say that the sub-circuit B has
depth A if the longest path from an output gate of B to an input gate of B is of length
A.

Using Lemma 2.36, we are ready to prove the following lemma.

Lemma 2.37. Let B C [N'] be a sub-circuit of C!, of depth A with input gates By C B
and output gates Bo C B, such that (|Bo| + v - log, |G|) - k|F| < kpae. Let p € [t]
be a 0.9-good layer of the circuit. If for all i € By it holds that {i} € R,(€,1") then
Bo € R, (¢",1"), where " = |Bol - 22 - (2€' + 38(|F|e).

Proof. For every i € Bp, by iterated applications of Lemma 2.36, it holds that {i} €
R, (2% - (2¢' + 34(|F|e) ,r"). The lemma follows from |Bo| applications of Claim 2.33.1,
and the union bound under conditioning (Claim 2.33.4). O

We also prove (simpler) variants of Lemma 2.36 and Lemma 2.37 with respect to
the property R (rather than R,), see Definition 2.23. Recall that, intuitively, a subset
B C H™ C Dx satistfies property R(€/,r’) if when taking & lines through every point in
B, with high probability, for every point ¢ € B, for most of the lines through the point ¢,
the answers correspond to low degree polynomials that “evaluate” the point ¢ to x;.

Lemma 2.38. Let i1,i9,i3 € [N'] be such that the gate indexed by iy in the circuit
C!, has children indexed by ia,is. If {io},{is} € R(€,1"), then {i1} € R(¢",r") where
¢’ = 2¢ + 15(|F|e.

Proof. 1f {is},{is} € R(¢,r’), then by Lemma 2.26, it holds that {is,i3} € R(2€¢ +
24,1"). Since the gate indexed by iy in the circuit C,, has children indexed by iy, i3, by
Lemma 2.25, it holds that {iy, 2,43} € R(2¢' 4+ 9¢|F|e + 59, r"). The lemma follows from
Lemma 2.27. O

Lemma 2.39. Let B C [N'] be a sub-circuit of C!, of depth A with input gates By C B
and output gates Bo C B, such that |Bolk|F| < kmaz. If for all i € By it holds that
{i} € R(¢,7") then Bo € R(¢",7"), where €' = |Bo| - 22 - (2€' + 16(|F|e).

Proof. For every i € Bp, by iterated applications of Lemma 2.38, it holds that {i} €
R (2% - (2¢' + 15(|Fle) ,r'). The lemma follows from |Bo| applications of Claim 2.5.1,
and the union bound. O

2.10.5 Proof of Lemma 2.31

In this section we complete the proof of Lemma 2.31. We first show that if layer u — 1
is a good layer then layer p is also good. Then we derive that the top layer is good and
use that to contradict our assumption that = ¢ L.
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2.10 Soundness of V' in the Augmented PCP

Lemma 2.40. Let pp € [t] be a 0.9-good layer. Then, for every X € B, it holds that
A € R,(€,1"), where € = polylog(s) - v3¢|Fle + 2771,

Proof. Let A € 8,. Let Z be a sequence of v uniformly distributed points in G™¢. Let
B={\UBZ]. S

For every ¢« € B, let Li,..., L}, : F — Dx be k random lines, such that for every
Le{L,...,Li}, we have L(0) = i.

Let S = {Lé‘(t)}ieB,je[k],telF C Dy. Let A €ER .As. ‘

For any i € Dx and v € F, define A*7" : S — F by A"7"(¢') = A(¢') for ¢ # ¢ and
AT (4) = v,

Denote by E the event that for every point i € §,[Z], for at least k — r’ of the lines
L e {Li,...,Li}, we have that A% o [ : F — F is a univariate polynomial of degree
< m|H| (where the probability is over Z, { L} }ie jer), A). Suppose that Pr[E] = 1—7 for
some 71 € [0,1]. Note that by the hypothesis that p is 0.9-good, using also Claim 2.5.1,
n<01+6<1/2.

Denote by E' C E the event that for every point i € {\} U §,[Z], for at least k — r’
of the lines L € {L¢,..., L}}, we have that A% o L : F — F is a univariate polynomial
of degree < m|H| (where the probability is over Z, {L!}icp jejn, A). By Lemma 2.33,
Pr[E'] > 1 —n — polylog(s) - v3(|Fle — 27",

Thus, the probability that the event E’ occurs conditioned on the event E is at least:

Pr[E'] et polylog(s) - v3(|F|e — 27

PrE|E] = Pr[E] — 1—n

> 1 — polylog(s) - v*¢|Fle — 271!

(where the last inequality follows from the fact that n < 1/2) and the lemma follows. [

Lemma 2.41. Let p € [t — 1] be a 0.9-good layer. Then, for every set B C [,41 of
points that belong to layer p+ 1, such that (|B| 4+ v -logy |G|) - k|F| < Kmaz, it holds that
B eR,(¢,r"), where € = |B| - 2% (polylog(s) - v3¢|Fle + 27T3).

Proof. Consider the sub-circuit that computes layer 4+ 1 from layer pu. Recall that this
sub-circuit has depth d + 1 and first computes the u + 1-th layer of C,, in depth 1, and
then applies a Cpg circuit, of depth d (see Section 2.9). Let B; C 3, be the variables
associated with the inputs of this sub-circuit. By Lemma 2.40, for every A € By it holds
that A € R, (polylog(s) - v3¢|Fle + 27+ /).

The lemma follows from Lemma 2.37. O]

Lemma 2.42. If a layer p € [t — 1] is (1 — €')-good, for some € < 0.1, then the layer
p+1is (1 —€”)-good, where " =€ + 29 polylog(s) - (V*¢|F|e +27/?).

Proof. Let Z and Z' be two sequences of v uniformly distributed points in G™¢. Let
B = B,[Z)U Bu+1[Z']. We view B as being distributed over subsets of Dx.

For every i € B, let L!,..., Lt : F — Dx be k random lines, such that for every
Le{L,...,Li}, we have L(0) = i.

Let S = {L;"(ﬂ}ieB,je[k],tE]F C Dx. Let Aep As.
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For any i € Dx and v € F, define A" : S — F by A™?(i') = A(¢') for i’ # i and
AV(i) = .

Denote by E the event that for every point i € §,[Z], for at least k — r’ of the lines
L e {Li, ..., L}, we have that A"?% o L : F — F is a univariate polynomial of degree
< m|H| (where the probability is over {Z, 7', L;}ieg,je[k], A). By the hypothesis that p
is (1 — €’)-good, and using Claim 2.5.1, the event E occurs with probability > 1 — € — .

By Lemma 2.41 (using the fact that ¢ < 0.1), it holds that 5,.1[Z'] € R#((logQG-

v) - 2¢ - (polylog(s) - v*(|F|e + 2‘”*3),7”). In other words, conditioned on the event E,

with probability > 1 — 2¢polylog(s) - (v*¢|F|e 4+ 27"/2), for every point i € 8,,1[Z'], for at
least k — r’ of the lines L € {L},..., L.}, we have that A"?% o L : F — F is a univariate
polynomial of degree < m|H| (where the probability is over Z, Z', { L} }icp jek), A)-
However, since E occurs with high probability, we can remove the conditioning as
follows. Toward this end, we apply Claim 2.33.3 and obtain that with probability >
1 — 27 polylog(s) - (v*¢|Fle + 27"/?) — ¢ — 4, for every point i € S,.1[Z'], for at least
k — 1’ of the lines L € {L!,..., Lt} we have that A% o L : F — F is a univariate
polynomial of degree < m|H| (where the probability is over Z, Z’, {L;}ZE Bjclk], A). The
lemma follows by Claim 2.5.1. O

Recall that 1,...,n are the indexes of the n input variables and n+1,...,2n are the
indexes of their negations.

Lemma 2.43. The first layer of C., is (1 — €)-good, where ¢ = 2%polylog(s) - v/|F|e.

Proof. By Lemma 2.24, for every i € [2n] it holds that {i} € R(10¢|Fle,r"). Let (C(LlD)E be
the C\pg circuit of the first layer of C/. Note that the inputs of C(LlD)E are associated with
the variables i € [2n] and that (C(LID)E has depth d. Thus, by Lemma 2.39, for every sequence
of v points Z in G™¢ it holds that $,[Z] € R((V-log2(|((}|)) -2% . polylog(s) - £|F|e, r’) and
the lemma follows. O

Lemma 2.44. The top layer of C! (i.e., the t-th layer) is (1 — €')-good, where € <
t- 24 polylog(s) (v*¢|Fle + 27+/2).

Proof. By induction, using Lemma 2.43 and Lemma 2.42. O
Recall that N’ is the index of the special output gate.
Lemma 2.45. {N'} € R(¢,r'), where ¢ =t -2¢- polylog(s) (v*(|Fl|e + 27/?).

Proof. Let Z be a sequence of v uniformly distributed points in G™¢. Let B = {N'} U
Bi[Z]. Note that the point N’ belongs to layer t. We view B as being distributed over
subsets of H™ C Dyx.

For every i € B, let L',..., L} : F — Dx be k random lines, such that for every
Le{Li ... Li}, we have L(0) = i.

Let S = {L;"(ﬂ}ieB,je[k],tE]F C Dx. Let A ep As.
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For any i € Dx and v € F, define A" : S — F by A™?(i') = A(¢') for i’ # i and
AV(i) = .

Denote by E the event that for every point ¢ € 5,[Z], for at least k — 7’ of the lines
L e{L, ..., L}, we have that A"?% o L : F — F is a univariate polynomial of degree
< m|H|. By Lemma 2.44, and using Claim 2.5.1, the event F occurs with probability at
least 1 — ¢ - 2¢- polylog(s) (v*¢|F|e + 27/2).

Since by our setting of parameters ¢-2%-polylog(s) (v*¢|F|e+27"/?) < 0.1, the layer ¢ is
0.9 good and so, by Lemma 2.40, it holds that N’ € R;(polylog(s) - v3¢|F|e+27**1 ¢’). In
other words, conditioned on the event E, with probability > 1—polylog(s)-v3¢|F|e—27"*1,
for at least k — 1’ of the lines L € {LY',... LY}, we have that AN ~*» o [ :F - F is a
univariate polynomial of degree < m|H| (where the probability is over Z, {L}}iep jen, A)-

Hence, by Claim 2.33.3, with probability > 1 — ¢ - 27 - polylog(s) (v*¢|F|e + 27*/2), for

at least k& — 1’ of the lines L € {LY', ... LY} we have that AN 7" o [ : F — Fis a
univariate polynomial of degree < m|H| (where the probability is over Z, {L;}le Bjclk], A).
The lemma follows by Claim 2.5.1. ]

Proof of Lemma 2.31

The following proof is similar to the proof of Lemma 2.5 (in Section 2.7.7) but differs in
the actual parameters, and in the use of Lemma 2.45 (rather than Lemma 2.29).

Proof. Consider the point N’ € [N'], viewed as a point in H™ C Dy. Recall that the
formula ¢’ contains a clause (wy = 1)V (wns = 1) V (wns = 1) that checks that wy: = 1.

Let Li,...,Ly, L3 ... L2 L3 ..., [} : F — Dx be 3k random lines, such that for
every line L € {Li,..., L}, L3 ... L2 L3 ... L3}, we have L(0) = N'.

Let S = {L}(t), L3(t), L3(t) }jemyter C Dx. Let A € As.

For any v € F, define AN =" . § — F by AN =v(i') = A(/) for i’ # N’ and
AN’—>U(N/> — 0.

By Lemma 2.22, with probability > 1 — 9¢|F|e — 4, there exist vy, ve, v3 € F, such that,
for at least k — 7’ of the indices j € [k], the following is satisfied
(where the probability is over L},..., L} L3 ... L2 L3 ... L3 A):

1. AN'=vo L; :F — F is a univariate polynomial of degree < m|H|.

2. AN'=v2 o L? :F — F is a univariate polynomial of degree < m|H|.

3. AN s o L? :F — F is a univariate polynomial of degree < m|H|.

4. (v —1)-(va—1) - (v3—1) = 0.

On the other hand, by (three applications of) Lemma 2.45 and Claim 2.5.1:

1. With probability > 1 — ¢ - 29 . ponlog(s)(u4€|IF|e + 2*”/2) — ¢, for at least k — 1’
of the lines L € {L},..., L}, we have that AN 7* o [ : F — F is a univariate
polynomial of degree < m|H|.
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2. With probability > 1 — ¢ - 2¢ - polylog(s) (v*¢(|F|e + 27/2) — §, for at least k — 1/
of the lines L € {L? ... L?}, we have that AN 7*~ o [, : F — F is a univariate
polynomial of degree < m|H].

3. With probability > 1 — ¢ - 2 - polylog(s) (v*¢|F|e + 27*/?) — 4, for at least k — 1’
of the lines L € {L3,... L3}, we have that AN 7% o [, : F — F is a univariate
polynomial of degree < m|H|.

Thus, by the union bound, with probability > 1—t-2¢-polylog(s) (v*¢|F|e+27"/?) > 0,
there exist vy, vy, v3 € F, such that, (v; —1)-(vo — 1) - (v3 —1) =0, and

1. For at least k — 7’ of the lines L € {L},... L1}, we have that AN "o [ :F = F
is a univariate polynomial of degree < m|H|.

2. For at least k — 1’ of the lines L € {L?,..., L2}, we have that AN 72 o [ : F — F
is a univariate polynomial of degree < m|H|.

3. For at least k — 1’ of the lines L € {L3,...,L}}, we have that AN 7" o L : F — F
is a univariate polynomial of degree < m|H]|.

4. For at least k — 7' of the lines L € {L},... L.}, we have that AN 7"~ o . F — FF
is a univariate polynomial of degree < m|H|.

5. For at least k — ' of the lines L € {L?,..., L2}, we have that AN 2" o . F — T
is a univariate polynomial of degree < m|H|.

6. For at least k — 7/ of the lines L € {L3,... L3}, we have that AN >*» o . F — F
is a univariate polynomial of degree < m|H|.

Since, r’ + r’ < k, this implies that xx» = v; = v9 = v3, and hence xx» = 1. Since by
our setting of parameters

1—¢-2% polylog(s)(v*¢|Fle + 2_”/2) > 0,

the original input x is in the language L. m

2.11 Soundness of V' in the Augmented PCP

This section is similar to Section 2.8, but with respect to the augmented PCP.

Recall that k& < poly(n), such that 4|F|* < k < N’, is the security parameter of the
PCP, and that 1 < r < k is the parameter of the relaxed verifier V’. Recall that ¢ and
|F| are bounded by polylog(N').

Lemma 2.46. For a security parameter k < poly(n), such that 4|F|* < k < N', fiz
the following parameters: Let r = ﬁlﬂ‘“l' Let € = 2772 Let kymaw = k - polylog(s) -
log(t)|F| + 12k(|F|*. Let 6 = W. Then, V' has soundness € against (kmyaqz,0)-no-
signaling strategies.
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The proof of Lemma 2.46 is similar to the proof of Lemma 2.30, but based on
Lemma 2.31 (rather than Lemma 2.5).

Proof. Assume for a contradiction that V' doesn’t have soundness e against (kqq,0)-
no-signaling strategies. By Lemma 2.3, since § < W, we know that V' (with
parameter r) doesn’t have soundness 1 —¢ against (k/, ., d')-no-signaling strategies, where
2

k! = kmae —6kL|F|? = k-polylog(s) - log(t)|F| 4+ 6k(|F|?, and &' = 85|F|5FF /e < W,
and ¢ = (L0([F|2°" +20) /e < 57k

Hence V' (with parameter r) doesn’t have soundness 1 — ¢ against (k,,,,0’)-no-
signaling strategies, where k! . = k- polylog(s) - log(t)|F| 4+ 6k{|F|?, and &' = W, and

_ 1

€ = T00N'[F|

This contradicts Lemma 2.31. ]

2.12 From No-Signaling PCP to No-Signaling MIP

In this section we show how to transform a PCP that has soundness against (kyqz,9)-
no-signaling strategies into an analogous MIP that uses k.., provers and has soundness
against d-no-signaling strategies.

Recall that a PCP (resp., MIP) relative to an oracle ¢, : {0,1}" — {0,1}"" is a PCP
(resp., MIP) in which the verifier has oracle access to the function ¢, (see Section 2.4).

Lemma 2.47. Let L be a language and suppose that L has a PCP with soundness €
against (Kmaz,8)-no-signaling strategies relative to an oracle {¢, : {0,1}" — {0,1}""},
(where n is the input length). Let D be the query alphabet, 3 be the answer alphabet,
k < kpaz be the number of PCP queries and ¢ be the number of oracle queries. Then,
L has an MIP relative to the same oracle {¢,} with soundness € against d-no-signaling
strategies. The MIP uses k.. provers, query alphabet D, answer alphabet > and ¢ oracle
QUETTES.

Furthermore, if the running time of the PCP verifier is Ty, then the running time of the
MIP werifier is O (Tv + kmaa - (log |D| + log |3])) and if the PCP proof can be generated
in time Tp then the running time of each of the MIP provers is O(Tp).

Proof. Let V' be the PCP verifier for £ and let Gp be an algorithm that on input x € £
generates the PCP proof P = Gp(x). We use V and Gp to construct an MIP for £
(relative to the oracle {¢,}) that is sound against é-no-signaling strategies.

We think of the PCP verifier V' as being composed of two algorithms V; and V5. The
first algorithm, V4, on input z of length n and a random string r generates a set () C D
of k queries to the PCP and a set Qg C {0,1}" of £ queries to the oracle. The second
algorithm, V5, given z, the same random string r, the k& answers A € X% (of the PCP) and
oracle answers A, € ({0,1}"")%, decides whether to accept the proof. We also assume
(without loss of generality) that the algorithm Gp is deterministic. (Since completeness
holds with probability 1, we can de-randomize G p by fixing its random string arbitrarily.)
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We first describe the k4, (honest) MIP provers’ strategies and then proceed to de-
scribe the MIP verifier’s strategy. Given an input x € £, each MIP prover (individually)
computes the (deterministic) PCP proof P = Gp(z) and given a query ¢ € D just answers
with P(q).

The MIP verifier, on input x and a random string r, first runs Vj(x,r) to obtain a
set of kK PCP queries Q = {q1,...,qx} and ¢ oracle queries Q4. The set @) is then used
to construct a sequence w € DFmas of k... queries as follows. Initially, every entry of
w is set to an arbitrary fixed value z € D. Then, the verifier embeds the k queries of
@ at random in w (which is of length k.., > k). Formally, for every set Q) C D, every
1-to-1 function 7 : Q@ — [kmaz] and every subset S C @, let wg, € DFmaz be defined as
follows. For every i € [kpaq), if there exists ¢ € S such that i = m(q) then (ws,); = ¢ and
otherwise (wg.); = z. The verifier chooses at random a 1-to-1 function 7 : Q@ — [knaq]
and sets w = wq . The verifier then sends w to the k., provers where prover ¢ gets w;.
Simultaneously, the verifier queries the oracle ¢,, at the points Q.

Once the ky,q, provers respond with their answers a € XFmas (where the answer of the
i" prover is ;) and the oracle responds with Ay, the MIP verifier constructs A € 39 by
setting A, = (g for every ¢ € ). Formally, for every S C @, let T, : Yhmaz 5 335 he
defined as (Tsr(v))q = aur(q) for every g € S. The verifier sets A = Ty »(a) and outputs
the result of V5 on input (x,r, A, Ay).

To see that (perfect) completeness holds, observe that the honest MIP provers (that
get queries in ) answer according to the PCP. Likewise, the oracle queries and answers
are also exactly as in the PCP and therefore if x € £ then V, accepts and we obtain
perfect completeness. We proceed to show that soundness holds against d-no-signaling
strategies.

Suppose that for some x ¢ L, there exists a d-no-signaling family of distributions
A = { A, }ueprma. that makes the MIP verifier accept with probability at least e. By the
construction of the MIP system this implies that:

Pr [Va(z,r, A, Ay) =1] > € (2.4)

a€pAw,r,m
where (@, Q) is the output of Vi(z, ), the function 7 : Q — [k is the random 1-to-1
function, w = wg ., A =Ty (a), and A, are the answers of the oracle ¢,, on the points
Q-

We use A to construct a family of distributions B = {Bg}ocp,gj<km.. that violates
the (kmaz, 0)-no-signaling soundness of the PCP. For every set @ of size at most kpqq,
the distribution By is defined by first sampling a random 1-to-1 function 7 : Q — [Kkpaal,
setting w = wg r, then sampling « from A,, and outputting T .(c). Note that for every
b € X9 it holds that

P =b=E| Pr [A=0b
ﬂGRIl:gQ[/B ] s |:a€RI¢‘4w[ ]:| ’
where 7 : Q — [kmaz] is & random 1-1 function, w = wg  and A = T ().

We first show that the family of distributions B = {Bg}ocp,|g|<km.. fools the PCP

verifier into accepting with probability at least e, and then proceed to show that B is

82
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0-no-signaling. Indeed, by the definition of B,

Pr [Va(z,r,B,As) =1 = Pr [Va(z,r, A Ay) =1]

ﬁGRBQ,T a€ErAy,r,m

where (Q), Q) is the output of Vj(x,r), the function 7 : Q — [kpaq) is the random 1-to-1
function, w = wg », A = Ty (), and Ay are the answers of the oracle ¢,, on the points
Q4. Thus, by Eq. (2.4), the PCP verifier accepts « ¢ £ with probability at least e.

The next claim shows that B is d-no-signaling and therefore we have a contradiction
to our assumption that the PCP has e-soundness against (K42, d)-no-signaling strategies.

Claim 2.47.1. The family of distributions B = {Bg}ocD,|0|<kma. 5 0-n0-signaling.

Proof. To show that B is d-no-signaling we need to show that for every ) C D of size at
most k.. and every S C () it holds that

1
5D
bexs

(== By s =] <

For every b € Y7 it holds that

a€ErAyw

(2.5)

where ' 1 S = [kmae] and 7 1 Q — [kpae) are random 1-to-1 functions, w' = wg and
w = wg,r, the second equality follows from the fact that 7, restricted to S, is distributed
identically to 7/, and the last equality follows from the fact that Ts () = (T »(a))s.

On the other hand, using elementary operations and linearity of expectation, for every
b € ¥° it holds that

Pr[Bs=b= ) S 8=

BeERB
@ b eX@ s.t. b%:b

= X B[y e =]

VeXQ s.t. by=b

= E =
b Z aeg.ﬁw// [TQJF(Oé) b ]
YERQ st bly=b
~B| Py [(Tos(a))s =1, 2.6
71' CMGR.Aw//
where 7 : Q@ — [kmaz) 1 a random 1-1 function and w” = wg .. Using Eq. (2.5) and
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Eq. (2.6), we obtain that:

B| Py (Tos(ls ==, Pr [(Tas(a")s =]

a€EpAw O/’ER.AM//
pexnS bex
<E _ " _
<B| S|P [Tarlahs = P (Tarle)s =1)
bexs -
o - " _
o ];r] Z aEIZIA;lw [OZﬂ-(S) N b] B oc”EI;I.:‘lw// [O-/W(S) B b] u
Lbexs
< 24,

where 7 : @ — [kmas) 1s a random 1-1 function, w = wg,, W’ = wg, and the last

inequality follows from the fact that wyg) = w! (s) and our assumption that A is d-no-
signaling. Thus, B is d-no-signaling. This concludes the proof of Claim 2.47.1 O

This concludes the proof of Lemma 2.47 O]

2.13 A No-Signaling MIP for PSPACE with an Ineffi-
cient Prover

In this section we construct MIP protocols that have no-signaling soundness for lan-
guages that can be computed in bounded space. The protocol’s (honest) provers are
inefficient and run in time exponential in the space bound. This protocol will prove use-
ful in Section 2.14 where we apply it to logspace computations (so that the provers run
in polynomial time). We note that a similar result was obtained both by [KR09] and
(independently) by [TKMO09].

As a first step we show how to construct MIPs with no-signaling soundness for lan-
guages in IP (Lemma 2.48). We later use (a strong version, due to [GKRO8], of) the
IP = PSPACE [LFKN92, Sha92] theorem to obtain the required result (Lemma 2.49).

Lemma 2.48. If a language L has an (-round public-coin interactive proof-system with
soundness € (and perfect completeness), then for every 6 > 0, the language L has a 1-
round {-prover MIP with soundness € + 00 against d-no-signaling strategies. If A is the
length of the longest message in the interactive proof then the MIP has query and answer
alphabet {0, 1}*4,

Furthermore, if the running time of the interactive-proof verifier is Ty then the run-
ning time of the MIP wverifier is O({ - Ty). If the running time of the interactive-proof
prover is Tp then the running time of each MIP prover is O(¢ - Tp).

Proof. Let § > 0 and let (P, V') be an ¢-round public-coin interactive proof for a language
L. Let A be the length of the longest message in the interactive proof. Let m; denote
the message sent from the verifier to the prover in the i** round and let b; denote the
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prover’s response to m;. Since the protocol is public-coin, we assume that the messages
my, ..., my are generated by the verifier in the beginning of the protocol and in particular,
they do not depend on the prover’s answers. We also assume without loss of generality
that the honest prover’s response b; to the i*® message m; depends only on m; and z (and

not on my, ..., m;_1).'"° We construct a 1-round MIP (V’, P/, ..., P}) with § no-signaling
soundness for £ as follows.
The verifier V' generates the ¢ messages my, ..., m, and for every i € [{], it sends m;

to the prover P!. The prover P! answers the query m; by b; which is computed by the
next message function of P at round ¢ and with respect to m; and x. To decide whether
to accept, the verifier V' simply runs V' (x, mq, ..., myg, by, ..., by).

To show that (perfect) completeness holds, observe that for # € L the probability
that V' outputs 1 after interacting with P, ..., F; equals the probability that V' outputs
1 after interacting with P. We proceed to prove that no-signaling soundness holds.

Suppose toward a contradiction that there exists a d-no-signaling cheating strategy
{Aq}seo.13)e that breaks the soundness of V' with probability € 4 /. We use the latter
to construct a cheating prover P* for the interactive proof that breaks soundness with
probability at least € (contradicting our assumption on the soundness of V).

The cheating prover P* is defined as follows. Given Vs first message m;, the cheating
prover selects at random (bgl), . ,bél)) €r A, «,..x, where x denotes an arbitrary fixed

-----

string (e.g., the string 0%). It saves only b; & bgl) and sends b; to the verifier. The veri-

fier answers with mgy. After receiving mo, the prover selects (ng), NN bf)) €r Ay mo .

conditioned on ng) = by. It saves only by et béQ) and sends by to the verifier. Gener-

ally, after getting the i"* message m;, the prover selects (bgi)7 . béi)) €r Amyomysn
conditioned on bgi), i ,bz@l =by,...,b;_1 and sends b; dof bgi) to the prover.

Before proceeding we note that in the above process it might happen that the con-
ditional probability space is empty. In such a case the prover P* just sends a special
symbol L.

We show that for every ¢ messages my, ..., my, the distribution of the answers by, ..., by
described above is d/-close to the distribution A,,, ,,,. This follows from the following

claim by setting ¢ = /.

Claim 2.48.1. Fiz { messages my,...,my € ({0,1}*)". Let B; denote the distribution
of the first i elements in Ap, . mix,... Then, for every 0 < i < {, the distribution
(b1, ...,b;) is di-close to B;.

Proof. We prove the claim by induction. The base case i = 0 is trivial and so we proceed
to the inductive step. Suppose that the claim holds for some i. For every (;,...,05; €
{0,1}*, consider the random variable X;;1(81,...,3;) defined by the following random
process: select (z1, ..., z;41) according to the distribution B;,; conditioned on z1, ..., z; =
B, ..., 0; and output z;,1. As before, if the conditional probability space is empty then
output L.

16This can be easily achieved by having the verifier resend its previous messages at every round. Note
that this increases the length of each message by a factor of /.
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Note that by the definition of P*, the message b; 1 is distributed exactly as X; 1 (b1, ..., b;).
Therefore, by the inductive hypothesis, the distributions

® bl,...,bi+1; and
i BiaXi-‘,-l(Bi)

are di-close. Since A is d-no-signaling, the distribution B; is d-close to the distribution
obtained by taking the ¢ first elements of B;.;. Therefore, the distributions

o B, Xi11(B;); and
e By

are d-close. Thus, (by,...,b;41) and B;yq are 0(i + 1)-close. This completes the proof of
Claim 2.48.1. ]

By our assumption, the soundness of V' is violated with probability € + 6/ when the
answers that it receives are distributed according to A,,, . m,. Therefore, by Claim 2.48.1,
the soundness of V' is violated with probability at least ¢ when it receives the answers
b1, ..., b, in contradiction to our assumption on the soundness of V. O

Using Lemma 2.48, we can prove the following useful lemma.

Lemma 2.49. If L can be computed by a Turing machine in space s o s(n) > n (where
n is the input length) then, for every t > 1, the language L has a poly(s)-prover MIP
with soundness poly(s) - 27% against 27" -no-signaling strategies. The query and answer
alphabets are {0,1}¢PY()

Furthermore, the verifier runs in time t - poly(s) and the (honest) provers run in
time t - poly(2%).

Proof. Goldwasser et al. [GKKRO08] (see also [Rot09, Corollary 3.4.8]) show that if £ can
be computed in space s, then £ has a poly(s)-round public-coin interactive proof with
soundness error % The verifier’s running time is poly(s) and the prover’s running time is
poly(2%). The length of each message is poly(s).!”

To this base protocol we apply a O(t)-fold parallel repetition (see, e.g., [Gol08, Exer-
cise 9.1] or [Gol99, Appendix C.1]) which produces a poly(s)-round public-coin interactive
proof with soundness error 272, The verifier’s running time is ¢ - poly(s) and the prover’s
running time is ¢ - poly(2®). The length of each message is ¢ - poly(s). The lemma follows
by applying Lemma 2.48 with § = 27, O

"Tndeed, the advantage in using the [GKR08] protocol is that the running time of the prover is poly(2*)
rather than 2P°Y(*) as in the classical [LFKN92, Sha92] protocol.
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2.14 Simulating an MIP Oracle

In this section we show that if a language £ has an MIP with soundness against no-
signaling strategies relative to an oracle {¢,} and the function {¢,} can be computed by
a Turing machine that uses only a small amount of space, then the oracle can essentially
be simulated and £ has an MIP with soundness against no-signaling strategies without
an oracle.

Lemma 2.50. Let £ be a language and suppose that L has an MIP relative to an oracle
{¢n : {0,1}" — {0,1}""},, (where n is the input length) with soundness error € against
0-no-signaling strategies. Let k be the number of provers and ¢ be the number of oracle
queries used by the MIP. Suppose further that the function {¢,} can be computed by a
Turing machine in linear space (i.e., in space O(n')). Then, for everyt > 1, the language
L has an MIP protocol without an oracle that has soundness € + £ - poly(n*) - 27¢, where
n* = n' + log(n”), against min(8,27")-no-signaling strategies. The resulting MIP uses
k 4+ ¢ - poly(n*) provers.

Furthermore, if the original MIP wverifier runs in time Iy, then the resulting verifier
runs in time Ty + O(L - t - poly(n*)). If the original MIP provers run in time Tp then the
resulting provers run in time Tp+O({-t-poly(2"")). If the original MIP has query alphabet
D and answer alphabet 3 then the resulting MIP has query alphabet DU{0, 1}#PY(™") gnd
answer alphabet ¥ U {0, 1}1PoV (")

The high level approach is to use Lemma 2.49 to transform each oracle query into
an additional MIP with no-signaling soundness and to show that composing these MIP
protocols maintains the no-signaling soundness. The rest of this section is devoted to the
(straightforward and somewhat tedious) proof of Lemma 2.50.

Simulating a single query. To prove Lemma 2.50, we first show that if the oracle
can be computed by an MIP protocol with soundness against no-signaling strategies, then
the oracle queries can be removed one by one (Lemma 2.51). For simplicity and since it
suffices for our purposes, in the following we replace the oracle ¢, : {0,1}* — {0,1}"
with an equivalent oracle ¢, : {0,1}" — {0,1} that returns Boolean valued answers,
where n* = n’ + log(n”). The oracle ¢, on input (z,7) € {0,1}*+°8(") simply outputs
the i-th bit of ¢, (2).

We note that the requirement in Lemma 2.51 will be that the oracle function {¢/ }
can be computed, rather than decided, by an MIP protocol (with soundness against no-
signaling strategies). This means that both the language Ly = {z € {0,1}" : ¢/,(z) = 1}
and the complement language qu have MIP protocols with no-signaling soundness. How-
ever, it will be convenient for us to assume that there is a single protocol for computing
{¢#!,} with no-signaling soundness, a notion that will be defined next. Indeed, as will be
shown in Claim 2.51.3, the existence of MIP protocols with no-signaling soundness for
both L4 and Ly implies a single protocol for computing {¢/,}.
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Multi-prover protocols for computing a function. In a one-round k-prover inter-
active protocol for computing a function f : {0,1}* — {0,1}*, there are k computation-
ally unbounded provers, P, ..., Py, that try to convince a (probabilistic) polynomial-time
verifier, V', of the value of f(x) where the input x € {0,1}* is known to all parties.

The interaction is similar to that in a one-round MIP (see Section 2.4.2). Given x and
her random string, the verifier generates k queries, ¢, ..., qg, one for each prover, and
sends them to the k& provers. The provers respond with answers aq,...,a;. Finally, the
verifier, based on the answers that she receives (as well as the input = and her random
string), either outputs a value (which is supposed to equal f(z)) or outputs a special
abort symbol L.

Denote by D the query alphabet and by X the answer alphabet. We say that
(V, Py,..., Py)is aone-round k-prover protocol for computing f, with soundness € against
d-no-signaling strategies, if the following two properties are satisfied:

1. Completeness: For every « € {0, 1}*, the verifier V outputs f(x) with probability
1, after interacting with Py, ..., Py.

2. Soundness: For every z € {0,1}*, and any d-no-signaling family of distributions
{A}epr (where A, is distributed over X*, for every ¢ € DF), with probability
> 1 — ¢, the verifier V outputs either f(z) or L, where on queries ¢ = (q1, ..., q)
the answers are given probabilistically by (a1, ...,ax) €r A,.

We are now ready to state and prove Lemma 2.51.

Lemma 2.51. Let L be a language and suppose that L has an MIP relative to an oracle
{¢/ : 0,1} — {0,1}}, (where n is the input length) with soundness € against §-no-
signaling strategies. Let k be the number of provers and ¢ > 0 be the number of oracle
queries used by the MIP. Suppose further that the function {¢} can be computed by a
one-round k'-prover protocol with soundness € against §'-no-signaling strategies. Then,
L has an MIP relative to the same oracle {¢,} with € soundness against 6" -no-signaling
strategies where € = e+€ +0" and §" = min(0,"). The resulting MIP uses k+ k' provers
but only ¢ — 1 oracle queries.

Furthermore, if the original MIP wverifier for L runs in time Ty, and the verifier of the
MIP for {¢.,} runs in time T\,, then the resulting verifier runs in time Ty + O(T{, + k'n*).
If the provers of the MIP for L run in time Tp and the provers of the MIP for {¢,} run in
time T} then the resulting provers run in time Tp + O(Tp + n*). If the original MIP has
query alphabet D and answer alphabet ¥ and the oracle MIP has query alphabet D' and
answer alphabet ' then the resulting MIP has query alphabet D" = D U ({0,1}" x D')
and answer alphabet X" = X U Y/ 18

The high level idea is that if the oracle can be computed by a no-signaling MIP
protocol then an oracle query can just be simulated by adding sufficiently many provers
and running the multi-prover protocol for the oracle function with the additional provers.

18Note that we do not assume that D N ({0,1}" x D’) = @ nor that XN X’ = (.
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The no-signaling soundness property guarantees that revealing the oracle query to the
provers does not harm soundness (too much).

Proof of Lemma 2.51. Let (V, Py,..., P;) be the MIP for L relative to the oracle {¢!, :
{0,1} — {0,1}} that has soundness ¢ against J-no-signaling strategies. Let D be
the query alphabet and ¥ the answer alphabet. Let (V' P[,..., P},) be the k’-prover
interactive-protocol for computing {¢! } with soundness ¢ against ¢’-no-signaling strate-
gies. Recall that this means that when interacting with the honest provers, V'(z) outputs
¢!, (2) (with probability 1) and that no §’-no-signaling cheating strategy can convince V'(2)
to output anything other than ¢/ (z) or L, with probability greater than ¢’. Let D’ be
the query alphabet and ¥’ the answer alphabet of (V' P/,..., P},). Let ¥ =X U¥'. It
will be convenient for us to extend the answer alphabets of both protocols to ¥”.*
Since we deal with 1-round protocols, it will be convenient to think of each one of our
verifiers as being composed of two algorithms (that share their randomness) - the query
generation step and the verification step. Specifically, we think of V' as being composed
of two algorithms Vi and V5. The first algorithm, V4, on input z and a random string
r, outputs a sequence of k prover-queries q € D¥ and a sequence of ¢ oracle-queries
q’ € ({0,1}"")*. The second algorithm, V5, on input x, the same random string r, prover
answers a € (X”)* and oracle answers b € {0,1}* outputs a bit representing whether
x € L. Similarly, we think of V' as being composed of two algorithms V{ and Vj. The
first algorithm, V/, on input ¢* € {0,1}"" and a random string s, outputs a sequence of
k' queries w € (D')*". The second algorithm, Vj, on input ¢*, the same random string s,
and answers z € (X")* outputs the result (which is supposed to be equal to ¢/,(¢*)).
We construct an MIP protocol for £ with only ¢ — 1 oracle queries (but using k + &’
provers) as follows. The verifier V" is composed of two steps, where V/” denotes the
query generation step and Vi’ denotes the verification step. The first algorithm, V', on
input x and the random string (r,s), first invokes Vi(x,r) to obtain k prover-queries
q = (q1,---,q¢) € D¥ and ¢ oracle-queries q' = (q},...,q;) € ({0,1}""). For every

i € [k], the query ¢; is sent directly to the i-th prover and the oracle queries g, ..., q;

are sent directly to the oracle ¢/,. The query ¢* o ¢y is handled differently (to avoid

an additional oracle query). The k' additional prover queries are generated by invoking
V!(q*, s), to obtain a sequence of k' queries w = (wy, ..., wy) € (D')¥. For every i € [k']
the query (¢*,w;) is sent to the (k + i)-th prover.

We denote the query alphabet by D” “pu ({0,1}" x D'). For every sequence
w € (D"¥ we denote by @(q*) o (¢ w1), ..., (q",wp) € (D). Thus, the sequence of
queries sent by the verifier is (q, W(q*)) € (D")**¥'.

The honest provers operate as follows. The first k provers operate exactly the same as
the provers Py, ..., Py in the original MIP for £. That is, for every i € [k], the i-th prover,
on input = and query ¢;, answers with a; = P;(z, ¢;). We denote a o (ar,...,a) € (X")*.
The last &’ provers answer their queries as follows. For every i € [K'], the (k + i)-th

19This can be done by having the verifiers reject immediately if they see symbols that are not in their
original alphabets.
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prover, given the query (¢*,w;), answers its query with z; = P/(¢*,w;). We denote

z (21,...,21) € (2.

To decide whether to accept, on input z, the random string (r,s), prover answers
(a,z) € (X")+*  and oracle answers b, . .., by € {0, 1}, the algorithm VJ' first recomputes

¢* from z and r and computes b* aef Vi(q*, s,z). It b* = L, then V] rejects. Otherwise,
V)" outputs the result of Vi(x, 7 a,b), where b = (b*,bs,...,b,). In other words, the
verifier computes the result of the original verification process when the answers to q
are a, the answer to the first oracle query is b* and the answers to the rest of the oracle
queries ¢, . .., q, are (respectively) ba, ..., by.

We first argue that the resulting MIP has perfect completeness and then proceed to
prove soundness against ¢”-no-signaling strategies. To show that completeness holds,
observe that when the verifier V" interacts with the honest provers on input = € L, since
the protocol (V', P{,...,P,) has perfect completeness, it holds that b* = ¢/ (¢*) and
therefore Vi’ runs V, with the correct oracle answers. The completeness of the protocol
follows from the completeness of (V, Py, ..., Fy).

To show that §”-no-signaling soundness holds, assume for a contradiction that there
exists some ¢”-no-signaling cheating strategy {A(XWJ)}(X’W)E( prye+w that fools V' into ac-
cepting x ¢ L with probability €¢’. That is,

17?£ [‘/2//<$, (7”, S)? (a7 Z)? (b27 ey bf)) = 1] Z 6”
(a2)€r(qwe)

where q, ¢*, w, by, ..., b, are constructed as above. Using elementary manipulations we
have that

¢’ < 17?5 [‘/2”(567 (7”, S),(&, Z)’(b%""bf)) = 1]

(a’Z)ERA(q,W(q*))

S [(v;(x, (), (@,2), (ba. - b)) = 1) A (8 # 6, (a)) | +

(a,2)€ RA(q,w(q"))

P [ a,2), (bs, b)) = 1) A (5 = 6,(¢"))]
v

(a,2)€ RA(q,7(q*))

¢ {0l (q"), L}]+

s I
(avZ)ERv‘im,W(q )
P (W (rns) ) (b b)) =)A= 64(0)]  27)
(a,2)€rA(q,w(q%))

where q, ¢*, W, ba, ..., by are as above and b* = VJ(¢*, s,2). Lemma 2.51 follows from the
following two claims (Claim 2.51.1 and Claim 2.51.2), that analyze the last two terms
separately.

Claim 2.51.1.

Pro "¢ {en(d"), L} <¢

(a,2)€RA(q,w(q*))
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Proof. Suppose otherwise. That is:

Pr [Va(q",s,2) ¢ {6,(¢7), L}] > €

(a,2)€ RA(q,w(q*))

Then, by an averaging argument, there exists a fixed value of r for which:

Pr [Vias2) € {6(a). 1)) > ¢ (2.8)

(a,2) € RA(q,w(q*))

where q, ¢* are fixed (based on the value of ), and w = V/(¢*, s). For the rest of the
proof of Claim 2.51.1, we use r,q, ¢* to refer to the foregoing fixed values.

We construct a ¢’-no-signaling strategy B = {B,, }we( prye that on input ¢*, fools V' into
outputting a value that is neither ¢/ (¢*) nor L, with probability > € contradicting our
assumption on the soundness of (V’, Pj, ..., P,). For every w € (D')¥' the distribution
B, is defined by sampling (a, z) €p A(qu(e+)) and outputting z.

To show that B violates the ¢’-no-signaling soundness of (V', P|,..., P},), note that
by Eq. (2.8), the probability that V3, on input ¢*, the random string s and given answers
z €g By, where w = V/(¢*, s), outputs a value that is neither ¢/ (¢*) nor L is at least €.

We proceed to show that B is §-no-signaling. Let S C [k'] and w,w’ € (D')¥, such
that wg = wy. Suppose that the statistical distance between zg and z4 is more than d,
where z €, B,, and z’ € B,/. Hence,

1
§ <= P =p—- P =
66%)3 ZGRIEL[ZS p Z/GR% / i 5]‘
1
= Pr lzs = ] — Pr [z'y = S]] (2.9)
2/36%)5 (2,2)€rAwq.a(a%) (@) €RA § T(qn) °

Let " = {k+i: i € S}. Then, by Eq. (2.9) the projections of the distributions
A(qz(e)) and A 5, to coordinates in S are ¢'-far. Since (q,w(q"))sr = (q,w'(¢"))s’
and 6" < ¢’, this contradicts our assumption that A is 6”-no-signaling.

This concludes the proof of Claim 2.51.1. ]

Claim 2.51.2.

Pr [(vg”(x, (r.5), (a,2), (b, ... . b)) = 1) A (b* = qs;(q*))] <e+d

(a,2)€ RA(q,7(q*))

91



2. DELEGATION FOR P

Proof. Suppose otherwise. Thus, by the definition of V',

e+0"' < Esr [(VQH(L (r,s),(a,z), (b, ..., bp)) = 1) A (b* = Q%L(q*))}
(a,2)€rA(q,w(a*)
= Pr (V' (=, (r,s), (a,2), (ba, ..., b)) =1 | b* = ¢, (q")] - Pr b
(a,2)ERA(q,w(q*)) (8,2)€rA(q,w(g*))
= P Merad@)=1]0=d@)]- P [B'=d)
(a,2)€ RA(qw(e*)) (8,2)€rA(q,w(g*))
= [arad@)=1] (2.10)

T787
(a,2)€rA(q,w(q*))

where q,q’,¢*, w,b" are as above, and ¢/ (q') = (¢ (¢}),...,¢,(q;)) (i.e., the correct
oracle answers).

We argue that Eq. (2.10) contradicts the d-no-signaling soundness of V. Toward this
end, we construct a cheating strategy B = {B, },cpr that fools V into accepting = ¢ L,
with probability > €. Let o € (D”)* be an arbitrary fixed value. For every y € D, the
distribution B, is defined by sampling (a, z) €g Ay, and outputting a.

We first show that B is d-no-signaling and proceed to show that it violates the sound-
ness of (V,Py,...,P). Let S C [k] and x, X' € D* such that ys = x’s. Suppose toward
a contradiction that the statistical distance between ag and al is more than J, where
a cp B, and a' g B,s. Hence,

1
s<g 3 |y las=e =)
,BE(EN)S
1
== Pr Jag=p]— Pr ag = f]|.
2 EE%)S (a,Z)GR.A(X’(,) (a/,z )ER.A(X/ o)

In particular, the projections of the distributions A, and A( ) to coordinates in S
are 0-far. Since (y,0)s = (X', 0)s and §” < §, this contradicts our assumption that A is
0”-no-signaling.

We proceed to show that {B, },cpr fools V into accepting x ¢ £ with probability > e.
Assume for a contradiction that

Pr [Va(w,r,a,d(d)) = 1] < e.

b
a/GRBq

(2.11)

where q, q’ are as above. Combining Eq. (2.10) and Eq. (2.11) we have that:

E Pr

s | (a,2)ERA(q,w(q*))

[Va(w,ra,¢,(d) =1] —  Pr

(a',2")ERA(q,0)

[Va(z,r, ', ¢,(q) = 1]| > "
where q, ¢*,q’, ¢/,(q) are as above and w = V/(q*, s).
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By an averaging argument, there exist fized values for r and s such that:

Pr [W(erad(@)=1- Pr [Wra d(q)=1]>d"

(a,2)€ RA(q,w(q")) (a',2")€rA(q,0)

(2.12)

where q, ¢*,q’, ¢,,(q') and w are fized based on the fixed values of  and s.

Equation (2.12) gives a statistical test that distinguishes between the projections of
the distributions A(qe) and Agw(g+)) to coordinates in [k] with gap > ", contradicting
our assumption that A is §”-no-signaling. Hence, B fools V into accepting x ¢ £ with
probability > €. This concludes the proof of Claim 2.51.2. O]

This concludes the proof of Lemma 2.51. O
To prove Lemma 2.50 we also need the following straightforward claim.

Claim 2.51.3. Let £ be a language and suppose that both L and L (i.e., the complement
language of L) have MIP protocols with soundness € against §-no-signaling strategies.
Assume that each of the MIP protocols uses k provers. Then, there exists a 2k-prover
interactive protocol for computing the function L(z) : {0,1}* — {0,1}, where L(z) =1
if and only if x € L, with soundness € against d-no-signaling strategies. If both of the
ortginal MIP protocols use query alphabet D and answer alphabet 3 then the resulting
2k-prover protocol has query alphabet D and answer alphabet X U{ L}, where L ¢ ¥ is a
special symbol.

Furthermore, if each of the original MIP wverifiers runs in time Ty then the resulting
verifier runs in time O(Ty + k -log(|X])) and if each of the original MIP (honest) provers
runs in time Tp then the resulting provers run in time O(Tp + Ty + log(|X|)), where T,
is the time that it takes for a Turing machine to compute L(x).

Proof. Let (V,Py,...,P,) be the MIP for £ and let (V',P},...,P!) be the MIP for L.
We assume that V' and V' are composed of two algorithms, a query generation algorithm
and a verification algorithm. The query generation algorithm V; (resp., V/) on input x
and a random string r (resp., r’), outputs k queries q = (q1,...,q) € D* (resp., ' =
(¢}, .-.,q),) € D¥). The verification algorithm V5 (resp., V3), on input x, the same random
string r (resp., r’') and k answers a = (ay,...,a;) € XF (resp., a’ = (a},...,a},) € ¥F),
outputs a bit representing whether to accept or reject the statement x € L (resp., x ¢ L).

We construct a 2k-prover protocol for computing L as follows. The first k£ provers
are the same as P, ..., P, except that they first verify that x € £. If z ¢ L, then they
answer with the special symbol L. Similarly, the last k& provers are the same as P, ..., P}
except that they first verify that ¢ L. If x € £, then they send the special symbol L.

On input = and a random string (r,7’) the query generation algorithm V" computes
q = Vi(z,r) and ' = V/(x,7"), where q,q’ € D*. For every i € [k], the query ¢; is sent
to the i-th prover and the query ¢} is sent to the (k + i)-th prover. Given the provers’
answers (a,a’) € (X U {L})*"* the verification algorithm V" works as follows:
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1. If Vo(z,r,a) = 1 and all the entries of a’ are equal to L, then output 1 and halt.?’
2. If VJ(z,r',;a’) =1 and all the entries of a are equal to L, then output 0 and halt.
3. Output L and halt.

To see that completeness holds note that if x € £ then the last k provers will send L
and, by the completeness of (V, Py,..., P;) the verifier will output 1. If z ¢ £ then the
first k provers will send L and, by the completeness of (V’, P, ..., P}), the verifier will
output 0. We proceed to show that soundness against §-no-signaling strategies holds.

Fix z € {0,1}* and assume toward a contradiction that there exists a d-no-signaling
strategy { A} (uu)epr+r such that

Pr [V (z,(r,r'), (a,a)) ¢ {L(z), L}] > ¢,
(2,8")€rd(q.q/)

where q = Vi (z,7) and q' = V{(x,r’). For simplicity let us assume that = ¢ L. The case
that = € L is handled analogously (using the soundness of V', rather than the soundness
of V). Thus,

Pr [Vi(z, (r,r'), (a, @) ¢ {0, L}] 2 .

!
(a a’)ermA
d R a,d’)

In particular, by the definition of V":

Pr Va(z,r,a) = 1] > e (2.13)
(a,a’)e;zA(qﬂ/)

where q = Vi (z,7) and @' = V] (x,r").
By an averaging argument, Eq. (2.13) implies that there exists a fixed value of r’ such
that

Pr Va(z,r,a) = 1] > e (2.14)

r
(a,a/)GRA(qu/)

where @' = V/(z,7’) is a fixed value and q = Vi(z,r). For the rest of the proof of
Claim 2.51.3 we fix ' and ¢’ as above.

We use A to construct a d-no-signaling strategy B = {B,},cp+ that fools V' into
accepting x ¢ L with probability > e. For every u € D*, the distribution B, is defined
by sampling (a,a’) €p A(,q) and outputting a.

We first show that B violates the soundness of V5 and then show that it is d-no-
signaling. Indeed, by the definition of B and using Eq. (2.14) it holds that

Pr [Vo(z,ra) = 1] = Pr [Vo(z,r,a) = 1] > e

acprBq (a,a’)ER.A(qu/)

20Tf one of the entries of a (resp., a’) is L, then we define Va(z,7,a) = 0 (resp., Vy(x,r’,a’) = 0).
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We proceed to show that B is d-no-signaling. Let S C [k] and let ui,us € D* such
that (u1)s = (u2)s, and suppose that the statistical distance between (a;)s and (ag)g is
more than §, where a; € B,, and ay € B,,. Then:

1
— P = — P =
6 < 2 Z a1€R1;3u1[(al)S 5] a2€RIéu2[(a2)S B]‘
BexS
1 Pr [as=8l-  Pr [(a)s =)
=5 r ar)s = p| — r az)s = .
2 IBEES (alﬂall)GR‘A(ul,q’) (ag,aé)GR.A(u}q/)

Thus, the projections of the distributions A(,, o) and Ay, o) to coordinates in S are ¢-far.
Since (u1,q')s = (u2,q’)s, this contradicts our assumption that A is §-no-signaling.
This concludes the proof of Claim 2.51.3. m

Using Lemma 2.49, Lemma 2.51 and Claim 2.51.3 we are ready to prove Lemma 2.50.

Proof of Lemma 2.50. As a first step we replace the oracle {¢, : {0,1}* — {0,1}""}
with a Boolean valued oracle {¢/, : {0,1}"" — {0,1}}, where n* = n/ +log(n”), by having
the oracle ¢/, on input (z,7) € {0, 1}**+°¢("") simply output the i-th bit of ¢,(z). Note
that this step increases the number of oracle queries from ¢ to ¢ - log(n”).

Fix ¢ > 1. Since {¢!,} can be computed in linear (i.e., O(n*)) space, by Lemma 2.49,
the language Ly = {2z € {0,1}* : ¢/(2) = 1} has a poly(n*)-prover MIP with soundness
error poly(n*)-27" against 27 '-no-signaling strategies. The verifier runs in time ¢ - poly(n*)
and the (honest) provers run in time ¢ - poly(2""). The query and answer alphabets are
{0, 1}#Po¥() " Similarly, the complement language Ly can also be computed in space
O(n*) and so it has an MIP with the same parameters.

Thus, by Claim 2.51.3, there exists a poly(n*)-prover interactive protocol for comput-
ing {¢! } with soundness poly(n*) - 27 against 27 '-no-signaling strategies. The verifier of
the resulting protocol runs in time ¢ - poly(n*) and the provers run in time ¢ - poly(2"").
The query and answer alphabets are {0, 1}#Pe(m"),

The lemma follows by applying Lemma 2.51 iteratively £-log(n”) times to the original
MIP for £ to remove all of the oracle queries. The resulting MIP has soundness € +
¢ - poly(n*) - (27" + min(4,27")) against min(d, 2~*)-no-signaling provers. The MIP uses
k4 ¢ - poly(n*) provers. The verifier runs in time 7y + O(¢ - t - poly(n*)) and each prover
runs in time Tp + O(¢ - t - poly(2™")). The query alphabet is D U {0, 1}*P°¥("") and the
answer alphabet is ¥ U {0, 1}pelv(n?) 21 O

2.15 Proof of Theorem 2.4

Using the tools developed in the previous sections, we are finally ready to prove Theo-
rem 2.4.

2INote that the alphabet sizes do not increase on every iteration.
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Theorem 2.4. Suppose that L € DTIME(t(n)), where t = t(n) satisfies poly(n) < t <
exp(n). Then, for any integer (logt)® < k < poly(n), where ¢ is some (sufficiently large)
universal constant, there exists an MIP for L with k-polylog(t) provers and with soundness
error 2% against 27%PWe(®) _no-signaling strategies.

The verifier runs in time n - k?-polylog(t) and the provers run in time poly(t, k). Each
query and answer is of length k - polylog(t).

Proof. Let L € DTIME(t(n)), where poly(n) < t(n) < exp(n). Then, £ € DTISP(t(n), s(n))
where max(n,log(t(n))) < s(n) < t(n). Fix t = t(n) and s = s(n).

Let C,, be a circuit on n inputs of size N = O(t- s) that computes £ and let C!, be the
augmented circuit of size N’ = poly(NV), as described in Section 2.9. Let the parameters
¢ and FF be as defined in Section 2.9.

Let k' < poly(n) be an integer such that 4|F|* < k¥’ < N’. Consider the augmented
PCP of Section 2.9, with respect to C!, and the security parameter k’. Since 4|F|* <
k' < N’ by Lemma 2.46, the PCP verifier has soundness €' against (k;,q, 0')-no-signaling
strategies where:

[F| < 8(log(N")"
log(N')

B loglog(N") 3
k,/
"7 400
6/ — 2—7”/2
Kmaz = k' - polylog(s) - log(t)|F| + 12&"¢|F|?
1
"

Recall that this PCP is relative to an oracle ¢ : F¢ — F (see Section 2.5 and Sec-
tion 2.9). As noted in Section 2.5.2.1, the total number of PCP queries as well as the
total number of oracle queries is at most 6&'¢|F|*> < k’polylog N’ and the running time of
the verifier is k’polylogN'. As noted in Section 2.5.1.1 (see also Section 2.9), the PCP can
be generated in time poly(N’). The query alphabet is of size at most poly(N’) and the
answer alphabet is of size |F| < polylogN'.

As a first step, we transform the PCP into an MIP. By applying Lemma 2.47, we
obtain an MIP (relative to the same oracle) with soundness € against ¢’-no-signaling
strategies. The MIP uses k.. < k’'polylogN’ provers and k’polylog N’ oracle queries. The
query and answer alphabets remain unchanged. The running time of the MIP verifier
is: O(k'polylog N’ + k4. log N') < k’polylogN’. The running time of each MIP prover is
poly(N').

Recall that gzg’ = gisx + ggc/ + ngextm where q@x, ggc/, ngextm are the low degree extensions
of ¢r, ¢ and Perira respectively (see Section 2.5 and Section 2.9). As our second step,
we replace the use of the oracle ¢f’ in the MIP with the oracle ggc/ + éemtm. This is done
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by replacing each oracle query ¢ (2), by first querying the new oracle (qgc/ + éextm)(z)
and adding g%x(z), which is computed directly by the verifier, to the result. As noted in
Section 2.5, the function (;Ex can be evaluated in time n - polylogN’. Thus, the resulting
verifier runs in time k’polylog N’ + (k’polylog N’) - (npolylogN") < n -k’ - polylogN" and all
other parameters of the MIP remain unchanged.

At this point we apply Lemma 2.50 to obtain an MIP without an oracle. Note that,
as pointed out in Section 2.5 (resp., Section 2.9), the function b (resp., q@mtm) can
be computed in space that is linear in its input (i.e., O(log(|F|*)) = O(log N') space).
Therefore, we can apply Lemma 2.50, with respect to a parameter ¢t = logy(1/4’), to
obtain an MIP without an oracle that has soundness € against d-no-signaling strategies
where

€ =€ + K'§'polylogN’
b=10

The resulting MIP uses k’polylog N" provers. The resulting MIP verifier runs in time
n - k" - polylogN’ + O(k'polylog N" log(1/8)polylogN") < n - k’* - polylog N
and the resulting provers run in time
poly(N') + O(K'polylogN" - log(1/6) - poly (291 M) < poly(N").

The query alphabet is of size poly(N') 4 2!08(1/9)-polylog(N") < ok"-polylogN" a1\ the answer
alphabet is of size polylog N’ + 210(1/0)-polylog(N") < 9k’-polylogN"
The theorem follows by setting k' = k - polylog N and noting that N’ = poly(t).?* [

2.16 From No-Signaling MIP’s to One Round Argu-
ments

In this section we show how to transform any MIP that has soundness against no-signaling
strategies into a 1-round argument system, using a fully-homomorphic encryption scheme
(FHE) (or alternatively, a computational private information retrieval (PIR) scheme).

Theorem 2.11. Suppose that the language L has an ¢ prover MIP that has € sound-
ness against 6-no-signaling strategies. Let D be the query alphabet and X be the answer
alphabet of the MIP. Let 7 = 7(n) > max (¢,log(|3]),log(|D|)) be a security parame-
ter, where n denotes the input length of the MIP. For every S = S(1) > 7 such that
S > max(n, 2¢1°80ED) and &' = §'(7) such that &' < 6/(, if there exists an (S, ')-secure
FHE, then the language L has a 1-round argument system with soundness (S, €).

If the MIP werifier runs in time Ty, then the running time of the resulting verifier
is Ty + Tene(T) where Trye is a polynomial that depends only on the encryption scheme

22Note that we assumed that k' < N’. If this is not the case then we can increase N’ by adding
sufficiently many dummy gates to the circuit C,.
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(and not on the language L). If the running time of each MIP prover is Tp, then the
running time of the resulting prover is poly(Tp,T, n) The total communication in the
resulting argument-system is of length poly(T).

Proof. Let (V,Py,...,FPy) be an ¢ prover MIP for £ with soundness € against J-no-
signaling strategies. Let D be the query alphabet and ¥ be the answer alphabet. Since
(V,Py,...,FP) is a 1-round protocol, it will be convenient for us to think of V' as being
composed of two algorithms that use the same randomness, V; and V5. The first algo-
rithm, V4, on input  and the random string r outputs a sequence of ¢ queries q € D’.
The second algorithm, V5, on input x, the same random string r and answers a € X*
outputs a bit that represents whether it believes that = € £. We assume without loss of
generality that the provers algorithms P, ..., P, are deterministic.

Let (Gen, Enc, Dec, Eval) be an FHE and let 7 = 7(n) be a security parameter. We use
the MIP and FHE to construct an argument system (V' P’) as follows. The verifier, given
as input z, first invokes V; on input x and a random string r to obtain a sequence of ¢
queries q = (qi, ..., q.) € D' Then, for every i € [{], the verifier invokes Gen(17), where
7 = 7(|z|), to obtain a key-pair (pk;,sk;). The verifier then runs Ency (¢;) to obtain a

ciphertext §;, for every i € [(]. We denote pk = (pky, ..., pk,), and q o (G1,---,qe). The
verifier sends (pk,q) to P’

The prover P’ is given as input x and a message (pk,q) from the verifier. For every
i € (], let Cp; : D — X be a Boolean circuit that on input ¢ computes the function
P(z,q). For every i € [{], the prover P’ computes a; = Eval(pk;, C,;, ;). The prover

sends 4 & (G1,...,ap) to the verifier.
The verifier V', given the message a from the prover, computes a; = Decg, (a;), for
every ¢ € [(]. The verifier outputs the result of Va(z, (ay,...,as),r), where r is the same

random string used by V; to generate the queries.
We proceed to show that (V’, P’) is an argument system with soundness (5, ¢€) (see
definition in Section 2.4.8).

Completeness. Let x € L. By the construction and the correctness of the FHE proto-
col, for every i € [] it holds that a; = P;(z, ¢;), with overwhelming probability. When V5
is invoked with the answers of the honest provers Py, ..., P, by the (perfect) completeness
of the MIP, the verifier V' outputs 1. Hence, V' accepts with overwhelming probability.

Soundness. Let {P!},cn be a family of circuits of size at most poly(S(n)) such that
there exist infinitely many = ¢ £ such that
Pr[(PL, V') (z) = 1] > ¢, (2.15)

||

where (P*

||’

V’)(x) denotes the output of V' after interacting with the prover P
common input x (and the probability is over the random coins of V’). We show a con-
tradiction by constructing a d-no-signaling (cheating) strategy that fools the underlying

MIP verifier V' into accepting some x ¢ £ with probability greater than e.

|OH

98



2.16 From No-Signaling MIP’s to One Round Arguments

For every z ¢ L, consider an MIP prover strategy A® &f {Aff)}qe pe, where for

every q = (qi1,...,q) € D’ the distribution Aﬁf) is sampled as follows. First, for every
i € [(] invoke Gen(17), where 7 = 7(|z|), to obtain (pk;,sk;) and compute ¢; €z Encpy, (¢:)-
Then, compute a = (aq,...,a;) €g P‘*;l(:c, (pk,q)), where pk = (pky,...,pk,) and q =

(G1,---,qe), and for every i € [{], set a; = Decg,(a;). Finally, output a def (a1, ...,a).
By the definition of A®@ and V' and using Eq. (2.15), for infinitely many = ¢ £, it
holds that
Pr [Vo(z,a,7) =1]=Pr [(P[;‘, V)(z)=1] >

aGRA((-f)

where q = Vj(z,7). It remains to be shown that for all sufficiently large = ¢ L, the
strategy A® is §-no-signaling.

We need to prove that for all sufficiently large x, every S C [¢], and every two sequences
of queries q = (q1,...,q) € D' and ' = (¢}, ..., q)) € D’ such that qs = d% (i.e., ¢; = ¢/
for all ¢ € §), the following two distributions are d-close:

e ag where a €p Aff); and

e al, where a’ €p A((;).

Toward this end, assume for a contradiction that for infinitely many x this is not the
case. That is, for infinitely many x, there exist corresponding S, q, ' and a distinguisher
D, such that

Pr [D.(ag) =1 - Pr [D.(ay) =1] >4. (2.16)

aeRAff) a’eRAf;f)

Since D, takes as input a string of length at most ¢ - log(|X]), it can be implemented by
a circuit of size at most poly(2¢°¢(=D)) We use {D,}, to construct a family of circuits
{C,}, that breaks the security of the underlying FHE scheme.

For every = as above and for 7 = 7(|z|), let C, be a circuit that takes as input a set
of public-keys {pk;}icig\s (With respect to security parameter 7) and a set of ciphertexts
{ci}icips- We show that the circuit C, distinguishes between the case that (1) each ¢;
was sampled from Ency (¢;); and the case that (2) each ¢; was sampled from Encpy ().
The circuit C, works as follows:

1. For every i € S, sample (pk;,sk;) €r Gen(17) and ¢; €r Ency,(gi). Set pk =
(pk1,...,pk¢) and ¢ = (¢1,...,¢0) (note that for i ¢ S, the values pk; and ¢; are
given as input to the circuit).

2. Compute a of (Gyy...,00) = P‘”;l(:v, pk, c), where Pl’;|(35, pk, c) denotes the output

of P given as input z and a message (pk,c). (Note that z is fixed inside the
description of C..)

3. For every i € S, set a; = Decgy, (G;).

4. Output D,(ag) where ag = (a;);es-

99



2. DELEGATION FOR P

Note that C. has size poly (2°1°8(=) 7 5(7), |z]) < poly(S(7)).

By Eq. (2.16), the circuit C, distinguishes between the two cases with probability &
for infinitely many values of 7. By a standard hybrid argument we obtain a circuit that
breaks the semantic security of the encryption scheme with distinguishing gap at least
d/¢ > §'(7) in contradiction to our assumption. Thus, we obtain that for all sufficiently
large = ¢ L, the prover strategy A®@ is §-no-signaling and the lemma follows. m

2.17 Delegation for P

Using all the results above, we are ready to prove Theorem 2.8.

Theorem 2.8. Suppose that L € DTIME(t(n)), where t = t(n) satisfies poly(n) < t <
exp(n). Let 7 = 7(n) be a security parameter such that log(t) < 7 < poly(t). Let
S = S(1) > 7 such that 20°6®)° < § < 2PN gpg § < M) here ¢ is some

sufficiently large universal constant. If there exists an (S, 2fvl°gs) -secure FHE, then L

. _ Vlog 8 i 3 .
has a 1-round argument system with soundness (S, 2 P°'V'°€<i>>. The verifier runs in time

n-log(S)-polylog(t)+poly(7) and the prover runs in time poly(t). The total communication
is of length poly(T).

Proof. Suppose that £ € DTIME(¢t(n)), where t = t(n) satisfies poly(n) < t < exp(n).
Let 7 = 7(n) be a security parameter such that log(t) < 7 < poly(t). Let S = S(7) such

that 2008 < § < 9polv(m) and § < 2max(n7) where ¢’ = 2(c + ¢’), the constant c is as
in Theorem 2.4 and ¢’ is some sufficiently large universal constant. Let 0 L 9-viogS and

=y (b—vé‘(’tg)i,. Note that by the restriction on S, and our setting of k£ and 4, it holds that:

1. (log(1))" < k < poly(n).
2. S > max (n, 2k2p°'y'°g(t)).

3.0 < 2—kpo|y|og(t)‘

(where the latter two conditions are obtained by setting ¢ to be a sufficiently large
constant).

By applying Theorem 2.4 (with respect to the parameter k) to the language L, we
obtain an MIP for £ with k - polylog(t) provers and with soundness error 2% against
2~ k-polvlog(t)_po_signaling strategies. The verifier of the MIP runs in time n- k2 - polylog(t) <
n -log(S) - polylog(t) and the provers run in time poly(¢, k). Each query and answer is of
length k - polylog(t).

Assume that there exists an (.59, 6)-secure FHE. By Theorem 2.11 (and our setting of
k, S and 4), we obtain that £ has a 1-round argument system with soundness (.9,27%).
The running time of the verifier is n - log(.S) - polylog(¢) + poly(7) and the running time
of the prover is poly(t). The total communication is of length poly(7).

O
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Replacing FHE with PIR. As noted in the introduction, Theorem 2.11 and Theo-
rem 2.8 can be based on the assumption that a (sufficiently hard) PIR scheme exists
rather than a full-blown FHE. Indeed, instead of encrypting the MIP queries, the verifier
can send them encapsulated inside PIR queries. The prover, instead of homomorphically
evaluating the MIP prover algorithm on encrypted queries, can pre-compute the answers
to every possible query and answer according to a corresponding PIR database. However,
one must be careful since in the straightforward implementation, the running time of the
prover is exponential in the communication complexity of the underlying MIP. This is a
real concern in our protocol since the MIP has poly-logarithmic communication complex-
ity (which translates to a quasi-polynomial running time of the prover). We resolve this
issue by noting that the next message function of the prover depends only on a logarithmic
number of bits and therefore the PIR database can be constructed in polynomial-time.
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Appendix for Chapter 2

2.A Computing LDE over Characteristic 2 Fields

Recall that G is a finite field of characteristic 2, Hg C G is an arbitrary subset of G and
mg 1s the dimension.

Proposition 2.52. There ezists a Turing Machine that runs in time poly(|G|"¢) and
space O(mg - log(|G|) + polylog(|G|)) and outputs a Boolean circuit of depth O(mg -
log(|G|) + logmg - polylog(|G|)) and size poly(|G|™=) that on input a truth table of a
function a : HZ'® — {0, 1} outputs the truth table of the LDE & : G™¢ — G of a.

Proof. By the proof of Proposition 2.1,

6(z)= Y Aule)-al) (217

xGH(gLG

where each Bx can be computed by an arithmetic circuit (over G) of depth O(log(mg) +
log(|Hg|)) and size poly(|Hg|, mg) and each arithmetic circuit can be generated (by a
Turing Machine) in time poly(|Hg|, mg,log |G|) and in space O(log(|G|) + log(mg)).

Since the field operations can be implemented by Boolean circuits of depth polylog(|G|)
and size polylog(|G|), we can replace each arithmetic circuit by a Boolean circuit of depth
polylog(|G|) - log(mg) and size poly(|Hg|, mg,log(|G|)). Each Boolean circuit can be
generated in time poly(|Hg|, mg,log(|G|)) and in space O(polylog(|G|) + log(mg)).

The sum of the terms in Eq. 2.17 can be computed by an arithmetic circuit of depth
O(log(|Hg|™e)) and size O(|Hg|™¢). Moreover, since addition over G can be computed
by a constant depth (fan-in 2) Boolean circuit (because G has characteristic 2), the sum
can be computed by a Boolean circuit of depth O(log(|Hg|™¢)) and size polylog(|G|) -
O(|Hg|™e). The latter Boolean circuit can be generated in time polylog(|G|) - O(|Hg|™®)
and space O(log(|Hg|™®)). O
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Chapter 3

Non-interactive Proofs of Proximity

3.1 Introduction

Understanding the power and limitations of sublinear algorithms is a central question
in the theory of computation. The study of property testing, initiated by Rubinfeld
and Sudan [RS96] and Goldreich, Goldwasser and Ron [GGR9S]|, aims to address this
question by considering highly-efficient randomized algorithms that solve approximate
decision problems, while only inspecting a small fraction of the input. Such algorithms,
commonly referred to as property testers, are given oracle access to some object, and are
required to determine whether the object has some predetermined property, or is far (say,
in Hamming distance) from every object that has the property. Remarkably, it turns out
that many natural properties can be tested by making relatively few queries to the object.

Once a model of computation has been established, a fundamental question that arises
is to understand the power of proof-systems in this model. Recall that a proof-system
consists of a powerful prover that wishes to convince a weak verifier, which does not
trust the prover, of the validity of some statement. Since verifying is usually easier than
computing, using the power of proofs, it is often possible to overcome limitations of the
basic model of computation. In this paper we study proof-systems in the context of
property testing, with the hope that by augmenting testers with proofs we can indeed
overcome inherent limitations of property testers.

Thus, we are interested in proof-systems in which the verifier reads only a small
fraction of the input. Of course we cannot hope for such a verifier to reject every false
statement. Instead, as is the case in property testing, we relax the soundness condition
and only require that it be impossible to convince the verifier to accept statements that
are far from true statements. Such proof-systems were first introduced by Ergiin, Kumar
and Rubinfeld [EKR04] and were recently further studied by Rothblum, Vadhan and
Wigderson [RVW13] who were motivated by applications to delegation of computation
in sublinear time. Rothblum et al. [RVW13] showed that by allowing a property tester
to interact with an untrusted prover (who can read the entire input), sublinear time
verification is indeed possible for a wide class of properties. As in the property testing
framework, the tester is only assured of the proximity of the input to the property and
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hence such protocols are called interactive proofs of prozimity (IPPs).

3.1.1 The Notion of MAP

In this work, we also consider proofs of proximity, but restrict the verification process
to be non-interactive. In other words, we augment the property testing framework by
allowing the tester full and free access to an (alleged) proof. Such a proof-aided tester
for a property II, is given oracle access to an input x and free access to a proof string w,
and should distinguish between the case that z € Il and the case that x is far from II
while using a sublinear number of queries. We require that for inputs x € II, there exist
a proof that the tester accepts with high probability, and for inputs x that are far from
IT no proof will make the tester accept, except with some small probability of error.

This type of proof-system can be viewed as the property testing analogue of an NP
proof-system (whereas IPP is the property testing analogue of IP). However, in contrast to
polynomial-time algorithms, sublinear time algorithms inherently rely on randomization.*
Since an NP proof-system in which the verifier is randomized is known as a Merlin-Arthur
(MA) proof-system, we call these sublinear non-interactive proof-systems Merlin-Arthur
proofs of proximity or simply MAPs.

Following the property testing literature, we consider the number of queries that the
tester makes as the main computational resource. We ask whether non-interactive proofs
can reduce the number of queries that property testers make, and if so by how much. (We
note that [RVW13] showed that it is possible to significantly reduce the query complexity
of property testers using interactive proofs, but their proof systems rely fundamentally
on two-way interaction.)

Given the (widely believed) power of proofs in the context of polynomial-time com-
putation, one would hope that proofs can help decrease the number of queries that is
needed to test various properties. This is indeed the case. In fact, for every property II,
consider a proof-system for the statement x € II, wherein the proof w is simply equal to
x. In order to verify the statement, the tester need only verify that indeed w € II and
that w is close to x (i.e., that the relative Hamming distance between w and x is a small
constant). The former check can be carried out without any queries to z, whereas for the
latter a constant number of queries suffice. Thus, using a proof of length linear in the
input size, any property can be tested using a constant number of queries (furthermore,
the tester has one-sided error). In contrast, there exist properties for which linear lower
bounds on the query complexity of standard property testers are known (cf. [GGR98)).

The foregoing discussion leads us to view the proof length, in addition to the number
of queries, as a central computational resource, which we should try to minimize. Thus,
we measure the complexity of an MAP by the total amount of information available to
the tester, namely, the sum of the MAPs query complexity (i.e., the number of queries
that the tester makes) and proof complexity (i.e., the length of the proof). In this work

Tt is not difficult to see that the sublinear time deterministic computation or even verification is
limited to trivial properties (cf. [GS10Db]).
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we study the complexity of MAPs in comparison to property testers and to the recently
introduced IPPs.

A Concrete Motivation. We note that the non-interactive nature of such proof-
systems may have significant importance to applications such as delegation of computa-
tion. Specifically, consider a scenario wherein a computationally weak client has reliable
query access to a massive dataset x. The client wishes to compute a function f on z,
but its limited power, along with the massive size of the dataset, prevents it from doing
so. In this case, the client can use a powerful server (e.g., a cloud computing provider)
to compute f(z) for it. However, the client may be distrustful of the server’s answer
(as it might cheat or make a mistake). Thus, an MAP for f can be used to verify the
correctness of the computation delegated to the server: Given access to z, the server can
send the value y = f(z), together with a proof of proximity that ascertains that x is close
to a dataset x’ for which f(z') = y. The latter can be verified using an MAP verifier that
makes only a small number of queries to x.

We emphasize that the advantage in using non-interactive proofs of proximity (rather
than interactive ones) is not only in removing the need for two-way communication, but
also: (1) the proof can be “annotated” to the dataset by the server in a cheap off-line
phase; and (2) the proof can be re-used for multiple clients.

The Computational Complexity of Generating and Verifying the Proof. As
noted above, we view the number of queries and proof length as the main computational
resources. It is natural to also consider the computational complexity of generating and
verifying the proof. However, in this work our main focus is on the query and proof
complexities. Still, we note that unless stated otherwise, our protocols can be imple-
mented efficiently; that is, the proof can be generated in polynomial-time and verified in
sublinear-time.

Comparison with PCPs of Proximity. PCPs of proximity (PCPPs), first studied
by Ben-Sasson et al. [BSGH"06] and by Dinur and Reingold [DRO6] (where they are
called assignment testers) are also non-interactive proof-systems in which the verifier has
oracle access to an object, and needs to decide whether the object is close to having a
predetermined property. However, PCPPs differ from MAPs in that the verifier is only
given query (i.e., oracle) access to the proof, whereas in MAPs, the verifier has free
(explicit) access to the proof. Indeed, in contrast to MAPs, the proof string in PCPPs is
typically of super-linear length (but only a small fraction of it is actually read at random).
Thus, PCPPs may be thought of as the PCP analogue of property testing, whereas MAPs
are the NP analogue of property testing.

In fact, considering a variety of non-interactive proof-systems that differ in whether
the main input and the proof are given explicitly or implicitly (i.e., via query access or
free access), leads to the taxonomy depicted in Table 3.1. Interestingly, the three other
variants, corresponding to NP, PCP and PCPP, have all been well studied. Thus, we view
the notion of MAPs as completing this taxonomy of non-interactive proof-systems.
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Access to Proof

Access to Main Input No Proof Free Access Oracle Access
Free Access P NP or MA PCP
Oracle Access Property Testers MAP (this work) PCPP

Table 3.1: Taxonomy of non-interactive proof-systems.

3.1.2 The Power of MAP

The first question that one might ask about the model of MAPs is whether proofs give
a significant savings in the query complexity of property testers (indeed, such savings
are the main reason to introduce a proof-system in the first place). Given the above
discussion on the importance of bounding the proof length, we seek savings in the query
complexity while using only a relatively short proof. Our first result shows that indeed
there exists a property for which a dramatic saving is possible:

Informal Theorem 3.1 (see Theorem 3.7). There exists a (natural) property that has
an MAP that uses a logarithmic-length proof and only a constant number of queries, but
requires n®9% queries for every property tester.

Here and throughout this work, n denotes the length of the object being tested.

Having established an exponential separation between property testers and MAPs,
we continue our study of MAPs by asking how many queries can be saved by slightly
increasing the length of the proof. The following result shows a property for which a
smooth multiplicative trade-off, which is (almost) tight, between the number of queries
and length of the proof holds:

Informal Theorem 3.2 (see Theorem 3.13). There exists a (natural) property I such
that for every p > 1, there is an MAP for 11 that uses a proof of length p and makes
9% queries. Furthermore for every p, the trade-off is (almost) tight.

Recall that for property testers huge gaps may exist between the query complexity of
testers that have one-sided error and the query complexity of testers that have two-sided
error (where a one-sided tester is one that accepts every object that has the property
with probability 1). Notable examples for properties for which such gaps are known are
Cycle-Freeness in the bounded degree graph model (see [CGR12]) and p-Clique in the
dense graph model (see [GGRI8]). In contrast, we observe that such gaps can not exist
in the case of MAPs.

Informal Theorem 3.3 (see Theorem 3.20). Any two-sided error MAP can be converted

to have one-sided error with only a poly-logarithmic overhead to the query and proof
complexities.
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Since every property tester can be viewed as an MAP that uses an empty proof, as
an immediate corollary, we obtain a transformation from every two-sided error property
tester into a one sided MAP that uses a proof of only poly-logarithmic length (with
only a poly-logarithmic increase in the query complexity). Moreover, since (as noted
above) there are well-known properties for which one-sided error property testing is
exponentially harder than two-sided error property testing, Informal Theorem 3.3 implies
an exponential separation between MAPs (with poly-logarithmically long proofs) and one-
sided error property testing. We note that Informal Theorem 3.1 shows such a separation
for the more general case of two-sided error.

We note that all of the explicit properties that were discussed thus far are properties
“with distance”; that is, properties for which every two objects that have the property
are far apart. In other words, the set of objects forms an error-correcting code. This
distance, along with a form of local self-correction, is a crucial ingredient of the foregoing
MAPs. In contrast, all of the properties described next are properties “without distance”.
Hence, the power of MAPs is not limited to properties with distance.

MAPs for parameterized concatenation problems. We identify a family of natural
properties, for which it is possible to construct efficient MAPs, by using a generic scheme.
Specifically, for every problem that can be expressed as a parameterized concatenation
problem, we show how to construct an efficient MAP that allows a trade-off between the
query and proof complexity. Loosely speaking, a property II is a parameterized concate-
nation problem if IT = II,, x --- x 1I,,, for some integer k, where each property Il,, is a
property parameterized by «;.

Using this generic scheme, we obtain MAPs for a couple of natural problems, including:
(1) approximating the Hamming weight of a string, and (2) graph orientation problems.
(For more details, see Section 3.6).

MAPs for graph properties. To see that MAPs are also useful for testing graph prop-
erties, we consider the problem of testing bipartiteness in the bounded-degree graph model.
We construct an MAP protocol for verifying bipartiteness of rapidly-mixing graphs, with
proof complexity p and query complexity g, for every p and ¢ such that p- ¢ > N (where
N is the number of vertices in the graph). In particular, we obtain an MAP verifier that
uses a proof of length N?/3 and makes only N'/? queries. This stands in contrast to the
Q(\/N ) lower bound on the query complexity of property testers (which do not use a
proof), shown by Goldreich and Ron [GR02], which also holds for rapidly-mizing graphs.
We remark that in [RVW13] a (multi-round) IPP was given for the same problem (see
Section 3.7).

We note that in the dense graph model, testing bipartiteness (or more generally k-
colorability) can be easily done using only O(1/¢) queries (where € represents the desired
proximity to the object) when given a proof that is simply the k-coloring of the graph
(which can be represented by N log, k bits where N is the number of vertices and k is the
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number of colors).” In contrast, for standard property testers such query complexity is
impossible (see [BT04]). We note that a similar protocol (described as a PCPP) for testing
bipartiteness in the dense graph model was suggested in [EKXR04] and in [BSGH™06].

MAPs for sparse properties. If a property is relatively sparse, in the sense that it
contains only ¢ objects, then a proof of length log, ¢ (which fully describes the object) can
be used, and only O(1/¢) queries suffice to verify the proof’s consistency with the object.
Using this observation we note that testing k-juntas and k-linearity can be verified using
only O(1/e) queries and a proof of length O(klogn), whereas a lower bound of Q(k)
queries is well-known for standard property testers (cf. [Blal0]).

3.1.3 The Limitations of MAP

In the previous section, we described results that exhibit the power of MAPs. But what
are the limitations of MAPs? As discussed above, a proof of linear length suffices to
reduce the query complexity to O(1/¢). Moreover, Informal Theorem 3.1 shows that
even a logarithmically long proof can be extremely useful for a specific property. Thus,
it is natural to ask whether a sublinear proof can reduce the query complexity for every
property. The following result shows that for almost all properties, even a proof of length
n/100 cannot improve the query complexity by more than a constant factor.

Informal Theorem 3.4 (see Theorem 3.22). For almost all properties, every MAP ver-
ifier that uses a proof of length n/100 must make Q(n) queries.”

Although Theorem 3.22 holds for most properties, finding an explicit property for
which a similar statement holds remains an interesting open question. We note that
Informal Theorem 3.4 improves upon a result of Fischer et al. [FGL14] (see discussion in
Section 3.1.5).

Since Informal Theorem 3.4 shows that even a relatively long proof cannot help in
general for every property, one might ask whether there are specific properties for which
short proofs do suffice. As was shown in Informal Theorem 3.1, this is indeed the case
and a logarithmically long proof allows for an exponential improvement in the query
complexity for a specific property. But can an even shorter, say constant-size proof,
help? Unfortunately, the answer is negative since an MAP with query complexity ¢ and
proof complexity p can be emulated by a property tester that enumerates all possible
proofs and makes a total of 0(2” - q) queries. Still, are there any further limits to how
proofs can help a tester?

We first note that the ability to query the object in a way that depends on the proof is
essential to the power of MAP. In contrast, consider proof-oblivious queries MAPs, which
are MAPs in which the verifer’'s queries are independent of the provided proof. Such

ZNote that the size of the tested object is N2, and so N log, k is sublinear in the input size. In order
to verify this proof, the verifier chooses O(1/¢) edges at random and accepts if all are properly colored.

3In fact, we show a general additive tradeoff between proof and query complexities, that is, every
MAP verifier that uses a proof of length p must make Q(n — p) queries.
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MAPs can be viewed as a two step process in which the verifier first (adaptively) queries
the object and only then it receives the proof and decides whether to accept or reject
based on both the answers and the proof. We say that such MAPs have proof oblivious
queries. The following result shows that MAPs with proof-oblivious queries can provide
at most a quadratic improvement over standard property testers.

Informal Theorem 3.5 (see Theorem 3.19). If a property 11 has an MAP that makes
q proof oblivious queries and uses a proof of length p, then 11 has a property tester that
makes O(q - p) queries.

By Informal Theorem 3.1, the restriction to proof oblivious queries is a necessary pre-
condition for Informal Theorem 3.5 (and indeed, the MAP verifier of Informal Theorem 3.1
must make proof-dependent queries).

Having inspected the relationship between MAPs and property testing, we proceed
to consider the relationship between MAPs and IPPs. Recall that MAPs are actually a
special case of IPPs in which the interaction is limited to a single message sent from the
prover to the verifier. When comparing MAPs and IPPs it is natural to compare both the
query complexity and the total amount of communication with the prover (which in the
case of MAPs is simply the length of the proof).

The following theorem shows that IPPs are stronger than MAPs not only syntactically
but also in essence. We show that even 3-message IPPs may have exponentially better
query complexity than MAPs (while using the same amount of communication). More-
over, we show that IPPs with poly-logarithmically many messages of poly-logarithmic
length can also have exponentially better communication complexity.

Informal Theorem 3.6 (see Theorem 3.16 and Theorem 3.17). There exists a property
IT such that on the one hand, any MAP for II with proof of length n®*9t°) has query
complezity n®*9°W) " and on the other hand, I has:

1. A 3-message IPP that makes polylog(n) queries while using a total of n°49+e(1)

communication.

2. An IPP with only polylog(n) query and communication complexities but using a
poly-logarithmic number of messages.

3.1.4 Techniques

Several of our results (in particular Informal Theorems 3.2 and 3.6) are based on a
specific algebraic property, which we call Sub-Tensor Sum and denote by TensorSum (c.f.
[LEKN92]). Let IF be a finite field and let H C F be an arbitrary subset. We consider
m-variate polynomials over F that have individual degree d. The TensorSum property
contains all such polynomials whose sum on H™ equals 0.* That is, TensorSum contains
all polynomials P : F™ — F of individual degree d such that

Z P(z) = 0.

rzeH™

4The choice of the constant 0 is arbitrary.
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Selecting |F|,m,d and |H| suitably (as poly-logarithmic functions in the input size n =
|F|"™), we obtain the following roughly stated upper and lower bounds for TensorSum (for
the formal statements, see the technical sections):

1. PT: The query complexity of testing TensorSum (without a proof) is @ (n%999+e(1)
queries.

2. MAP: The MAP complexity of TensorSum is © (%4991} Moreover, for every
p > 1, the MAP query complexity of TensorSum with respect to proofs of length p

. 0.999+0(1)
o 6 (2

p

3. IPP[3]: TensorSum has a 3-message IPP with query complexity polylog(n) and
communication complexity O (n%49+o)).

4. IPP: TensorSum has an IPP with query and communication complexities polylog(n).
However, in contrast to Item 3, this IPP uses poly-logarithmically many messages.

To get a taste of our proofs, consider the (relatively) simple case wherein we restrict
the TensorSum property to dimension m = 2 and a field F of size y/n (i.e., bivariate
polynomials over a field of size \/n). Naturally, we call this variant the Sub-Matriz Sum
property and denote it by MatrixSum. Note that MatrixSum contains all polynomials
P :F? — F of individual degree d = |F|/10 such that

Z P(z,y) =0.

r,yeH

As an MAP proof to the claim that the polynomial P is in MatrixSum, consider the

univariate polynomial Q(x) aof ZyeH P(z,y). To verify that P is indeed in MatrixSum
the verifier acts as follows:

L If Y oy Q(z) # 0, then reject.

2. Verify that P is (close to) a low degree polynomial and reject if not. This can be
done with O(d) queries via the classical low degree test (see Theorem 3.30).

3. Verify that () is consistent with P. Since both are low degree polynomials, it suffices
for the verifier to check that Q(r) =>_ _. P(r,h) for a random r € F.

yeH

Actually, a technical difficulty arises from the fact that P can only be verified to
be close to a low degree polynomial. The naive solution of reading every point
via self-correction is too expensive in the case of MatrixSum. While it is possible to
overcome this difficulty using a slightly more sophisticated technique (to appear in a
forthcoming revision), the naive solution suffices for our actual setting of parameters
(for TensorSum) and so we ignore this difficulty here.
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By setting |H| = O(|F|) we obtain an MAP with proof and query complexity O(y/n)
(since n = |F|?). Using more sophisticated techniques in the same spirit, we obtain both
MAP and IPP upper bounds for the TensorSum problem.’

Parameterized Concatenation Problems. Our techniques for showing MAPs for
properties that do not have distance (and a structure that allows for self-correction)
differ from the above. One class of problems that we consider is that of parameterized
concatenation problems. Such properties consists of strings that are a concatenation of
substrings, where each substring satisfies a particular parameterized property. The actual
parameterization is not known a priori to the tester, and so an MAP proof that simply
provides this parameterization turns out to be quite useful. Given this parameterization,
the MAP verifier can simply test each substring individually (or a random subset of
these substrings). Actually, in order to solve the problem more efficiently, the different
substrings are tested with respect to different values of the proximity parameter by using
a technique known as precision sampling (see survey [Goll4, Appendix A]).

Verifying Bipartiteness of Well-Mixing Graphs. Our MAP protocol for proving
bipartiteness of a given well-mizing graph G = (V, E) of size N = |V| proceeds as follows.
The proof consists of a subset W C V' of vertices that are allegedly on the same side of
the graph. The verifier selects a random vertex s € V' and takes roughly N/|W| random
walks of length ©(logn), starting at s. The verifier rejects if two of the walks pass through
vertices of the set W, where the lengths of the paths from s to these vertices of W have
opposite parities. Indeed, such walks cannot occur in bipartite graphs, assuming that all
vertices in S are on the same side.

We show that if the graph is rapidly mixing and far from bipartite, then, for a
O(1/log(N)) fraction of vertices s € W, the probability that a random walk starting
in s will end in W with odd (respectively, even) parity is roughly |W|/N. Since the
verifier takes N/|W| random walks starting in s, with constant probability, it will detect
a violation and reject. The analysis of our protocol is inspired by [GR02|. Interestingly,
in contrast to the analysis of the rapidly-mixing case in [GR02], our analysis crucially
relies on the random selection of the starting vertex.

Lower Bounds via MA Communication Complexity. As for our property test-
ing lower bounds, we base these on the recently introduced technique of Blais, Brody
and Metulef [BBM11]. The [BBM11] methodology enables one to obtain property test-
ing lower bounds from communication complexity lower bounds. To obtain MAP lower
bounds, we extend the [BBM11]| framework. We show that lower bounds on the MA
communication complezity of a communication complexity problem related to a property
IT can be used to derive lower bounds on the MAP complezity of II.

5We use TensorSum rather than MatrixSum because we do not know how to obtain an IPP nor a full
trade-off between proof and query complexities for MatrixSum.
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MA communication complexity, introduced by Babai, Frankl and Simon [BFS86], ex-
tends standard communication complexity by adding a third player, Merlin, who sees
both the input z of Alice and y of Bob and attempts to convince them that f(z,y) =1
where f is the function that they are trying to compute. We require that if f(x,y) indeed
equals 1, then there exist a proof for which Alice and Bob output the correct value (with
high probability), but if f(z,y) = 0, then no proof will cause them to output a wrong
value (except with some small error probability).

In order to show lower bounds for MAP we are thus left with the task of showing
lower bounds for related MA communication complexity problems. Fortunately, Klauck
[K1a03] showed a strong lower bound for the set-disjointness problem, which we use in our
reductions. Additionally, we extend a recent result of Gur and Raz [GR13b] who give an
MA communication complexity lower bound on the classical problem of Gap Hamming
Distance.

We note that nearly all of the lower bounds shown in [BBM11] are proved via reduc-
tions from the communication complexity problems of set-disjointness and gap Hamming
distance. Since these communication complexity problems have known MA communica-
tion complexity lower bounds (cf. [Kla03, GR13b]), these reductions, together with our
extension of the [BBM11] framework to MAPs, gives MAP lower bounds for the problems
studied in [BBM11] (e.g., testing juntas, Fourier degree, sparse polynomials, monotonic-
ity, etc.).

Lower Bounds via the Probabilistic Method. Lastly, to prove Informal Theo-
rem 3.4, which shows a property that requires 2(n) queries even from an MAP that
has access to a proof of length n/100, we use a technique that is inspired by [GGRIS],
and also uses ideas from [RVW13]. In more detail, we note that MAPs can be repre-
sented by a relatively small class of functions. Since this class of functions is small, using
the probabilistic method, we argue that a “random property” (chosen from an adequate
distribution) fools every MAP verifier in the sense that the verifier cannot distinguish
between a random input that has the property and a totally random input (which will
be far from the property).

3.1.5 Related Works

The notion of interactive proofs of proximity was first considered by Ergiin, Kumar and
Rubinfeld [EKR04] (where it was called approximate interactive proofs). More recently,
Rothblum, Vadhan and Wigderson [RVW13] initiated a systematic study of the power
of this notion. Their main result is that all languages in NC have interactive proofs
of proximity with query and communication complexities roughly /n, and polylog(n)
communication rounds. On the negative side, [RVW13] show that there exists a language
in NC! for which the sum of queries and communication in any constant-round interactive
proof of proximity must be polynomially related to n.

The study of interactive proofs-systems (in the polynomial-time setting), of which the
class MA is a special case, was initiated in the seminal works of Goldwasser, Micali and
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Rackoff [GMR89] and Babai [Bab85]. In the last decade, MA proof-systems were intro-
duced for various computational models. There is a rich body of work in the literature
addressing MA communication complexity protocols (e.g., [Kla03, GS10a, Klall, Shel2]).
Aaronson and Wigderson [AW09] used MA communication complexity lower bounds to
show that, for many fundamental questions in complexity theory, any solution will re-
quire ‘non-algebraizing” techniques. In addition, in a recent line of research, the data
stream model was extended to support several interactive and non-interactive proof
systems. The model of streaming algorithms with non-interactive proofs was first in-
troduced in [CCMO09] and extended in [CMT13, GR13b, CCGT13]. Moreover, Cor-
mode et al. [CMT12] have made a significant step toward a practical implementation
of the generic interactive proof-system of Goldwasser et al. [GKRO08] for delegation of
data stream computation.

Relation to Partial Testing [FGL14]. Independently of this work, Fischer, Gold-
hirsh and Lachish [FGL14] introduced the notion of partial testing, which is closely related
to MAPs. A property II is a said to be II'-partially testable, for II" C II, if inputs in IT’
can be distinguished from inputs that are far from II by a tester that makes only few
queries. As pointed out by [FGL14], an MAP(p, q) for a property II is equivalent to the
existence of sub-properties Iy, . .., IIy» C II such that UcprIl; = IT and for every i € [27],
the property II is II;-partially testable using ¢ queries.

In our terminology, the main result of [FGL14] is that there exists a (natural) property
IT such that every MAP(p, q) for IT must satisfy that p - ¢ = Q(n). In contrast, Informal
Theorem 3.2 shows a different property IT" for which p - ¢ = Q(n%%%). However, we also
show an (almost) matching upper bound for our property II' (see Informal Theorem 3.2).
We also note that Informal Theorem 3.4 (see Theorem 3.22), which was discovered follow-
ing the publication of [FGL14], shows a property for which every MAP(p, ¢) must satisfy
p+ q = Q(n); that is, if p = n/100, then ¢ = Q(n). We note that the latter result also
resolves (a natural interpretation of) a question asked by [FGL14, Open Question 1.4].°

Applications of our Work and Follow-Up Works. Our work has also found appli-
cations in unrelated studies. For example, in the study of sample-based testers, Goldreich
and Ron [GR15a] used the separation between the power of MAPs and property testers
(see Theorem 3.7) in order to show that proximity-oblivious testers do not necessarily
imply fair proximity-oblivious testers (where fair proximity-oblivious testers are such in
which every query is almost uniformly distributed). Another example is an application
for testing dynamic environments. Specifically, the separation between the power of stan-
dard MAPs and MAPs with proof-oblivious queries (see Lemma 3.6 and Theorem 3.19)
was used to show that time-conforming testers can be exponentially weaker than their
non-time-conforming counterparts (see [GR14] for details). In addition, following the pub-
lication of this work, Goldreich, Gur, and Komargodski [GGK14] improved on Informal

6Loosely speaking, in the terminology of [FGL14], Theorem 3.22 implies that for every r there exists
a property II that can be tested with r queries, but every partition of II into k properties Iy, ..., I,
such that IT is Pj-partially testable with O(1) queries, must satisfy that & = 29().
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Theorem 3.1 by tightening the separation between MAPs and testers (see Section 3.3.1
for more details).

Non-Deterministic Testing of Graphs Last, we note that Alon et al. [AFNS06]
discussed the notion of non-deterministic property testing of graphs, which was formally
stated recently by Lovasz and Vesztergombi [LV12], and further studied by Gishboliner
and Shapira et al. [GS13]. This model is a form of PCP of proximity in which both the
proof and verification procedure are restricted to be of a particular form.

3.1.6 Organization

This paper’s organization differs from the order in which our results were reviewed in the
introduction, so that technically related results are grouped together. In Section 3.2 we
formally define MAPs and property testers (which are essentially MAPs with an empty
string). In Section 3.3 we formally state and prove all of our separation results, whereas
in Section 3.4 we prove our general transformation results. In Section 3.5 we show a
property that is hard for MAPs even given a (relatively) long proof. In Section 3.6 we
consider MAPs for concatenation problems and in Section 3.7 we show our MAP for
verifying bipartiteness of rapidly-mixing graphs in the bounded degree model. Important
background material is provided in Section 3.A.

3.2 Definitions

In this section we formally define Merlin-Arthur proofs of proximity. We start by intro-
ducing some relevant notations and standard definitions.

A property may be defined as a set of strings. However, since we mostly consider
properties that consist of (non-Boolean) functions, it will be useful for us to use the
following (also commonly used) equivalent definition.

For every n € N, let D,, and R,, be sets. For simplicity we use the convention that
D,, = [n] (and R, will usually be of size much smaller than n). Let F, be the set of
all functions from D,, to R,,. A property is an ensemble II = U,y II,,, where II,, C F,,.
In the (rare) case that we test properties of strings (rather than functions), we view the
n-bit string = as a function I, : [n] — {0, 1} where I,(i) = z; for all i € [n]. For the rest
of this work, it will sometimes be convenient for us to refer to Il as a problem (rather
than a property), where we actually refer to the testing problems that are associated with
IT (and are defined in the following subsections).

Let z,y € ¥" be two strings of length n € N over a (finite) alphabet ¥.. We define the
(absolute) distance of z and y as A (x,y) o {z; £y + 1 €[n]}]. If A(z,y) <e-n, then
we say that x is e-close to y, and otherwise we say that x is e-far from y. We define the
distance of x from a set S C X" as A (z,5) o minges A (z,y). If A(z,S) <e-n, then
we say that z is e-close to S and otherwise we say that x is e-far from S. We extend these
definitions from strings to functions, while identifying a function with its truth table.
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Notation. For a finite set S, we denote by x € S a random variable x that is uniformly
distributed in S. We denote by A/(x) the output of algorithm A given an explicit input
x and implicit (i.e., oracle) access to the function f. Last, given a binary string s, we
denote its Hamming weight by wt(z).

Integrality Issues. Throughout this work, for simplicity of notation, we use the con-
vention that all (relevant) integer parameters that are stated as real numbers are implicitly
rounded to the nearest integer.

3.2.1 Merlin-Arthur Proofs of Proximity

We are now ready to define Merlin-Arthur proofs of proximity.

Definition 3.1. A Merlin-Arthur proof of proximity (MAP) for a property I = U,enIl,
consists of a probabilistic algorithm V', called the verifier, that is given as explicit inputs an
integer n € N, a proximity parameter € > 0, and a proof string w € {0,1}*; in addition,
it 1s given oracle access to a function f € F,. The verifier satisfies the following two
conditions:

1. Completeness: For everyn € N and f € 11, there exists a string w (referred to as
a proof or witness) such that for every proximity parameter ¢ > 0:

Pr [V/(n,e,w) =1] >2/3.
where the probability is over the random coin tosses of the verifier V.

2. Soundness: For every n € N, function f € F,, string w, and proximily parameter
e >0, if f ise-far from 11, then:

Pr [V/(n,e,w) =1] <1/3.
where the probability is over the random coin tosses of the verifier V.

If the completeness condition holds with probability 1, then we say that the MAP has
a one-sided error and otherwise we say that it has two-sided error.

We note that MAPs can be viewed as a restricted form of the interactive proofs of
proximity, studied by [RVW13] (see Section 3.2.2 for the definition of IPP).

An MAP is said to have query complexity ¢ : N x Rt — N if for every n € N, ¢ > 0,
f € F, and any w € {0,1}*, the verifier makes at most ¢(n,e) queries to f. The
MAP is said to have proof complexity p : N — N if for every n € N and f € II,, there
exists w € {0,1}?(™ for which the completeness condition holds.” If the MAP has query

complexity ¢ and proof complexity p, we say that it has complexity ¢(n, ) o q(n,e)+p(n).

"Without loss of generality, using adequate padding, we assume that there is a fixed proof length p(n)
for objects of size n. The latter can be complemented by restricting the soundness condition to hold
only for strings of length p(n) (rather than strings of arbitrary length), since the verifier can immediately
reject proofs that have length that is not p(n).
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For every pair of functions ¢ : N x R™ — N and p : N — N, we denote by MAP,(p, q)
(resp., MAP1(p, q)) the complexity class of all properties that have an MAP with proof
complexity O(p), query complexity O(q) and two-sided error (resp., one-sided error). We
also use MAP as a shorthand for the class MAP,.

Note that we defined MAPs such that the proofs do not depend on the proximity
parameter €. Since our focus is on demonstrating the power of MAPs (and our lower
bounds refer to fixed valued of the proximity parameter), this makes our results stronger.
Nevertheless, see Section 3.2.1 for a discussion of the alternate notion, in which the proof
may depend on the proximity parameter.

Proof oblivious queries. An aspect of MAP proof-systems, which turns out to be
very important, is whether the queries that the verifier makes depend on the proof. An
MAP in which the queries do not depend on the proof may be thought of as the following
two step process:

1. The verifier is given oracle access to the object being tested. The verifier’s queries
may be adaptively generated (based on answers to previous queries).

2. After getting answers to all of its queries, the verifier is given explicit and free access
to the proof string (which is chosen obliviously of the verifier’s queries). Based on
the queries, answers and the proof, the verifier decides whether to accept or reject.

The foregoing discussion gives rise to the following definition.

Definition 3.2. An MAP wverifier for a property 11 C { F,,}, is said to make proof oblivious
queries if for every n € N, function f € F,, proximity parameter € > 0, random string
r and two proof string w,w' € {0,1}*, the MAP werifier, given oracle access to f, the
random string r and explicit access to n,e, and given either the proof string w or w',
makes the same sequence of queries.

MA proximity-oblivious testing. We also present an MA version of proximity-oblivious
testing (defined in [GR11]). Loosely speaking, a proximity-oblivious tester (POT) is a test-
ing algorithm that satisfies the following conditions: (1) it is oblivious of the proximity
parameter ¢ (i.e., it does not get € as part of its input) and (2) it rejects statements that
are e-far from true statements with probability that is some increasing function of €. A
standard property tester can be obtained by repeating the POT sufficiently many times.
We give a definition of one-sided error MA proximity-oblivious testers, and note that

a two-sided error variant of MA proximity-oblivious testers can be defined similarly to
[GS12].

Definition 3.3. Let p: (0,1] — (0, 1] be some increasing function. A (one-sided error)
MA proximity-oblivious tester for a property 11 = U;enIl,, with detection probability p con-
sists of a probabilistic verifier V' that is given as explicit inputs an integer n € N and a
proof string w € {0,1}*, and is given oracle access to a function f € F,. The verifier
satisfies the following two conditions:
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1. Completeness: For everyn € N and f € 11, there exists a proof w such that:
Pr [V/(n,w) =1] = 1.

2. Soundness: For every n € N, function f € F,,, and proof w, if f is e-far from 11,
then:
Pr [V/(n,w) = 0] > p(e).

(In both conditions the probability is over the random coin tosses of the verifier V'.)

We remark that a few of the MAPs presented in this work are based on corresponding
MA proximity-oblivious testers. The most notable example is the MAP in Theorem 3.9.

MAPs with Proximity-Dependent Proofs We defined the notion of MAPs such
that the proof of proximity is oblivious of the proximity parameter e. However, it is also
natural to consider a relaxation of MAPs wherein the proof of proximity may depend
on the proximity parameter. In fact, one can consider two levels of relaxation: (1) the
content of the proof but not its length may depend on the proximity parameter, and (2)
both the contents and the length of the proof may depend on the proximity parameter.
We note that the first possibility is almost equivalent to the standard definition of MAP,
since it always suffices to refer to only a logarithmic number of values of € (i.e., ¢ = 2!
for all ¢ € [logn]), and concatenate the proofs for these values, thus obtaining a standard
MAP with only a logarithmic overhead to the proof complexity.

Property Testing The standard definition of property testing may be derived from
Definition 3.1 by restricting both the completeness and soundness conditions to hold
when the proof length is fixed to 0. Hence, MAPs are a strict syntactic generalization of
property testers. We will always refer to a tester that uses a proof as an “MAP verifier”
and reserve “tester” solely for (standard) property testers that do not use a proof.

For a property Il and a proximity parameter ¢ > 0, we denote by PT.(II) the min-
imum, over all testers T for II, of the query complexity of T" with respect to proximity
e. For every function ¢ : N x R* — N, we denote by PTy(q) (resp., PTi(q)) the class
MAP2(0, q) (resp., MAP1(0,q)). We also use PT as a shorthand for the class PTs.

For a detailed introduction to property testing, see the surveys [Ron08, Ron09] and
the collection [Goll0a].

3.2.2 Interactive Proofs of Proximity

In this section we define interactive proofs of proximity, following Rothblum et al. [RVW13].
For two interactive algorithms A and B, we denote by (Af, B/)(x) the output of (say)
A when interacting with B when both algorithms are given x as an explicit input and
implicit (i.e., oracle) access to the function f.

80ur definition of IPP slightly differs from that of [RVW13] in that they consider the absolute distance
of objects from the property rather relative distance. (Needless to say, we take this into account when
discussing their results.)

119



3. NON-INTERACTIVE PROOFS OF PROXIMITY

Definition 3.4. An interactive proof of proximity system (IPP) for a property 11 is an
interactive protocol with two parties: a (computationally unbounded) prover P and a
verifier V, which is a probabilistic algorithm. The parties send messages to each other,
and at the end of the communication, the following two conditions are satisfied:

1. Completeness: For every e >0, n € N, and f € 11, it holds that,
Pr [V, PT)(n,e) = 1] > 2/3.
where the probability is over the coin tosses of V.

2. Soundness: For every e > 0, n € N, f € F, that is e-far from 11,, and for every
computationally unbounded (cheating) prover P* it holds that

Pr [(V/,P*)(n,e) =1] < 1/3.
where the probability is over the coin tosses of V.

If the completeness condition holds with probability 1, then we say that the IPP has a
one-sided error and otherwise the |IPP s said to have a two-sided error.

An IPP is said to have query complexity ¢ : N x Rt — N if for every n € N, ¢ > 0,
f € F,, and any prover strategy P*, the verifier makes at most ¢(n,€) queries to f when
interacting with P*. The IPP is said to have communication complexity ¢ : N x R* — N
if for every n € N, ¢ > 0 and f € II,, the communication between } and P consists of
at most ¢(n, €) bits. If the IPP has query complexity ¢ and communication complexity ¢,
we say that it has IPP complexity ¢ + c.

For every pair of functions ¢, ¢ : NxR™ — N, we denote by IPPy(¢, q) (resp., IPP{(c, q))
the complexity class of all properties that have an IPP with communication complexity
O(c), query complexity O(q) and two-sided error (resp., one-sided error). We also use
IPP as a shorthand for the class IPPs.

An important parameter of an IPP is the number of messages m sent between the
two parties. We denote by IPP[m|(c, q) the set of properties that have m-message IPP
protocols in which the verifier uses at most O(c) bits of communication, and makes at
most O(q) oracles queries.

3.2.3 Useful Conventions

The proximity parameter. We view the proximity parameter as a function € = £(n).
For simplicity we assume that e(n) is a non-increasing function.

Our definition of MAPs requires that soundness hold with respect to every value of
e > 0. However, throughout this work we sometimes find it convenient to restrict the
proximity to € € (0, ) for some constant ¢y € (0,1). We note that latter type of MAPs
can be extended to the more general form by simply running the base tester with respect
to proximity ¢’ = min(e, g9) (incurring only a constant overhead).
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Implicit input length and proximity parameter. Throughout this work, for sim-
plicity of notation, we use the convention that the input length n and proximity parameter
e are given implicitly to all testers and verifiers (e.g., when we write T/ we actually mean
T (n,e)).

3.3 Separation Results

In this section we explore the power of MAP verifiers in comparison to other types of
testers, such as property testers and IPP verifiers and present properties that exhibit a
separation between these different types of testers.

In Section 3.3.1 we show an exponential gap between the complexity of PT and MAP.
In Section 3.3.2 we show a problem that has an MAP with an (almost) tight multi-
plicative tradeoff between the proof length and number of queries. In Section 3.3.3 we
consider 3-message IPP verifiers and show that they may have exponentially smaller
query complexity than MAP verifiers (when using a proof of similar length). Finally,
in Section 3.3.4 we also show an exponential gap between the total complexity (i.e.,
query plus proof/communication complexities) of MAP and general IPP (which uses a
poly-logarithmic number of messages).

3.3.1 Exponential Separation between PT and MAP

In this section we show an exponential separation between the power of property testing
and MAP. Roughly speaking, we show a property that requires roughly n%%? queries
for every property tester but has an MAP that, while using a proof of only logarithmic
length, requires only a constant number of queries. We prove the following incomparable
variants of this result.

Theorem 3.7. For every constant o > 0, there exists a property 11, that has an MAP that
uses a proof of length O(logn) and makes poly(1/e) queries for every e > 1/polylog(n),
but for which every property tester must make Q(n'~*) queries. Furthermore, the MAP
has one-sided error.

A limitation of the foregoing theorem is that the proximity parameter is required to be
larger than 1/polylog(n). We also consider two incomparable variants of Theorem 3.7 that
let us handle general values of . In Theorem 3.8 we do so but at the cost of increasing
the MAP query complexity to depend poly-logarithmically on n.

Theorem 3.8. For every constant o > 0, there exists a property 11, that has an MAP
that uses a proof of length O(logn) and makes poly(logn, 1/¢) queries, but for which every
property tester must make Q(n'=%) queries. Furthermore, the MAP has one-sided error.

The above separation results refer to the general (i.e., two-sided error) classes PT and
MAP,. As noted in the introduction, a more restricted separation between the one-sided
error classes (i.e., between PT; and MAP;) can be obtained by using Theorem 3.20. We
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remark that the preliminary technical report [GR13¢] also contained a proof of the follow-
ing (incomparable) variant, which can handle all values of the proximity parameter while
using poly(1/¢) query complexity, at the cost of having a smaller (yet still exponential)
gap between the power of property testers and MAPs.

Theorem 3.9 ([GR13c]). There exists a universal constant ¢ € (0,1) and a property I1
that has an MAP that uses a proof of length O(logn) and makes poly(1/¢) queries (without
limitation on €), but for which every property tester must make n queries. Furthermore,
the MAP has one-sided error.’

A different proof of Theorem 3.9 is sketched in [FGL14] who, using a result of
Alon et al. [AKNS00], showed a property that requires Q(y/n) queries (without a proof)
but can be tested using only O(1/¢) queries and a proof of length O(logn).

Follow-Up Work. Following the publication of this work, Goldreich, Gur, and Komar-
godski [GGK14] improved the separation between MAPs and testers, achieving the best
of Theorems 3.7 to 3.9 simultaneously; that is, they obtain a separation for all values of
the proximity parameter, with constant query complexity for the MAPs, and nearly-linear
query complexity for testers.

Theorem 3.10 ([GGK14]). For every constant o > 0, there a property I, that has an
MAP that uses a proof of length O(logn) and makes poly(1/e) queries (without limitation
on €), but for which every property tester must make n'=% queries. Furthermore, the
MAP has one-sided error.

In the next subsections we will show two lemmas (Lemmas 3.5 and 3.6) that allow
us to reduce the problem of separating the power of MAPs and testers to the problem
of designing error-correcting codes that are both locally testable and locally decodable.
Theorems 3.7 to 3.10 are then obtained by instantiating Lemmas 3.5 and 3.6 with such
codes. Since the codes of [GGKI14] improve upon the codes that are used to obtain
Theorems 3.7 to 3.9, we omit the more involved proof of Theorem 3.9, which consists of a
construction of a code with the desired properties (see technical report [GR13¢] for details
and proof). We provide the proofs of Theorems 3.7 and 3.8, which are instantiations of
Lemmas 3.5 and 3.6 for known codes.

3.3.1.1 Our Approach

The proof of Theorem 3.7 is heavily based on error correcting codes. Recall that a code
is an injective function C' : ¥¥ — X" over an alphabet X. The relative distance of the
code is the minimal relative distance between every two (distinct) codewords, and the
stretch of the code is n when viewed as a function of k. Further necessary background is
provided in Section 3.A.3.

9We remark that the proof of Theorem 3.9 can be adapted to yield an MA prozimity-oblivious tester
(see Definition 3.3) for II.
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As discussed in the introduction, the complexities of property testers and MAP veri-
fiers with proof oblivious queries are polynomially related (see Theorem 3.19). Thus, in
order to show an exponential separation between PT and MAP, one has to use an MAP
for which the queries inherently depend on the proof. That is, the property II should
satisfy the following:

1. II can be efficiently verified by an MAP in which the queries are “strongly affected”
by the proof;

2. II is hard for property testers (and hence for MAPs with proof oblivious queries).

Thus, intuitively, we seek a property that is based on a “hidden structure” that can
be tested locally if one knows where to look but cannot be tested locally otherwise.

As a first (naive) candidate, consider the property containing the set of all non-zero
strings. A short proof for this property could direct us to the exact location of a non-zero
bit, which can then be verified by a single query. However, the aforementioned property
is (almost) trivial — as all strings are close to a string with a non-zero bit. Hence, we
seek a robust version of this property.

This naturally leads us to consider an encoded version of the foregoing naive property.
Fix an error-correcting code C' and consider the property that contains all codewords that
encode non-zero strings. Assuming that the code is both locally testable and locally de-
codable (i.e., both an LTC and an LDC, see Section 3.A.3), it is easy to test this property
using an MAP that simply specifies a non-zero coordinate of the encoded message. How-
ever, this property may also be easy to test without a proof since all one needs to do is
test that the string is not the (single) encoding of the zero message but is (close to) a
codeword.

To overcome this difficulty, we consider a “twist” of the foregoing property in which
we consider two codewords that must be non-zero on the same coordinate. That is, for
every code C, we define the encoded intersecting messages property, denoted by EIM¢ as:

EMe & {(C(2),C(y)) : z,y €S, keNand Ji € [k] s.t. ;£ 0 and y; # 0},
where we assume that 0 € 3. We note that we could have slightly modified our definition
by requiring that z; = y; = 1 (where the choice of 1 is arbitrary) rather than x;,y; # 0.
Another notable variant is obtained by requiring that > = {0, 1}; then the property EIM¢
contains all pairs of codewords whose corresponding encoded messages (viewed as sets)
intersect (i.e., are not disjoint).

For the lower bound, we only require that C' have constant relative distance and the
quality of the lower bound is directly related to the stretch of the code. For the upper
bound, in addition to the constant relative distance, we need C to be both an LTC and
an LDC with small query complexities. Indeed, the query complexity of the MAP that
we construct is proportional to the number of queries required by the LTC and LDC
procedures.

It is well-known that (a suitable instantiation of) the Reed-Muller code is both an LTC
and LDC with polylog(n) query complexities, and almost linear stretch. By instantiating
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EIM with this code, we can obtain Theorem 3.8; namely, a property that has an MAP
with a proof of length O(logn) and polylog(n) query complexity, but requires an almost
linear number of queries by any (standard) property tester.

In order to obtain a result with constant MAP query complexity (as in Theorem 3.7),
we need a code that is both an LTC and an LDC, with constant query complexities. While
LTCs with constant query complexity (and almost linear stretch) are known, constructing
LDCs with constant query complexity (and polynomial stretch) is a major open problem in
the theory of computation. However, we observe that for our construction it actually suf-
fices that C be a relazed-LDC. Relaxed-LDCs, introduced by Ben-Sasson et al. [BSGH06],
are a weaker form of LDCs in which the decoder is allowed to output a special abort symbol
L in case it is unable to decode a corrupt codeword. However, the decoder is not allowed
to abort when given as input a correct codeword. We refer the reader to Definition 3.27
for the formal definition.

Ben-Sasson et al. [BSGHT06] used PCPPs to construct an O(1)-relaxed-LDC with
almost linear stretch. Furthermore, [BSGH'06] argue that their relaxed-LDC is also
a poly(1/¢)-LTC. However, the LTC property only holds for proximity parameter ¢ >
1/polylog(n). Thus, using the [BSGH'06] code, we (only) obtain Theorem 3.7. In
addition, by combining ideas and results of [BSGH06] and [GS06] we construct an
O(1)-relaxed-LDC that is also a poly(1/¢)-LTC for general values of ¢ > 0, albeit with
polynomial (rather than almost linear) stretch. Using the latter result, which may be of
independent interest, we obtain Theorem 3.9.

Organization. In Section 3.3.1.2 we show that for every code C : £¥ — ¥ that is a
ti-relaxed-LDC and a ¢,-LTC, it holds that EIMc € MAP (log k, t1(n/2) +t2(n/2,2/2)). In
Section 3.3.1.3 we show an Q(k/log|X|) lower bound on the query complexity of testing
EIM¢ (without a proof of proximity). In Section 3.3.1.4 we state the result of [BSGH'06]
and derive Theorem 3.7, and in Section 3.3.1.5 we prove Theorem 3.8 using an appropriate
instantiation of the Reed-Muller code.

3.3.1.2 An MAP Upper Bound for EIM

Lemma 3.5. Let C' : ¥F — X" be a code with constant relative distance that is a t-
relazed-LDC and also a to-LTC. Then, EIMc € MAP; (logk, t1(n/2) + t2(n/2,£/2)).

Proof. We prove Lemma 3.5 by showing an MAP proof-system for proving proximity
to EIMc. The proof of proximity for the statement (C(z),C(y)) € EIM¢ is simply a
coordinate i € [k]| such that the messages = and y are non-zero i (i.e., z;,y; # 0). Given
the proof ¢ and oracle access to a pair of strings («, 3), it suffices for the verifier to check
that both a and j3 are close to codewords (using the LTC property) and if so to reconstruct
the i*" symbol of the underlying messages (using the relaxed-LDC property). (Lastly, it
verifies that both symbols are non zero.)

The full protocol is described in Fig. 3.1, where dy € (0, 1) denotes the relative distance
of C, and § € (0,9/2) denotes the decoding radius of C' (i.e., strings that are J-close to
codewords are correctly decoded by the relaxed-LDC procedure).
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MAP for EIM¢c (where C' : Yk 5 Y7 is a tq-relaxed-LDC and a to-LTC)

Input: a proximity parameter ¢ € (0,26) (where § is the decoding radius) and oracle access to
a pair (a, ) € X",

The Proof:

e Let x,7 € X* be the unique messages encoded in « and 3, respectively; that is, C(z) = a
and C(y) = B. Denote the i** symbol of x by x;, and the i*" symbol of y by ;.

e The proof consists of a coordinate i € [k] such that x; # 0 and y; # 0 (which exists, for
(a, B) € EIMQ).

The Verifier:

1. Run the local testing algorithm of C' on v and on 8 with respect to proximity parameter
£/2 and reject if either test rejects.

2. Run the (relaxed) local decoding algorithm of C' to obtain the i*" message symbol of «,
denoted o, and the i*" message symbol of 3, denoted .

3. Accept if both o # 0 and 7 # 0, and reject otherwise.

Figure 3.1: MAP for EIM¢

Since the code is a t;-relaxed-LDC and a ¢5-LTC, the query complexity of the MAP
is 2t1(n/2) + 2t2(n/2,e/2), and the proof complexity is log, k. We proceed to show that
both completeness and soundness hold.

Completeness. If (o, 3) € EIM,, then there exist x,y € ¥* such that a = C(z) and
B = C(y), and therefore the local testing algorithm succeeds. Since the proof consists of
a coordinate ¢ for which x;,y; # 0, and the local decoding algorithm always succeeds, the
MAP verifier always accepts.

Soundness. Suppose that (a, ) is e-far from EIM¢s and let @ € [k] be some alleged proof
to the false statement («, 5) € EIM¢. There are two possible scenarios to consider:

1. either a or g are £/2-far from C; or
2. both o and  are ¢/2-close to C.

In the first case, with probability at least 1/2, the local testing algorithm will fail and
therefore the MAP verifier rejects with probability at least 1/2. We proceed to the second
case.

Suppose that both a and f are e/2-close to the code. Then, there exist unique
z,y € ¥ s.t. ais €/2-close to C(x) and 3 is £/2-close to C(y), where uniqueness holds
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since €/2 < & < d0p/2. However, since (o, ) is e-far from having the property EIM¢,
this implies that either z; = 0 or y; = 0 (where i is the alleged proof). Thus, when
running the relaxed local decoding algorithm (since €/2 < §), with probability at least
2/3, the decoder will output either 0 or L on one of the two codewords (with respect to
coordinate 7), in which case the verifier rejects. We conclude that in both scenarios the
verifier rejects with probability at least 1/2. O

3.3.1.3 A PT Lower Bound for EIM

Next, we show a that the query complexity of property testing the EIM property must
be linear in k.

Lemma 3.6. Let C : XF — " be an error-correcting code with relative distance at least
do € (0,1). Then, for any ¢ € (0,00/2) it holds that:

PT.(EIM¢) = Q(k/log |3|)

The proof of Lemma 3.6 uses the framework of [BBM11] for showing property testing
lower bounds via communication complexity lower bounds. The necessary background on
communication complexity is provided in Section 3.A.1 (for a comprehensive introduction
to communication complexity, see [KN97]).

The basic approach of [BBM11] is to reduce a hard communication complexity prob-
lem to the property testing problem for which we want to show a lower bound. We
follow [BBM11] by showing a reduction from the well-known communication complexity
problem of set-disjointness. The aforementioned framework allows us to obtain a lower
bound on the query complexity of testing the encoded intersecting messages property.

For sake of self containment, we state the relevant definitions and lemmas that we
need from [BBMI11].

Definition 3.7 (Combining operators). A combining operator is an operator ¢ that takes
as input two functions f,g: D — R (where D and R are some finite sets) and returns

a function hy,. We denote by |¢] log2 |R|. The combining operator is called simple if
hyq(z) can be computed from z, f(x) and g(x) (i.e., without requiring access to f and g).

Let II be a property, and let ¥ be a combining operator. For every integer n € N and
proximity parameter € > 0, we denote by CH the communlcatlon complexity problem
wherein Alice gets a function f, and Bob gets a function ¢,'" and their goal is to decide
whether ¥(f, g) € IT or ¥(f, g) is e-far from IT1."" Next, we state the main lemma from
[BBM11].

10More formally, the parties get as input strings that represent the truth table of the functions.

HDue to the symmetrical definition of the communication complexity model, it is unimportant which
of these cases (i.e., ¢ € II or ¢ that is e-far from II) is viewed as a YES-instance of II. In contrast, see
Footnote 13.
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Lemma 3.8. For any simple combining operator 1, any property I and any prozimity
parameter € > 0, we have that:

ccclh)
PT.(IT) > ————
2[¢|
where PT.(II) refers to the query complexity of the property I1 with respect to prozimity
e and CC(C) refers to the communication complezity of C (see Section 3.A.1).

Recall that the set-disjointness problem is the communication complexity problem
wherein Alice gets an n-bit string z, Bob gets an n-bit string y, and their goal is to
decide whether there exists 7 € [n] such that x; = y; = 1. Equivalently, Alice and Bob’s
inputs can be viewed as indicator vectors of sets A, B C [n]. In this case, the goal of the
players is to decide if the sets corresponding to their inputs intersect or not. Following
many works in the literature we consider the promise problem (sometimes also called
unique disjointness) in which the intersection is of size at most 1. That is, the two
parties need to distinguish between the case that their intersection is empty, and the case
that it is of size exactly 1. We denote the latter problem by DISJ,,.

It is well-known (see Section 3.A.1) that the randomized communication complexity
of the set-disjointness problem is linear in the size of the inputs, even under the promise
that A and B intersect in at most one element.

Theorem 3.11 ([KS92]). For every n € N,
CC(DISJ,) = Q(n).
Using the aforementioned results, we are ready to prove Lemma 3.6.

Proof of Lemma 3.6. Let C : ¥* — X" be an error-correcting code with relative distance
do € (0,1) where we assume without loss of generality that {0,1} C . Denote by Pair
the operator that takes two strings z,y € ¥* and returns a function z : [k] — 3 that
outputs (z;,y;) on input i € [k]. Consider CEL';:'E, the communication complexity problem
wherein Alice gets a string € ¥*, Bob gets a string y € ¥*, and their goal is to decide
whether (z,y) € EIM¢ or (z,y) is e-far from EIMs. Using the results of [BBMI11] (see

Lemma 3.8) we have,

PT.(EIM¢) >

Pair,e

1 EIMe
T (c ) . (3.1)

Since by Theorem 3.11 we have CC(DISJ;) = Q(k), then it suffices to show that

cC (cE'MC) > CC(DISJ,). (3.2)

Pair,e

Toward this end, we show a reduction from the communication complexity problem
DISJ;, to the communication complexity problem C,E;'I\f‘g We note that, under the natural
association of EIM¢ with YES-instances and “far from EIMs” with NO-instances, our
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reduction maps YES (resp., NO) instances of DISJ; to NO (resp., YES) instances of EIM¢.
Let 7 be a protocol for C,E‘,'j'l\fg with communication complexity c¢. Consider the following
protocol for DISJy.

Let w,y € {0,1}* be the inputs of Alice and Bob (respectively) for DISJ;. Alice
computes a« = C(z). Bob computes = C(y). The players then run 7 on («, ) and
return the negation of its output.

Indeed, if (z,y) € DISJi (i.e., their intersection is empty), then for every i € [k], either
x; = 0 or y; = 0. Since the relative distance of C' is at least ¢y, it holds that («, ) is
(00/2)-far from EIM.. On the other hand, if (z,y) ¢ DISJ; (i.e., their intersection is of
size 1), then there exists ¢ € [k] such that x; = y; = 1. Hence, (a,ﬁ) € EIM,. Moreover,
note that the total number of bits that were communicated is exactly c.

Using Eq. (3.1) and Eq. (3.2), together with Theorem 3.11, we conclude that for every
>0,

1 EIM 1
PT.(EIM.) > --—=CC (Cpyir< ) > CC(DISJy) = Q(k).
(EMe) 2 i 15 <CP> Tiog g CC(PIS) = ©k)

3.3.1.4 Proof of Theorem 3.7

In order to obtain an O(1)-relaxed-LDC that is also a poly(1/¢)-LTC, we shall use the
following construction of Ben-Sasson et al. [BSGH™06].

Theorem 3.12 ([BSGH'06, Remark 4.6]). For every a > 0, there exists a binary code
that is an O(1)-relazed-LDC and a t-LTC with constant relative distance and stretch n =
ke, where for € > 1/polylog(n) it holds that t(n,e) = poly (X).

Theorem 3.7 follows by combining Theorem 3.12 with Lemma 3.5 and Lemma 3.6.

3.3.1.5 Proof of Theorem 3.8

In this section we show that a well-known variant of the Reed-Muller error-correcting code
is an polylog(n)-LDC (and in particular a polylog(n)-relaxed-LDC) and a poly(logn, 1/¢)-
LTC. Combining the latter with Lemma 3.5 and Lemma 3.6, we prove Theorem 3.8.

Lemma 3.9. For every constant o > 0, there exists a polylog(n)-LDC that is also a
poly(logn, 1/€)-LTC with stretch n = k'** and relative distance 1 — o(1).

Proof. We construct a code C : ¥* — X" as follows. Fix a finite field F and an integer
m such that |F|™ = n. The alphabet of the code is ¥ = F. Consider an arbitrary subset
H C F of size k'/™. We view a message x € F¥ as a function x : H™ — F by identifying
H™ and [k] in some canonical way. The encoding C(z) is the low degree extension & of
x with respect to the field F. Namely, the (unique) m-variate polynomial of individual
degree |H| — 1 that agrees with x on H™.

The code stretches k = |H|™ symbols to n = |F|™ symbols, and by the Schwartz-

m|H]|

Zippel Lemma it has relative distance at least 1 — R Furthermore, the code can be
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locally tested using O(m|H| - poly(1/¢e)) queries (see Theorem 3.31), and locally decoded
using O(m|H|) queries (see Theorem 3.29). Thus, to obtain our result we need to set
our parameters as to maximize the ratio |H|/|F|, while minimizing m - |H| and keeping
|F| >m - |H|.

For every constant o > 0 and every integer n € N, we let F be a finite field of

size (logn)'/®, let m = a - loéf&n) and let H be some fixed (arbitrary) subset of F of

size |F|'~®. Hence, % = - 1;;% - |F|=® = o(1). The code has relative distance
1 — W= — 1 — o(1), stretch n = [F|™ = |H[™/(0=) = k(=) In addition, it
can be locally tested using poly(logn, 1/¢) queries, and locally decoded using polylog(n)
queries. 0

A natural property. We remark that when the encoded intersecting messages property
is instantiated with the foregoing variant of the Reed-Muller code, we obtain a natural
property that consists of pairs (P, Q) of low-degree polynomials, whose product P - @ is
non-zero on a given subset of its domain. That is, the property is

IIp g, = {(P, Q) : P,Q : F" — F have individual degree d and Y~ (P-Q)(x) # 0} .

zeH™

3.3.2 Trade-off between Query and Proof Complexity

In this section we show a property that has a multiplicative trade-off between proof and
query complexities for MAP testing. We show a property that can be tested with a nearly
smooth tradeoff between the proof and query complexities.

Theorem 3.13. For every constant o > 0, there exists a property 1, such that for every
sublinear function p : N — N, the query complexity of II for MAP wverifiers, which use

1—a+o(1)

proofs of length p, is upper bounded by "Tpoly(l/g) and lower bounded by <”1;Q) .

Our proof is heavily based on multivariate polynomials, and we refer the reader to
Section 3.A.4 for the necessary background (e.g., the Schwartz-Zippel lemma and low
degree testing). In fact, the proof of Theorem 3.13 is based on a specific algebraic
property that we call Sub-Tensor Sum. We note that this property will also be used in
Section 3.3.3 and Section 3.3.4.

We proceed to describe the sub-tensor sum problem. Let F be a finite field, let
m,d € N such that d-m < |F|/10 and let H C F. Consider the following property.

Definition 3.10. The Sub-Tensor Sum property, denoted TensorSumg ., 4., S parame-
terized by a field F, a dimension m € N, a degree d € N and a subset H C F, and contains
all polynomials P : F™ — F of individual degree d, such that

> P(z)=0

rxeH™

where the arithmetic is over F.
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To obtain a tight trade-off, we shall be using some d = O(|H|). To simplify the
notation, when the parameters are clear from the context, we shorthand TensorSum for
TensorSump ,, 4. . Next, we proceed to show the (almost) tight multiplicative trade-off
for TensorSum. In Section 3.3.2.1 we prove the upper bound and in Section 3.3.2.2 we
prove the lower bound. Finally, in Section 3.3.2.3 we set the parameters for proving
Theorem 3.13.

3.3.2.1 MAP Upper Bound for TensorSum

We start by proving the following upper bound.

Lemma 3.11. If dm < |F|/10, then, for every £ € {0,...,m}, the TensorSumg ,,, 4.1
property has an MAP with proof complexity (d+1)*-log(|F|) and query complexity |H|™~*
(dm?log|H|) - poly(1/¢). Furthermore, the MAP has a one-sided error.

We note that the additional parameter ¢ essentially controls the proof length (and
will be set as roughly the logarithm of the desired proof length). Moreover, d will be set
such that d = ©(|H|) and therefore d* - |H|™* ~ |H|™ and so we can set ¢ to obtain the

desired trade-off between proof and query complexities.

Proof of Lemma 3.11. We prove the lemma by showing an MAP protocol for the state-
ment P € TensorSum. The main idea is to partition H™ into |H|* sub-tensors of the
form (zq,..., 2 %, %,..., %) for every xy,...,xy € H, and use a low degree (-variate poly-
nomial @ such that Q(x,...,7,) equals the sum of the (zy,...,2,)™ tensor over H™*.
Specifically, we refer to the polynomial:

Q(z1,...,x0) = Z P(zy,...,xpy).

Thus, the MAP proof for the statement P € TensorSum, consists of the polynomial
Q. The verifier checks that (1) P is (close to) a low degree polynomial, (2) the sum of
Q on H'is 0, and (3) that @ is consistent with P. The last step uses the fact that both
@ and P are low degree polynomials and so it suffices to verify consistency of a random
point in @ by reading the entire corresponding sub-tensor (i.e., |H|™* points) from P.
Actually, since P can only be verified to be close to a low degree polynomial, the |H|™ "
points are read via self-correction. The detailed protocol is presented in Fig. 3.2 (where
all arithmetic is over F).

Note that the proof of proximity consists of |Q| = O((d + 1)*log \Fp bits and that
the total number of queries to the oracle is dominated by the |H|™ " invocations of
the self-correction algorithm (which requires (mlog(|H|) - dm - poly(1/e) queries for each
invocation to obtain the desired soundness level). We proceed to show that completeness
and soundness hold.
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MAP for TensorSum with parameter £ < m

Parameters: F (field), m (dimension), d (individual degree) and H C F.

Input: a proximity parameter ¢ € (0,1/3), and oracle access to a function P : F"™ — F.

The Proof:

e The proof consists of a multivariate polynomial Q : F! — F of individual degree d
(specified by its (d + 1) coefficients), which allegedly equals

Q(wly--wxﬁ) déf Z P('xla“wxm)'

Z‘g+1,...,$mEH

The Verifier:

1. If le,...,xeeH Q(x1,...,x) # 0, then reject.

2. Run the low individual d-degree test (see Theorem 3.31) on P with respect to the
proximity parameter . If the test fails, then reject.

3. Select uniformly at random ry,...,7ry €g F.

4. For every xyi1,...,%m € H, read the value of P(ry,...,7¢, Tps1,...,2y) using self cor-
rection (see Theorem 3.29) repeated O(m log(|H|)) times (to reduce the error probability
to 710'11{|m for each point). Denote the value read by 2. rpzei1,....em-

5. Accept if Q(ry,...,rp) = Exe+1,...,acmeH Zr1 oo zm aNd otherwise reject.

Figure 3.2: MAP for TensorSum

Completeness. 1f P € TensorSum, then >~ . Q(z1,...,7¢) = 0 and P has individ-

ual degree d (and so the individual degree test passes). Moreover, in this case Q =Q
and

Q(ri,...,re) = Z P(ry,...,Te,Tog1y- oy Tim).

Tpq1yeTmEH

By the zero-error feature of the self-correction procedure, with probability 1,
R ey PO 1 oy, P(Tlv ces e, Loy - - 7xm)7

and therefore ZWH B CH AL TOTe Ly = Q(rl, ...,r¢). Hence, in this case, the veri-
fier accepts with probability 1.

Soundness. Let e >0 andlet P:[F™ — F be a polynomial that is e-far from TensorSum.
Let @ be an alleged proof (to the false statement P € TensorSum).
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

Consider first the case that P is e-far from having individual degree d. In this case,
by the individual degree test (Theorem 3.31), the verifier rejects with probability at least
1/2. Thus, we focus on the case that P is e-close to a polynomial P’ of individual degree
d. We may also assume that >~ _pQ(z1,...,2¢) = 0 (since otherwise the verifier
rejects with probability 1). Define

Q' (z1,...,mp) aef Z P'(z1,..., 7).

Tpq1,eTmEH

Clearly >, . Q(x1,...,7,) # 0 (since otherwise P is e-close to P’ € TensorSum).

Thus, the individual degree d polynomials Q' and Q differ, and so, by the Schwartz-
Zippel Lemma they can agree on at most a % fraction of their domain IF’.
To complete the argument note that the self-correction algorithm guarantees that

CVELY Zpy,..rpaestsam 15 €QuUal to P'(ry, ..., 7¢, Tey1, ..., Tp), With probability 1 — W
(here we use our assumption that, without loss of generality, € < 1/3). Therefore, by the
union bound, all points are read correctly with probability at least 0.9, and in this case
Zwul,...,mmeH Zryreszostyam = @'(11, -, 7¢). Thus, with probability 0.9-(1— %”) > 2/3,
the verifier rejects when testing that Q(rq,...,7) equals ng+1,...,xmeH Zr o PO T e

]

3.3.2.2 MAP Lower Bound for TensorSum

Next, we give an (almost) matching lower bound on the MAP complexity of Sub-Tensor
Sum. Formally, we show

Lemma 3.12. For everye € (0, 1—“%), if d > 2(|H|—1), then every MAP for TensorSum

(with respect to proximity parameter €) that has proof complexity p > 1 must have query

complezity g = Q (%)

As an immediate corollary of Lemma 3.12 we obtain the following:'*

Corollary 3.14. For every e € (0,1 — %), ifd >2(|H| —1),

[H[™ )
PT.(TensorSum) =Q | ———— ).
( = (g5

In order to prove Lemma 3.12, we first extend the framework of [BBM11] from the
property testing model to the MAP model. More specifically, we show a methodology
for proving lower bounds on MAPs via MA communication complexity lower bounds. We
refer the reader to Section 3.A.2 for background on MA communication complexity.

Let IT be a property and let ¢ be a simple combining operator (see Definition 3.7). For
every proximity parameter ¢ > 0, denote by Ci[,s the communication complexity problem
in which Alice gets as input a function f and Bob gets as input a function ¢ and they

12The corollary can be derived by setting p = 1, and the fact that any property tester is an MAP.

132



3.3 Separation Results

need to decide between a YES-instance, wherein ¢(f, g) € II, and a NO-instance, wherein
¥(f,g) is e-far from I1."* We prove the following lemma.

Lemma 3.13 (MAP lower bounds via MA communication complexity). For any sim-
ple combining operator 1, any property I and any prozimity parameter ¢ > 0, if Il €
MAP(p, q), then Cg’g has an MA communication complexity protocol with a proof of length
p and total communication 2q||.

Proof. Let V be an MAP verifier for II with proof complexity p and query complexity q.
We construct an MA communication complexity protocol for CE,E- Recall that Alice and
Bob get as input function f and g (respectively) and have free access to a proof string
w € {0,1}P.

The (honest) proof string for the protocol is simply the proof string w of the MAP
with respect to h def W(f,g). As their first step, Alice and Bob emulate the execution of
the MAP protocol with respect to the proof string w using their common random string
as the source of randomness (for the emulated verifier). Whenever the MAP verifier V
queries the input at a point z, Alice and Bob compute f(z) and g(z) (respectively) and
send their values to each other. Since v is a simple combining operator, each player
can compute h(z) from z, f(x) and g(z), and feed it as an answer to the emulated MAP
verifier. The players accept if V' accepts, and reject otherwise.

Observe that both players use the same common random string as the source of
randomness, and forward the same values to the MAP verifier (i.e., both the proof string
and the oracle answers). Therefore, they emulate the verifier identically.

Note that by the definition of the communication complexity problem, if ( f, g eC
then h € II; hence the verifier will accept. On the other hand, if the pair (f,g) ¢ Cy,
then h is e-far from II, so the verifier will reject.

During the entire reduction, the players communicated 2|t)| bits for every query of
the verifier. Hence the total number of bits that were communicated is 2|¢] - q. O

57

tonl

We proceed by stating Klauck’s lower bound on the MA communication complexity
of set-disjointness [Kla03], and use Lemma 3.13 to show a lower bound on the MAP
complexity of the Sub-Tensor Sum property.

Theorem 3.15 ([Kla03]). Every MA communication complexity protocol for DISJ,, with
proof complexity p and communication complexity ¢ satisfies p - ¢ = Q(n).

Proof of Lemma 3.12. Denote k = |H|™ and by f - ¢ the function h(z) o f(z) - g(x).
Let CT;”S‘”S“’“ be the communication complexity problem wherein Alice gets a function

13 When proving property testing lower bounds via standard (i.e., non-MA) communication complexity
lower bounds (using [BBM11] framework) one may also map YES-instances (respectively, NO-instances)
of communication complexity problems to NO-instances (respectively, YES-instances) of property testing
problems. This is possible due to the symmetrical definition of standard communication complexity (in
fact, the above was used in the proof of Lemma 3.6). In contrast, the definition of MA communication
complexity is asymmetrical; therefore when using our extension of the framework to MA one must map
YES-instances to YES-instances, and NO-instances to NO-instances.
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

f : F™ — F, Bob gets a function g : F™ — F, and their goal is to decide whether
f g € TensorSum or f - g is e-far from TensorSum.

Recall that by Theorem 3.15 we know that every MA communication complexity
protocol for DISJ, with proof complexity p and communication complexity ¢ satisfies
p-c = Q(k). On the other hand, by Lemma 3.13 we know that if TensorSum € MAP(p, q),
then CC(C,T;”S”S””‘) has an MA communication complexity protocol with a proof of length
p and a total of 2¢log |F| communication.

Hence, to prove the lemma, it suffices to reduce DISJ; to this reduction
takes place entirely within the setting of MA communication complexity). Toward this
end, suppose that 7 is an MA communication complexity protocol for CTS"SWS“'“ with proof
complexity p and communication complexity c. We use 7 to construct an MA protocol
for DISJy.

Let a € {0,1}* and b € {0,1}* be the respective inputs of Alice and Bob for the
set-disjointness problem. Recall that ' (a finite field), d (the individual degree), m (the
dimension) and H C F are parameters of the TensorSum problem. The reduction to
TensorSum proceeds as follows. First, Alice and Bob compute the low degree extension
a and b of their respective inputs with respect to F, m,d and H. Namely, they associate
their inputs a and b with indicator functions a,b : H™ — {0,1} by mapping [k] to H™
in some canonical way. Then, they compute the (unique) polynomials d,lA) :F™ — F of
individual degree |H| — 1 that agree with a and b (respectively) on H™.

Denote by w the proof for the protocol 7w with respect to the input pair (a, IS) The
proof for the set disjointness problem is simply w. Alice and Bob proceed by running
7 on input (a, l;), with respect to the proof w and proximity parameter ¢ and return its
output.

Observe that if (a,b) € DISJy, then >, a;b; = 0 (where the summation is over the
integers). Hence,

Z a(x1,. ., Tm) - bz, . T) = Z a(zy, ..., Tm) b(xy, ..., 2m) =0

L1, tmE€H L1, EmE€H

TensorSum
C.e (

(where the first summation is over F, and the second summation is over the integers).
Thus, & - b € TensorSumg,, 4.5 (here we use the lemma’s hypothesis that d > 2(|H| — 1)
since @ - b is the product of two polynomials of individual degree |[H| — 1 ). We conclude
that there exists a proof w of length p such that the MA communication complexity
protocol for DISJ, accepts with high probability.

On the other hand, if (a,b) € DISJy, then (by the promise of having an intersection of
size at most 1) it holds that », .,  a;b; = 1 (where the summation is over the integers).
Hence

Z &(xl,...,xm)-B(wl,...,a:m): Z a(xy, ..., Tm)  b(x1,. ., Ty) =1

z1,....,€H T1,...,xmE€H

i€k

(where the first summation is over F, and the second summation is over the integers).
Thus, a - b is an m-variate polynomials of (individual) degree d (> 2(|H| — 1)) whose
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3.3 Separation Results

sum over H™ is non-zero. By the Schwartz-Zippel lemma (see Section 3.A.4), and since
e<1— %’”‘, the function a - b is at least e-far from TensorSum.
We conclude that every MAP verifier for TensorSum with ¢ queries and p proof length

must satisfy ¢ -p > Q (ﬁ). O

3.3.2.3 Proof of Theorem 3.13

In this section we complete the proof of Theorem 3.13, which states that for every constant
a > 0, there exists a property II, such that for every sublinear function p : N — N, the
query complexity of IT for MAP verifiers that use proofs of length p is upper bounded by

nl—a+o(1) ~ nl—a

—— - poly(1/¢) and lower bounded by (2 ( -

Toward this end, we need to set the parameters of the TensorSum problem. Our
parameters are governed by n = |F|™ (i.e., the size of the object equals n), dm < |F|/10
(so that we can apply the Schwartz-Zippel lemma) and d = 2(|H| —1) (see Lemma 3.12).
Since p-q = Q(|H|™), and the object size is |F|™, we need to maximize the ratio |H|/|F|
to obtain a better lower bound (while recalling that |H| < d/2 —1).

For every constant a@ > 0 and every integer n € N, let F be a finite field of size
(logn)/e let m = a - 1ong§gTEn)ﬂ let H be some fixed (arbitrary) subset of F of size |F|!~
and let d = 2(|H| — 1). Note that [F|™ =n and |H|™ = n'~®.

Lemma 3.11 guarantees the existence of an MAP for TensorSumg,, z with proof
complexity (d+1)¢-log(|F|) and query complexity |H|™*-dm?log(|H|) for every £ € [m].
Thus, for every parameter p € {(d+ 1)*-log(|F|) : ¢ € N} (which corresponds to the
proof length), we set:

¢ - log(p) — loglog(|F)

log(d + 1)
and apply Lemma 3.11. We obtain an MAP protocol for computing TensorSumg ,,, 4 i
with a proof of length

(d+1)" log(|F]) =p

and query complexity:

-«
i n
|H|™* - dm®log(|H|) - poly(1/e) = v polylog(n) - poly(1/e). (3.3)
By our setting of ¢ we have:
1——1
|H|£ _ |H|1og{)0;t<;i1;>)gm > 21()12(%2”1;\‘).(logp—loglogHFD — p et > f(l) (3.4)
log |F| n

where the first inequality follows from d = 2(|H|—1) < 2|H|—1 and the second inequality
follows from our setting of |H| and |F| (and since p < n). Combining Eq. (3.3) and
Eq. (3.4) we have that the query complexity of the MAP is mooted) poly(1/e).
On the other hand, by Lemma 3.12, for every MAP for TensorSum with proof com-
|H]™

plexity p and query complexity ¢, it holds that p-q > Q (W) = Q(nl_a). The theorem

follows.
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

3.3.3 MAP vs. IPP[O(1)]

In this section and the following one, we consider the power of MAP in comparison to the
more general notion of IPP (for a formal definition of IPP, see Section 3.2.2.) Roughly
speaking, in this section we show a property that requires \/n queries by an MAP verifier
that uses a proof of length /n but requires only polylog(n) queries by an IPP[3] verifier
(i.e., an IPP with only 3-messages) that also uses a proof of length \/n.

Theorem 3.16. For every o > 0, there exists a property I1, such that:
1. The MAP complezity of I1, is (n'/27%); and

2. There is an IPP[3] for Il, with polylog(n) - poly(1/e) query complexity and commu-
nication complezity O(n'/?=a+o(1)),

The property that we use is the TensorSum property (introduced in Section 3.3.2).
Note that the first part of Theorem 3.16 was already shown in Theorem 3.13, and so,
to prove Theorem 3.16, what remains to be shown is that TensorSum can be tested by a
3-message |IPP verifier that uses roughly /n communication and polylog(n) queries.

Lemma 3.14. Ifdm < |F|/10, then there is a 3-message IPP for TensorSumg g, i (where
F is a finite field, m is the dimension, d is the degree and H C ) with communication
complezity O ((d + 1)™/?log(|F|)) and query complezity O (dm - poly(1/e)).

We note that Theorem 3.16 follows from Lemma 3.14 (and Lemma 3.12) by setting the
parameters F,m, d, H as in Section 3.3.2.3. Namely, fix a finite field F of size (logn)'/*, a
dimension m = a-l%kf;%, an arbitrary subset H C FF of size |F|'~* and set d = 2(|H|—1).
We proceed to prove Lemma 3.14

Proof of Lemma 3.1/. The first part of the protocol closely resembles the MAP that was
presented in Lemma 3.11. Indeed, the first message from the prover to the verifier is the
polynomial Q that is (allegedly) the sum of P on H* sub-tensors of H™, each of dimension
m—~{. The verifier checks that P is close to a low degree polynomial and that () sums to 0,
but the consistency check of P and () is different. Recall that in Lemma 3.11, the verifier
chose a random sub-tensor and checked the consistency of ) and P by reading all points
in the sub-tensor. Using two additional messages we replace these queries by having the
prover provide them. That is, after the prover “commits” to the sum of all sub-tensors,
the verifier chooses one of them at random and sends its choice to the prover. Then, the
prover provides the value of all points in that sub-tensor via a polynomial W : F™~¢ — FF
of individual degree |H| — 1. The verifier can readily check the that the two polynomials
@ and W sent by the prover are consistent with each other (using no queries to P), and
that the second polynomial (i.e., W) is consistent with P using only a constant number
of queries.

Similarly to the protocol of Section 3.3.2, the protocol uses a parameter ¢ except
that in this case, an optimal result is obtained by fixing ¢ = m/2 (but for simplicity of
notations we keep ¢ as a parameter). The IPP[3] protocol, in which the prover is denoted
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by P and the verifier is denoted by V, is described in Section 3.3.3. It can be readily
verified that by setting ¢ = m/2, the query and communication complexities are as stated.
We proceed to prove that completeness and soundness hold.

IPP[3] for TensorSum

Parameters: F (field), m (dimension), d (individual degree), H C F and ¢ = m/2.

Input: a proximity parameter ¢ € (0,1/3), and oracle access to a function P : F"™ — F.

1. V runs the low individual d-degree test (see Theorem 3.31) on P with respect to the
proximity parameter €. If the test fails then V rejects.

2. P sends to V an individual degree d multivariate polynomial Q : F! — F of individual
degree d (by specifying its (d + 1)* coefficients), which allegedly equals

Q(J:l)"'?xf) déf Z P(.’Bl,...,.’l}m).

Tpi1se-rTmEH

3>, en Q(x1,...,x) # 0, then V rejects.
4. V selects uniformly at random rq,...,7p €g F and sends rq,...,7r, to P.

5. P sends to V an individual degree d multivariate polynomial W : F~¢ — F of individual
degree d (by specifying its (d + 1)~ coefficients), which allegedly equals

W(xps1, -y Tm) = P10, Tog1y- ey Tm)-
6. Vselects at random s¢41, ..., $m €R I, reads the value z;, vy 501, 5m of the polynomial

P(ri,...,70,8041,--.,Sm) using the self-correction algorithm (see Theorem 3.29) with
soundness error 1/10 and rejects if Zr s 80s 1 sy T W (Se41y---ySm)-

7.V accepts if Q(r1,...,r) = Zw+1 oz EH W (241, ..., T,) and rejects otherwise.

Figure 3.3: IPP[3] for TensorSum

Completeness. If P € TensorSum, then P has individual degree d and the low degree
tests passes. In this case Q = Q and W = W and therefore all the verifier’s tests pass
(since >°, ey @(x1,...,2¢) =0 holds as well).

Soundness. Let ¢ > 0 and let P : F™ — [ be e-far from TensorSum. If P is e-far
from having individual degree d, then the low degree test rejects with probability at least
1/2 and so we assume that P is e-close to an individual degree d polynomial P’. The
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(cheating) prover sends two polynomials Q and an W. We proceed to prove two claims
regarding these polynomials.

Claim 3.14.1. If Q(x1,..., 1) = D tvarrament (@1, ) (as formal polynomials

-----

over xy,...,x;), then the verifier rejects with probability 1.

Proof. Observethat > ~—  _p, P'(x1,...,2y) # 0, as otherwise P is e-close to TensorSum.
Therefore, if the polynomials Q(xl, ..., xy) and qul,n.,{meH P'(xy,...,x,) are equal,
then the verifier rejects when testing whether >° ~  _, Q(z1,...,2,) = 0. O
Claim 3.14.2. For every value of r1,...,r, € F, if the prover sends an individual-
degree d polynomial W (xzey1, ..., %) (which depends on 11, ...,1¢) that differs from the
polynomial P'(ry,... .70, Tes1,. .., ZTm) (as formal polynomials in xeiq,...,2,), then the

verifier rejects with probability at least 2/3.

Proof. Assume that W(Zea, .. Tm) Z P'(r1,...,70,Ts1, ..., Tp). Thus, the polyno-
mials W (zp1,...,2y) and P'(ry,..., 70, Tei1, - ., Ty) are two different (m — £)-variate
polynomials of individual degree d and, by the Schwartz-Zippel Lemma, they can agree

on at most a d(ﬁ%#) < 0.1 fraction of their domain. Therefore, with probability 0.9 over
the verifier’s choice of sp;1,..., s, € F, it holds that

W(54+1, s Sm) F P, e Seaty - ey Sm)-

Using the self-correction procedure, with probability at least 0.9, the verifier cor-
rectly obtains the value 2, ;50100000 = P'(T1,- .., 70,8041, -, Sm). Hence, with prob-
ability at least 0.9 > 2/3, the verifier rejects when testing whether z,, . =

~5T0yS04+15--,5m

W(Ses1y -+ Sm)- O

By Claim 3.14.2, we can assume that

Wi(zpgr,- o xm) = P'(re, .., re, Tog1y - ooy T (3.5)

(since otherwise the verifier rejects). On the other hand, by Claim 3.14.1 and using the

Schwartz-Zippel Lemma, with probability at least 1— 9% over the choice of 1, ...,7 € F,

) |F|
it holds that

Qry, ... 1) # Z P(riy .y To, Togty ooy ) = Z W (Zer1,. .. Tm)

Tpt1seTmEH Tpg1se-TmEH

where the last equality is due to Eq. (3.5). Hence, the verifier rejects with probability

1 - % > 0.9 when testing whether Q(ry,... 1) = er+1,...,zmeH Wz, ..., Tm). This

completes the proof of Lemma 3.14. O
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3.3.4 Exponential Separation between MAP and IPP

In this section we show an exponential separation between MAP and general IPP. Namely,
we show a property that has MAP complexity roughly \/n but has IPP complexity
polylog(n). In contrast to the IPP of Section 3.3.3 (which used O(1) messages) here
we use an IPP with poly-logarithmically many messages.

Theorem 3.17. For every a > 0, there exists a property 11, such that:
1. The MAP complezity of I1, is Q (nl/%a . poly(l/e)); and

2. 11, has an PP with query complexity polylog(n) - poly(1/e) and communication
complezity polylog(n).

Moreover, the PT complexity of I1, is ©(n~®).

To prove Theorem 3.17, we yet again use the TensorSum problem. The first part of
the theorem follows directly from Theorem 3.13 and the query complexity of property
testers (without a proof) is implied by Corollary 3.14.'* Thus, to prove the theorem, all
that remains is to show an IPP protocol for TensorSum.

Lemma 3.15. If d - m < F/10, then there exists an m-round IPP for TensorSumg ,,, 4.1
with communication complezity O(dmlog|F|), and query complezity O(dm - poly(1/¢)).

Proof. The proof of Lemma 3.15 follows by adapting the well-known sum-check protocol
of Lund et al. [LFKN92] to the settings of interactive proofs of proximity. Recall that
the sum-check protocol is an interactive protocol that enables verification of the a claim

of the form:
Z P(xy,...,2,) =0.

T1,...,.em€H

where P is a low-degree polynomial. The difference between our setting and the classical
setting of the sum-check protocol of [LFKN92] is that in the latter the verifier has explicit
and direct access to P.'° In our setting the verifier only has oracle access to a function that
is allegedly a low-degree polynomial. However, we observe that the sum-check protocol
can be extended to this setting by having the verifier (1) test that the function is close
to a low-degree polynomial P, (2) obtain values from P via self-correction, and (3) run
the sum-check protocol as-is with respect to the self-corrected P. The IPP protocol is
described in Fig. 3.4, where the prover is denoted by P, the verifier is denoted by V and
all arithmetic is over the field F. (For a high level description of the sum-check protocol,
see Section 3.A.5.)

We note that during the run of the IPP the prover sends m degree d univariate
polynomial, and the verifier sends m elements in F. Thus, the total communication
complexity of the IPP is O(dmlog|F|). The only queries that the verifier performs are
for the low degree test and the self-correction, which total in O(dm - poly(1/¢)) queries.

14\We note that the property testing upper bound of O~(n1*“) can be obtained by a verifier that tests
for low degree and reads all points in H™ using self correction.

15 An additional minor difference is that in the [LFKN92] protocol the set H is fixed to {0, 1}, but this
is common in the PCP literature (most notably in [BFLS91]).
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IPP for TensorSum

Parameters: F (field), m (dimension), d (individual degree) and H C F.

Input: a proximity parameter ¢ € (0,1/3), and oracle access to a function P : F"™ — F.

1. V runs the individual degree d test (see Theorem 3.31) on P with respect to proximity
parameter €, and rejects if the test fails.

2. Let 1y def 0.

3. Fori+1,....m:

(a) P sends to V a degree d univariate polynomial P; : F — F (by specifying its d + 1
coefficients), which allegedly equals:

def
Pz(z) ; Z P(Tl,...,Ti_l,Z,$i+1,...,J?m).

Tijg1se-@m €H

(b) V verifies that 3"y Pi(2) = vi_1.

(c) V selects uniformly at random r; €g F and sets v; def ]Sz(rz)

(d) If ¢ # m, then V sends r; to P.

4. V obtains the value of z* of P(ry,...,r,) via self-correction (see Theorem 3.29) with
soundness error 0.1.

5. V verifies that z* = v,.

Figure 3.4: IPP for TensorSum,, 4 s

Completeness. If P € TensorSum, then the low degree test always passes, and since we
have ) _ym P(x) = 0, and the prover supplies the correct polynomials (i.e., P; = P; for
every i € [m]), the verifier always accepts.

Soundness. Suppose that P : F"™ — F is e-far from TensorSum. Let P* be a cheating

prover that attempts to convince the verifier of the false statement P € TensorSum. If

P is e-far from having individual degree d, then the verifier rejects with probability 1/2.

Thus, we focus on the case that P is e-close to a polynomial P’ of individual degree d.
For every i € [m], let:

def
Pl(2) = Z P'(ri, .. 71, 2, Tig1s ey Tn)

Tig1yeerTm EH

(where the values r; are those sent from the verifier to the prover). The next two claims
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relate the polynomials P to the polynomials P; sent by the prover P*. Recall that both
polynomials depend only on rq,...,7; 1.

Claim 3.15.1. If P, = P/, then the verifier rejects with probability 1.

Proof. Observe that ) . P'(x) # 0 must hold, since otherwise P € TensorSum. There-
fore ..y P/(z) = 0, and so, if P, = P/, then the verifier rejects when testing that

Y wen Pi(2) =0. [l

Claim 3.15.2. For every i € [m — 1] and every ry,...,1;1 € F, if P, % P! then, with
probability at least 1 — d/|F| over the choice of r;, if P,y = P}, then the verifier rejects.

)

Proof. If Py = Pl then Y., Pia(2) = Y.y Ply(2) = Pl(r;). Thus, since the
polynomials P; and P! differ, with probability at least 1 —d/|F| over the choice of r; €z F
it holds that P,(r;) # P!(r;), and in this case the verifier will reject when testing whether
Y oseH 151-“(2) = 1;, since v; = ]51(7’1) O

By Claim 3.15.3 and an application of the union bound, with probability 1 — dm/|F|,
if there exists an i € [m — 1] such that P, # P/ but Piy; = P/, then the verifier rejects.
By Claim 3.15.1, we can assume that P, # P/ and so we need only consider the case that
for every i € [m] it holds that P, # P/. The following claim shows that also in this case

the verifier rejects with probability at least 2/3. The theorem follows.

Claim 3.15.3. For every r1,...,rm_1 € F, if P, % P!, then the verifier rejects with
probability at least 2/3 (over the choice of r, and the self-correction procedure).

Proof. It P, # P/ then these are two distinct degree d polynomials, which can agree on
at most d points. Thus, with probability 1 — d/|F|, it holds that P,,(r,,) # P, (rm) (over
the choice of r,, €g F). Now, the self-correction algorithm guarantees that the verifier
computes z* = P'(ry,...,rm) = P (1) correctly with probability 0.9. In such case, the
verifier rejects with probability 1 — d/|F| when testing that z* = Py, (7). It follows that
the verifier rejects with probability 0.9 - (1 — d/|F|) > 2/3. O

This completes the proof of Lemma 3.15. ]

3.4 General Transformations

In this section we show general transformations on MAP proof-systems. In Section 3.4.1
we show general transformations from MAPs with restricted proofs into PT. In Sec-
tion 3.4.2 we show a general transformation from MAPs that have two-sided error into
MAPs that have one-sided error.
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3.4.1 From MAP to PT

In this section we show that MAPs with restricted proofs can be emulated by property
testers. We show two such results. Theorem 3.18 shows that every MAP that uses a
very short proof can be emulated by a property tester, and Theorem 3.19 shows that
even MAPs with long proofs in which the verifier’s queries are proof oblivious (see Defi-
nition 3.2) can also be emulated. We note that in both constructions the tester may be
inefficient in terms of computational complexity (even if the original MAP verifier can be
implemented efficiently).

Theorem 3.18. If the property II has an MAP wverifier that makes q queries and uses a
proof of length p, then 11 has a property tester that makes O(2P - q) queries. Moreover, if
the MAP tester has one-sided error, then the resulting property tester has one-sided error.

Proof. Let V be an MAP verifier for Il with query complexity ¢ and proof complexity p.
We start by running the verifier O(p) times using fresh (independent) randomness, but
the same proof string, and ruling by majority vote. We obtain an MAP verifier V' for I1

that has soundness error 2-®+2) uses ¢ o O(p - q) queries and a proof of length p.

We use V' to construct a property tester 1" for II. The tester T', given oracle access to
a function f, simply enumerates over all possible 2P proof strings for V’. For each proof
string w € {0, 1}?, the tester T" emulates V' (using fresh randomness) while feeding it the
proof string w, and forwarding its oracle queries to f. If for some string w the verifier
accepts, then T" accepts. Otherwise, it rejects. Clearly, T' has query complexity 27 - ¢'.

If f € II, then there exists a proof string w that will make V' accept, with probability
at least 1 — 2=+ Therefore, T accepts in this case with probability at least 2 /3. On
the other hand, if f is e-far from II, then no string w will make V'’ accept with probability
greater than 2-®*+2) Thus, by the union bound, 7" will accept with probability at most
2r . 27 (P+2) < 1/3,

The furthermore clause of Theorem 3.18, follows by noting that both the parallel
repetition and proof enumeration steps preserve one-sided error. ]

The tester of Theorem 3.18 makes O(p - q) queries for every one of the possible 27
proof strings. However, the fact that these queries were chosen independently (i.e., based
on fresh randomness) is not used in the soundness argument. Indeed, for soundness we
simply applied a union bound, which would have worked just as well if the queries were
not independent (i.e., were determined based on the same randomness). This leads us to
consider using the same sequence of queries for all of the proofs in the emulation step.
The problem that we run into is in the completeness condition. Namely, a sequence of
queries that was generated with respect to a particular proof may not be “good” for
a different proof. More precisely, if the distribution of queries that the MAP verifier
generates (heavily) depends on the proof, then the only guarantee that we have is that
the MAP verifier will be correct when emulated with a distribution of queries that matches
the specific good proof.'® Hence, we may indeed have to generate a different sequence of
queries for every possible proof string.

16For an example of such MAPs, see Theorem 3.7 and Theorem 3.20.
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However, as proved in the following theorem, if the tester makes proof oblivious queries
(see Definition 3.2), then the foregoing problem can be avoided and indeed it suffices to
make only one sequence of queries, and reuse this sequence for all the 2P emulations.

Theorem 3.19. If the property 11 has an MAP wverifier that makes q proof oblivious
queries and uses a proof of length p, then II has a property tester that makes O(p - q)
queries. Moreover, if the MAP wverifier has one-sided error, then the resulting property
tester has one-sided error.

Proof. Let V be an MAP verifier for Il with query complexity ¢ and proof complexity p,
and let V' be exactly as in the proof of Theorem 3.18 (i.e., an MAP verifier for II with
soundness error 2-®*+2) using ¢’ = O(p - q) queries and a proof of length p).

As hinted above, the construction of the property tester 1" differs from that in Theo-
rem 3.18. The tester T is given oracle access to f. It first emulates V' using an arbitrary
(dummy) proof string, denoted wy, a random string r, and by forwarding V'’s queries to
f. The key observation here is that the distribution of the queries does not depend on
the proof at all, and so an arbitrary proof would suffice for our needs. Thus, T" obtains
a sequence @i = (ai,...,a,) of answers (corresponding to queries specified by r and
the previous answers). Now, 7" enumerates over all possible 27 proof strings for V’, and
for each proof string w € {0, 1} it emulates V' while feeding it the proof string w, the
random string 7, and the answer sequence @/. If for some string w the verifier accepts,
then T" accepts. Otherwise, it rejects.

If f €11, then there exists a proof string w that will make V' accept with probability
at least 2/3. The key point is that since the distribution of the queries does not depend
on w. Hence, the queries actually made by 7" (using the dummy proof wy) are identical to
those V'’ would have made using the proof w (and the same randomness as T'). Hence, T
accepts in this case with probability at least 2/3 (and in case V' has one-sided error, then
T accepts with probability 1). On the other hand, similarly to the proof of Theorem 3.18,
if f is e-far from II then no string w will make V' accept with probability greater than
2-(*2) Thus, by the union bound, T" will accept in this case with probability at most
2r . 2 (P+2) < 1/3, O

3.4.2 From Two-Sided Error MAP to One-Sided Error MAP

In this section we show a general result transforming any MAP (which may have two-sided
error) into an MAP with one-sided error, while incurring only a poly-logarithmic overhead
to the query and proof complexities. The construction is based on the ideas introduced
in Lautemann’s [Lau83] proof that BPP is contained the polynomial hierarchy coupled
with the observation that MAPs may have very low randomness complexity (adapted
from [GS10b], which in turns follows an idea of Newman [New91]). We note that both
the verifier and the proof generation algorithm in this construction may be inefficient in
the computational complexity sense. (This is a consequence of each one of the two parts
of the transformation).
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Theorem 3.20. Let 11 be a property of functions f,, : D,, — R,,, where |R,| < exp(poly(n)).
If 11 has a two-sided error MAP with q queries and a proof of length p, then I1 has a one-
sided error MAP with O(q - polylog(n)) queries and a proof of length O(p + polylog(n)).

We note that typically |R,| < n and that properties for which |R,| > exp(poly(n))
seem quite pathological. Before proceeding to the proof of Theorem 3.20, we note that
as a direct application of the theorem we obtain the following relation between two-sided
error property testers and one-sided error MAP (denoted MAP;).

Corollary 3.21. For every function ¢ : N x RT — N it holds that:

PT(q) € MAP,(polylog(n), q - polylog(n)).

The proof of Theorem 3.20 is based on two lemmas. The first, Lemma 3.16, shows that
a two-sided error MAP verifier that has low randomness complexity, can be transformed
into a one-sided error MAP. The proof of this lemma is based on the technique of
Lautemann [Lau83]. The second lemma (Lemma 3.17) shows that the Goldreich-Sheffet
[GS10b] technique for reducing the randomness of property testers can also be used to
reduce the randomness of MAP verifiers.

Lemma 3.16. If the property 11 has a two-sided MAP wverifier that makes q queries,
uses a proof of length p, and has randomness complezity r, then II has a one-sided MAP
verifier that makes O(q - rlogr) queries and uses a proof of length O(p + r*logr).

Proof. Following [Lau83], the construction involves two main steps. The first step is a
parallel repetition step that significantly reduces both the completeness and soundness
errors of the MAP. At this point, almost the entire set of possible random strings lead
to accepting inputs that have the property and rejecting inputs that are far from the
property. The main observation is that there must exist relatively few “shifts” si,..., s,
such that for an input that has the property, for every random string r there exists a
shift s; such that r @ s; leads to accepting, whereas if the input is far from the property,
then with high probability over the choice of r, no shift will result in accepting. Details
follow.

Let V(g be a two-sided error MAP verifier for a property II with query complexity

q def q(n, ), proof complexity p def p(n) and randomness complexity r def r(n,e). To
prove the theorem we construct a one-sided error MAP verifier V{; for IL.

Let V{2 be the two-sided error MAP obtained by taking the majority of m = ©(logr)
repetitions of V(o) using fresh random coins but using the same proof string for all repeti-
tions. By the Chernoff bound, this amplification yields both completeness and soundness

errors that are at most ¢ dof 2—82(m)

, which may be made smaller than ﬁ for any desired
constant ¢ > 0. Note that V{9 has query complexity ¢’ aef gm, proof complexity p’ o D,

and randomness complexity r’ ©rm.
Denote by V(’;),(w;s) the (deterministic) output of V(’;),(w) when invoked with the
random string s. We construct the one-sided error MAP verifier V(;) as follows. The
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proof string for V{;y consists of the original proof string w for V() as well as a sequence of
strings (s, ..., s;) each of length 1/, where ¢ = O(r) such that 6 < 27" and 6t < 1. Given
the proof string (w, s1,. .., s:), the verifier V(1) chooses a random string s € {0, 1} and

runs V(J;),(w; s @ s;) for each i € [t]. If for some i € [t] the test accepts, then V(y) accepts;
otherwise it rejects. The proof and query complexities can be readily verified, and so we
proceed to prove the completeness and soundness of V{y).

Completeness. Let f € II of size n and let ¢ > 0. Then, by the completeness of Vo),
there exists a proof string w such that Pr g 3~ [V(’;),(w; s) =1] > 1— 6. We show that
there exists a sequence (si,...,s;) such that Pr gy~ [V({) (W, 81,...,8;58) =1] = 1.

To show that such a sequence (si,...,s;) exists we use the probabilistic method.

Specifically, we consider a sequence that is chosen uniformly at random, that is, each
si € {0,1}"". By the union bound,

Pr [Els s.t. Vi € [t], V(];),(w; s®ds;) = 0] < Z Pr [‘v’i € [t], V(J;),(w; s s;) = ()] :

(3.6)
but since the s;’s are independent, for every s € {0, 1}’”',
t
SlP-I:St [‘v’i € [t], V(’;),(w; sBs;) = O} = Hljr [V(’;),(w; sPs;) = O] <4 (3.7)
i=1

Combining Equations (3.6) and (3.7) we obtain that:

Pr [35 s.t. Vi € [t], Vi (w;s @ s;) = 0} <2’ .t < 1.

871 40455t
and (zero-error) completeness follows.
Soundness. Let f of size n be e-far from having the property II for € > 0. Then, by the

soundness of Vg, for every proof string w, the verifier V{3) accepts f with probability
at most 0. Hence, by the union bound,

Psr i € [t] s.t. V(];),(w;s d s;) = 1} < ZP;r [V(];),(w;s@si) = 1] <t-0<1/3

i€(t]
and the lemma follows. O

Lemma 3.17. Let II be a property of functions f,, : D, — R,, where |R,| < exp(poly(n)).
If 11 has an MAP wverifier that makes q queries, uses a proof of length p, and has ran-
domness complexity r, then II has an MAP wverifier that makes q queries, uses a proof of
length p and has randomness complexity O(logn).
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Proof. The proof follows the proof of [GS10b] with a minor modification to handle the
dependence of the verifier on the proof. Namely, using the probabilistic method, we show
the existence of a small subset of the random strings that behaves similarly to the entire
set.

Let II be a property of functions f, : D, — R,, where |R,| = exp(poly(n)) (and
where D,, = [n], cf. Section 3.2), and let V' be the MAP verifier of the lemma statement.

Fix an input length n and let D o D,, R R, and P o p(n). Consider a 2" x |R|IPI. 2P
matrix where the rows correspond to all possible random strings v used by the verifier
and the columns correspond to pairs (f,w) of functions f : D,, — R, and possible proofs
w € {0,1}?. The entry (7, (f,w)) of the matrix corresponds to the output of V/(w;~),
that is, the output of the verifier when given oracle access to f, the proof string w and
random coins 7.

Note that for every function f € II, by the completeness of V', there exists a proof
string w such that the average of the (f,w) column is at least 2/3. Similarly, by the
soundness of V', for functions that are e-far from II and every proof string w the average
of the (f,w) column is at most 1/3.

We show that there exists a multi-set, S, of size poly(n) of the rows such that the
average of every column when taken over the rows of S is at most 1/7-far from the
average taken over all rows. Thus, we obtain an MAP verifier that uses only log, |S| =
O(logn) random coins, by simply running the original tester V' but with respect to
random coins selected uniformly from S (rather than from {0,1}"). To obtain soundness
and completeness error 1/3 we use O(1) parallel repetitions.

We use the probabilistic method to show the existence of a small multi-set S as above.
Consider a multi-set S of the rows, of size t, chosen uniformly at random and fix some
function f and proof string w. By the Chernoff bound, with probability 2=%® over
the choice of S, the average over the rows in S of the (f,w)-column is 1/7-close to the
average over all rows. Thus, by setting ¢ = log(|R|/P! - 2P) and applying the union bound,
we obtain that there exists a multi-set S as desired.

Since the new verifier selects at random from .5, it can be implemented using log, ¢
random coins. We complete the proof by noting that the proof length p can always
be made to satisfy p < n (since a proof of length n suffices to test any property using
only O(1/e) queries, see discussion in Section 3.1.2), that the domain size is n and that
|R| < exp(poly(n)) (by the hypothesis). O

Theorem 3.20 follows by applying the randomness reducing transformation of Lemma 3.

and then applying Lemma 3.16 to the resulting MAP verifier.

3.5 An Extremely Hard Property for MAPs

As noted in the introduction, every property has an MAP that uses a proof of length n
and makes only O(1/¢) queries (where the proof is simply the object itself). In contrast,
in this section we show that for “almost all” properties II, every MAP for II that uses a
proof that is even n/100 bits long, requires Q(n) queries.
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Our result is actually slightly stronger. Roughly speaking, we show that for every ¢,
a random property of size 2° can be tested (without a proof) using O(t) queries, but any
MAP that uses a proof of length even ¢/100 must make €2(t) queries in order test this
property.

In the following we consider properties that are sets of strings rather than functions.
We note that a function formulation (as in Definition 3.1) can be easily obtained by
mapping every string z € {0, 1}" to the function f, : [n] — {0, 1}, defined as f,(i) = z;.

Theorem 3.22. Let t = t(n) < n/10. Every property II = Upenll, (where 11, C {0,1}")
of size 2 can be tested with O(t/s) queries (without using a proof), but for every n € N,
for 99% of sets 11, C {0,1}" of size 2, it holds that every MAP for testing ¢ < 1/4
proximity to 11, that uses a proof of length p must make at least t — p — O(logn) queries.

The rest of this section is devoted to the proof of Theorem 3.22; which is inspired
by [GGRIS8, Section 4.1] and uses also ideas from [RVW13, Section 4]. We remark that
while Theorem 3.22 holds for almost all properties, finding an explicit property for which
a similar statement holds is an interesting open question.

The key idea in the proof of Theorem 3.22 is to show that MAPs that use a rela-
tively short proof and make relatively few queries can be represented by a small class
of functions. Since this class of functions is small, we argue that a (small) random set
S C {0,1}", viewed as a property, will fool every MAP, in the sense that no MAP verifier
can distinguish between a random element in S and a random element in {0, 1}".

The foregoing intuition is formalized by the following lemma shows that exists a set
of randomized decision trees (see definition below) such that for every MAP, there exists
a subset of the decision trees such that the MAP accepts an input x (with probability
at least 2/3) if and only if at least one of the randomized decision trees accepts x (with
probability at least 2/3).

Lemma 3.18. Let € € (0,1/4). For every n € N and for every p,q < n, there ezists a
class of functions }"ISZ) of size 2N 2N of fupctions from {0,1}™ to {0,1}, such that
the following holds. For every MAP wverifier V' for testing e-prozimity to 11, C {0,1}"
that uses a proof of length p and q queries, it holds that Iy, € .7-}%), where Iy (x) is
defined as the indicator function for the event that there exists some w € {0,1}? such that
Pr[V¥(n,e,m) = 1] > 2/3.

Note that the order of quantifiers in Lemma 3.18 is such that the class of functions is
the same for every MAP verifier (and depends only on p and ¢). This will be crucial in
showing that a random set fools every MAP verifier. Also note that if p4 ¢ < n, then the
size of F is quite small relative to the class of all functions from {0, 1}" to {0,1} (which
has size 2%").

Proof of Lemma 5.18. To facilitate the proof of Lemma 3.18, it will be useful to describe
standard testers (which do not use a proof) as randomized decision trees. Our main
observation is that, roughly speaking, an MAP can be expressed as an OR of randomized
decision trees.
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Recall that a randomized decision tree is a model of computation for computing a ran-
domized function f: {0,1}" — {0,1}. The randomized decision tree is a rooted ordered
binary tree. Each internal vertex of the tree is labeled with a value i € {1,...,n,*} and
the leaves of the tree are labeled with 0 or 1. (We think of a node that is labeled with
i € [n] as representing the reading of the ! bit, and of a node that is labeled with x
as representing a random coin toss.) Given an input € {0,1}", the decision tree is
recursively evaluated as follows. If the root’s label is %, then one of its two children is
selected uniformly at random, and we recurse on that child. Otherwise (i.e., i € [n]),
if x; = 0, then we recurse on the left subtree, and if z; = 1, then we recurse on the
right subtree. Once a leaf is reached, we output the label of that leaf and halt. If T"is a
randomized decision tree, we denote by T'(x) the (random variable that corresponds to)
the output of T on input x.

The size of the decision tree is defined as the number of vertices in the tree, and the
depth of the tree is defined as the longest path between the root of the tree and one of
its leaves. (See [BAWO02] for an extensive survey of decision tree complexity.) Let RDT
be the set of all randomized decision trees of size s. For every Ti,...,T, € RDT, let
fr..m :{0,1}" — {0,1} be the function defined as fr, 7, (x) = 1 if and only if there
exists i € [t] such that Pr[T;(z) = 1] > 2/3. Consider the class of functions

For={fr..., : Th,...,T, € RDT,}.

We show that Fyoly(n).2a,20 satisfies the conditions of the lemma.

Let V be an MAP verifier of e-proximity for II,, that uses a proof of length p bits,
q queries, and r random bits. The main observation is that for every fixed proof string
m € {0,1}?, the (randomized) decision V*(n,e,7) can be expressed as a randomized
decision tree Ty, of depth 7 + ¢ (and size 2"%7), which is defined as follows. The first r
vertices in every path from the root to a leaf in the tree are labeled by * (these vertices
correspond to the random coin tosses of V). Every other internal vertex is labeled by
some i € [n], corresponding to a query to x; made by V. The two edges leaving every
vertex, labeled by 0 and 1, correspond to the actual value of x;, and these edges lead
to a vertex that is labeled by the next query made by V', given the answer z; to the
query i. Given an input z and a random string p € {0,1}", the leaf that is reached
by evaluating the decision tree on input x and the random string p is labeled with the
value V¥(n,e,m; p). (Recall that V*(n, e, m; p) denotes the output of the verifier V' given
oracle access to z, direct access to n, &, m and the random string p.) We are interested
in Pr[V*(n,e,m) = 1].

Let Iy : {0,1}" — {0, 1} be defined as Iy (x) = 1 if and only if there exists 7 € {0,1}?
such that Pr[V*(n,e,m) = 1] > 2/3. Since the randomized functions V*(n,e,7) and
Tv () are identically distributed, it holds that Iy € Far+q os.

By Lemma 3.17, we may assume without loss of generality that V' has randomness
complexity r = O(logn). The lemma follows by noting that |[RDT,| < (n 4 1)® and
therefore |Fs¢| < |RDT,|" < (n+ 1)*%. O

Before proceeding to the proof of Theorem 3.22, we state a few standard propositions
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(Propositions 3.19, 3.20 and 3.22) whose proofs are deferred to Section 3.B.1. We start
by noting that sparse properties can be efficiently tested.

Proposition 3.19 (folklore). Every property Il = Uyenll,, (where 11, € {0,1}") can be
tested by making O(log |I1,|/e) queries (without a proof).

We note that Proposition 3.19 has standard proofs via learning theory techniques.!” In
Section 3.B.1 we provide an alternative proof that uses the notion of MAPs in a somewhat
surprising, but very natural way.

The following (standard) proposition shows that, with high probability, a random
n-bit string will be far from any small subset of {0, 1}".

Proposition 3.20 (folklore). For every constant ¢ € (0,1/4] and set S C {0,1}", it
holds that Pre (0130 @ is e-close to S| < |S| - 278,

For the last claim that we need, recall the definition of a PRG.

Definition 3.21. A set S C {0,1}" is called a pseudorandom generator (PRG) for fooling
a class F of functions from {0,1}" to {0,1} if for every f € F it holds that

P =1- P =1]| < 1/10.
Prlf@ =1= _Pr (@) =1 <1/
(note that the choice of the constant 1/10 is arbitrary.)

The following (well-known) lemma shows that for every class of functions F, a random
set of size O(log|F|) is a PRG that fools F.

Proposition 3.22 (implicit in [GK92], see also [Gol08, Exercise 8.1]). Let F be a class
of functions from {0,1}" to {0,1}, of size at most 22" Then, 99% of subsets of {0,1}"
of size s = O(log | F|) are PRGs that fool F.

We are now ready to prove Theorem 3.22.

Proof of Theorem 3.22. Fix € € (0,1/4). Let t,p,q : N — N be functions such that
t=t(n) <n/10,p=pn) <n,qg=qn) <nandt=p+q+ O(logn).

Let § & UnenS, where for every n € N, the set S,, C {0,1}" is a random subset of
{0,1}" of size 2™, By Proposition 3.19, (for any choice of S) the property S can be
tested using O(log(|S,|)/e) = O(t/e) queries (without a proof).

Fix n € N and let ]-}SZ) be the class of functions of size 2P 2™ gyaranteed by
Lemma 3.18, with respect to p and ¢. Since O(log |F\%|) = 027+ - poly(n)) = 2!, by
Proposition 3.22 (applied to the class féz)), with probability 0.99 over the choice of S,
it holds that for every f € .7-}52,):

Pr [f(x)=1—- Pr [f(x)=1] <1/10. (3.8)

TERSN z€R{0,1}"

I"Either by an explicit reduction of property testing to learning (see [GGR98, Section 3]), or by
applying Occam’s razor directly to the testing problem.
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Let S, be a set for which Eq. (3.8) holds and assume toward a contradiction that
there exists an MAP verifier V' that uses a proof of length p and ¢ queries, and tests
e-proximity to S,.

By Lemma 3.18, it holds that Iy, € ]:ISZ), where the function Iy is defined as Iy (z) = 1
if and only if there exists 7 € {0,1}” such that Pr[V*(n,e,7)] > 2/3. We proceed to
show that Iy, is a distinguisher for the PRG S, in contradiction to Eq. (3.8).

By the completeness of the MAP, for every =z € S, it holds that Iy (z) = 1 and
therefore

erSTL[IV(x)] = 1.
On the other hand, by the soundness of the MAP, for every x that is e-far from S, it
holds that Iy (z) = 0 and so

E [Iyv(z)] < E [Iy(z)]+ Pr_[zise-closetoS,] <[S,]- 9~n/8 < 9=

senfbay T g T senony

where the second inequality follows from Proposition 3.20 (and the fact that Iy (z) = 0
for every x that is e-far from S,), and the last inequality follows from our setting of
t <n/10. Therefore,

E [Iv(x)]— E [Iy(z)]>1-2""
Z‘GRS’;L[ V(x>] Z‘GR{O,l}n[ V<x)] - !
in contradiction to Eq. (3.8). O

3.6 MAPs for Parametrized Concatenation Problems

In this section we give a scheme for constructing efficient MAPs for parameterized con-
catenation problems. For starters, we review the notion of (non-parameterized) concate-
nation problems: The k-concatenation problem of a property II is defined as the property
17k {(21,...,3) : Vi€ [k], z; €l and |z;] = |21]}. For every i € [k], we will refer
to x; as the i*" block or sub-input.

Concatenation problems (in the context of property testing) were recently studied by
Goldreich [Goll4], who showed that the query complexity of the concatenation problem
1% (of a property II) is roughly the same as the query complexity of the problem of
testing a single instance of II, regardless of the number of concatenations. More precisely,
the query complexity of testing proximity of an input of length n-k (for II**) is the same,
up to a polylogarithmic factor, as the query complexity of testing proximity of an input
of length n (for IT), provided that the query complexity of II increases at least linearly
with 1/e (which is typically the case).

We consider a generalization of the notion of a concatenation problem by allowing
the underlying property to depend on some parameter, which may differ between the
different blocks. Consider a family of properties {I1I*} _,, where a is the parameter
and A is some domain. As we shall show, some natural properties can be expressed as
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a concatenation II* x ... II* of a property I1%, with respect to different values of the
parameter. For example, testing whether a given string x has Hamming weight w can
be expressed as the question of testing whether x can be partitioned into k& blocks such
that the 7*® block has Hamming weight w; and Zie[k} w; = w. (Other natural examples
are reviewed below.)

In this section it will be convenient for us to view the input length n € N, the
proximity parameter ¢ € (0,1), and the number of concatenations k as fixed. We note
that although we fix n, ¢, and k, these parameters should be viewed as generic, and
so we allow ourselves to write asymptotic expressions such as poly(n), poly(e), etc. If
IT C {0,1}", then we say that a verifier V' is an MAP(p, ¢) for II with respect to proximity
¢ if V can distinguish between inputs that are in Il and inputs that are e-far from II using
a proof of length p and ¢ queries. (See the end of Section 3.6.1 for a discussion of the issues
involved in providing a uniform treatment of parameterized concatenation problems.)

Additionally, throughout this section we study properties that are more naturally
expressed as sets of strings (rather than functions), therefore we present them as such.
Note that a function formulation (as in Definition 3.1) can be easily obtained by the
(trivial) mapping that maps the string x € " to the function f, : [n] — X defined as
fz(i) = x;. We proceed to define parameterized concatenation problems.

Definition 3.23. Let A be a finite set, and n,k,n/k € N. For every a € A, let I, ©
{70, 1}”/’“ be a property of n/k-bit strings that is parameterized by o. For every subset
A C A* we say that the property 14 is a parameterized k-concatenation property (of
n-bit strings), where 117 is defined as

mE I x.x I

(o1, )EA

If we consider the task of testing Hf, it is not a priori clear (for the tester) what value
of the parameter «; to use for each block. This is where MAPs can help us. That is, the
proof of proximity will simply tell the MAP verifier the correct value of the parameter for
each block. Using this idea, in Section 3.6.1 we construct an MAP for any parameterized
concatenation problem. In Sections 3.6.2 to 3.6.3, we demonstrate the applicability of
this technique by using it to construct efficient MAPs (which manage to bypass some
lower bounds for testers that do not use a proof) for a couple of natural properties:

1. Approximate Hamming weight: The first application of our scheme is an effi-
cient MAP for the problem of approximating the Hamming weight of a given string.
In this problem, which is parameterized by w € [n], the tester needs to distinguish
between inputs that have Hamming weight exactly w and those that have Hamming
weight ¢ [w — en,w + en].

We complement this MAP with a (non-tight) lower bound on the MAP complexity
of the approximate Hamming weight property. We leave the question of resolving
the gap between the upper and lower bounds to future work. See Section 3.6.2.
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2. Graph orientation problems: In addition, we show an MAP in the graph ori-
entation model (see Section 3.6.3 for details on this model). Specifically, our MAP
distinguishes between orientations (of a specific undirected graph) that are Eulerian
and those that are far from Eulerian. Our MAP has lower query complexity than
the best possible property tester for this problem, and the gap in query complexity
increases with the size of the proof. See Section 3.6.3.

Properties with/without distance. Note that all of the explicit properties studied
in Section 3.3 are properties of low-degree polynomials and error-correcting codes. The
MAPs that we have shown for these properties crucially relied on the fact that these
properties have distance (i.e., properties wherein every two objects that have the property
are far from each other), and moreover, they allow for a local form of self-correction.'®
We note that in contrast, all of the properties that we study in this section are without
distance (as is the property of bipartiteness studied in Section 3.7). For example, the
Hamming weight property is without distance since there are pairs of strings at distance
2 that have the same Hamming weight.

3.6.1 The Generic Scheme

In this section we show a generic scheme for parameterized concatenation problems.

Theorem 3.23. Ler ci,cy > 0 be constants. Let Hf be a parameterized k-concatenation
property (of n-bit strings) with respect to A, A, and {Hg/k}aeA, as in Definition 3.25.
Suppose that for every a € A, the property Hg/k can be tested with respect to any proxim-
ity parameter €' > 0 (without using a proof) with query complexity O ((n/k)* - (g')~).
Then, the property I1 has an MAP, with respect to proximity parameter €, that uses a
proof of length k - log |A| and has query complezity:

0, ((n/k)™ - emmax(be2l)  4f ;>0 and ¢3 > 0
0, ((n/k)l*l/c2 ~5‘1> if 1 =0 and co > 1.

Furthermore, if the testers for {Hg/k}aeA have a one-sided error, then the resulting MAP
has a one-sided error.

Proof. The key idea is to use the proof in order to “break” the problem of testing property
IT into the concatenation problem of testing several sub-properties with smaller inputs.
Then, instead of solving each sub-problem independently, we efficiently verify that the
(smaller) sub-inputs together are not too far from their corresponding sub-properties.
More specifically, we partition the input = (of length n) into k blocks @1, ..., x; of
length n/k each. If x € 112, then there must exist (ay,..., ;) € A such that x; € I,
for each i € [k]. The proof is simply (a4, ..., a); that is, the “hidden” parameter for each

8An important natural subset of this type of properties with distance is the set of properties of
algebraic objects; see [KS08] for an extensive study of algebraic properties.
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sub-property. The verifier, given this alleged proof, checks that indeed (o, ...,ax) € A
(i.e., the parameterization of the sub-properties is valid), and is then left with the task
of ascertaining that the k blocks are not “far” from Hz}k X +ee X Hz’/‘k

Toward this end, similarly to the approach in [Goll4, Section 5], we note that given
an input that is far from Hz}k X oo X Hz’/“k, the distance from the property can be either
“spread” between all of the sub-inputs, or “concentrated” on a few sub-inputs — or
anything in between. The main idea is that if the distance is “concentrated”, then the
deviation in these sub-inputs must be large, and so, we can detect that such particular
sub-inputs do not have their corresponding sub-property by using a test with low query
complexity. Since we only read a few bits for this test, we can afford to run it on many
sub-inputs (thereby increasing our chance of catching a sub-input that is far from its
corresponding sub-property). On the other hand, if the distance is “spread” among the
sub-inputs, then it suffices to examine only a few sub-inputs, but for each such sub-input,
we need to run a test with high query complexity. Interestingly, in the latter case it is
sometimes beneficial for the verifier to simply read the entire block rather than to run
the “expensive” tester.

Since the verifier does not know whether it is in one of the extreme situations or any-
where in between, naively we might want to consider the “worst of all worlds” (i.e., small
spread and high query complexity per block). We improve upon the performance of the
forgoing approach by using the precision sampling technique (originating in Levin [Lev85,
last paragraph of Section 9], see also [Gol14, Appendix A.2]), which allows us to deal with
all of the possible distributions of the distance economically (specifically, by considering
only a logarithmic number of representative distributions). The resulting MAP protocol
for parameterized concatenation problems is presented in Fig. 3.1.

Note that the length of the proof, which is (ay, ..., ax), is bounded by k - log|A|. As
for the query complexity, first recall that for any a and & > 0, the property II% Ik has
a tester with query complexity T'(n/k,e’) = (n/k) - (¢/)~®. Thus, the total number of
queries is at most:

log(1/¢) _j = [ (n/k)" (ca—1)
O ‘ Z Tglog(l/é)T(n/k,Q ]) :O - ‘ Z 271¢2
J€[[logy 2/€]] Jj€([logy(2/€)1]

O ((n/k)cl e~ max(l,cz)) )

For the special case in which ¢; = 0, we tighten the analysis. Observe that, without
loss of generality, for any proximity parameter ¢, it holds that T'(n,e) < n (simply since
the tester can always just read the entire input). Therefore, the query complexity is
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MAP for the parameterized k-concatenation problem H,‘f}

Input: a proximity parameter ¢ > 0 and oracle access to a string = € {0,1}".
The Proof:
e The string z is interpreted as a k sub-inputs = = (1, ...,z3) € ({0,1}"/F)k,

e The proof consists of the parameters for the concatenated problems; namely, the values
(a1, ..., ar) such that z; € Hg;k, for every i € [k] (such values must exist for = € TI2).

The Verifier:
1. If (ag,...,ar) ¢ A, then reject.

2. For every j € [[logy(2/¢)]], perform the following test:

(a) Select uniformly at random O (%) indices in [k]. Denote the chosen indices
by I.
(b) For every i € I: Run the Hz’/k tester O(log(1/e)) times on input x;, with respect

to proximity parameter 277. Reject if the majority of the tests failed.

3. If all of the previous tests passed, then accept.

Figure 3.1: MAP for II

bounded in this case by:

0, > M-log(l/e)-T(n/k,Tj) _of! > min(%,zﬂ‘:ﬂ))

, e .
J€|[[logy 2/¢]] Jj€l[[log, 2/¢]]

oL X mrre]

Jj€[[logy 2/¢]]

IN

where the last inequality follows from the fact that co > 1 (by our assumption) and thus
min (n/k - 277,2(©2=07) < (n/k)'='/°_ Therefore, the total query complexity in this case
is O ((n/k)\=e . e71).

We proceed to prove the completeness and soundness of the protocol.

Completeness. Suppose that = € II4 and that (z1,...,2;) € Hg}k X ... X Hz’/“k The
tester for each sub-property is invoked O(log(1/¢)) times in Step (2b) on some z; € II7, .
Therefore, with probability 1 — poly(¢) the majority of these invocations will accept. The
total number of times that this step is run is at most O(1/c -log*(1/¢)) and therefore, by

the union bound, the MAP verifier accepts with probability at least 2/3.
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Soundness. Suppose that z € {0,1}" is e-far from II2. Let (aq,...,ax) € A be an
alleged proof for the false statement z € II7 (notice that if (ay,...,ax) ¢ A, then
the tester immediately rejects). Thus, z = (x1,...,z) € ({0,1}Y%)* is e-far from
I, > .. X Hz’/“k (since otherwise x is e-close to I14).

The following claim shows that it suffices to consider O (log(1/¢)) different distribu-
tions of the distance between the sub-inputs. Since the proof of the claim is similar to

results of [Goll4, Section 5], we defer it to Section 3.B.2).

Claim 3.23.1 (Precision Sampling (cf. [Lev85, last paragraph of Section 9] or [Goll4,

Appendix A.2])). There exists j € [[log,2/e]] such that a méﬁ fraction of x1, ...,z

are 277 -far from their corresponding sub-properties HZ}k, e ,Hz’;k.

Consider the execution of iteration j, where j is the index guaranteed by Claim 3.23.1.

In this iteration, since the verifier selects uniformly at random O (%) indices in [k],
with probability at least 0.9, it selects at least one ¢ € [k] such that z; is 277-far from
1.

Suppose that such an i is indeed selected. Since the base tester for II;" is run with
respect to proximity 277, it will reject x; with probability 2/3. Since the test is repeated
O(log(1/¢)) times, the majority of these tests will reject with probability at least 0.9.

Thus, the MAP verifier rejects z with probability at least 0.9 -0.9 > 2/3. O

On providing a uniform treatment. Recall that throughout this section we have
fixed n, € and k. Before proceeding to describe the applications of Theorem 3.23, we
shortly discuss issues that arise when considering a uniform (asymptotic) treatment. In
some cases, in order to optimize the total complexity (i.e., the sum of the proof complexity
and the query complexity) of the MAP in Theorem 3.23, it is beneficial to allow the
number k of concatenations to depend on the proximity parameter €. However, if k
depends on ¢, then the following two issues arise.

First, notice that if k& depends on ¢, then the proof string in Theorem 3.23 becomes
dependent on e too, and therefore this protocol does not fall in our definition of MAP
(Definition 3.1), which requires a single proof of proximity that works for every value of
€ > 0. Hence, one can consider a slight relaxation of Definition 3.1 in which we allow
the proof of proximity to depend on €. Since formally such a protocol is not an MAP, we
call it an MAPppp (where PDP stands for prozimity dependent proofs). Note that in an
MAPppp both the contents of the proof of proximity, and its length may depend on the
proximity parameter. See Section 3.2.1 for further discussion of MAPppp.

An additional issue that arises when the number of concatenations k£ depends on ¢ is
that it is unclear how to define a k-concatenation property, as the naive definition that
follows Definition 3.23 would make the property itself depend on k, and therefore also
on the proximity parameter. While this issue can be overcome for the specific properties
that are studied below, doing so in general would be extremely cumbersome, which is the
main reason for our non-uniform treatment.
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3.6.2 Approximate Hamming Weight

In this section we consider the problem of deciding whether a given string x € {0,1}" has
Hamming weight approximately w. More specifically, we would like a tester that accepts
every string x € {0, 1}" that has Hamming weight w € [n], and rejects strings that have
Hamming weight that is e-far from having weight w. Namely, the tester should reject
every string x € {0,1}" for which wt(z) ¢ [w — en,w + en], where wt(z) denotes the
Hamming weight of x.

More formally, we consider a family of properties {Hamming}, },,, indexed by a weight
w € {0,...,n}. The property Hamming’ is defined as the set that consists of all strings
x € {0,1}" that have Hamming weight exactly w.

By well-known sampling lower bounds (see, e.g., [BYKSO01, Theorem 15], improv-
ing upon [CEG95]), the query complexity of any property tester (which does not use a
proof) is Q(min (n,e72) ). Our goal is to use MAPs in order to bypass this lower bound.
We remark that Hamming” was already studied by [RVW13] who showed a multiple-
message |PP for Hamming® with complexity O (e71) and a 2-message IPP with complexity

0, <n§ : 5_§>. (Note that for e = 1/4/n, the 2-message protocol of [RVW13] has sublinear

complexity of O (nQ/ 3), whereas testing without a proof requires {2(n) queries.)

Using Theorem 3.23, we show that the performance of the [RVW13] 2-message IPP
can be matched by an MAP (i.e., a 1-message IPP), while essentially preserving its com-
plexity.'” Thus, we show that even a non-interactive proof suffices to bypass the property
testing lower bound.

More generally, for every constant parameter a € (0,1), we show that there exists
an explicit MAP for Hamming that uses a proof of length O(n®), and makes at most
o, (\/ nl-a. 5_1) queries to the input string. For every value of a € (0,1), there is a
range of € for which the MAP is more efficient than the best possible property tester
(which does not use a proof) for Hamming. A comparison of the efficiency of our MAP
versus standard property testers, for different values of «, is provided in Table 3.1.

Before we proceed, we note that we actually prove a slightly stronger result. Namely,
that for every k € [n] there is an MAP for Hamming that uses a proof of length & - logn,
and makes at most O (\/n/ k - €_1> queries (where the more restricted statement above
is obtained by setting £ = n®). In order to minimize the total complexity (i.e., the sum
of the proof complexity and the query complexity) of the MAP, we also consider MAPppp
verifiers (recall that MAPppp is a slight relaxation of our definition of MAP that allows

the proof of proximity to depend on the proximity parameter, see the discussion at the
1 2
end of Section 3.6.1. With this relaxation, we can set k = n3 - £73 to obtain an MAPppp

with (total) complexity O (n% : 5_§>. See further discussion in Section 3.2.1.

We complement the foregoing upper bound by showing a lower bound on the MAP
complexity of Hamming. Specifically, we show that every MAP for Hamming that uses

19We note that an MAP for approximating the Hamming distance with similar performance was also
discovered independently by (Guy) Rothblum et al. following the initial publication of [RVW13].
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MAP
Parameters || Property Testing | Proof Complexity Query Complexity
General . O <\/F . 5_1>
O (min (n,e72)) O(n®)
@€ (0’ 1) Improves for N3 % <e<n3ts
~ O (n049 . o—1
a=0.02 O (min (n,e72)) O (n%02) ( )
Improves for n= %% < ¢ < n=0-49
~ O (nl/6. -1
a=2/3 O (min (n,e72)) O (n??) ( )
Improves for n=%/6 < ¢ < n~1/6
~ O (n0-01 . c—1
a=0.98 O (min (n,e7%)) O (n°%) ( )
Improves for n=99 < & < n=001

Table 3.1: The complexity of testing Hamming for different values of a.

a proof of length p > 1 must use 2 (%ﬂ) queries. Note that the two bounds do

not match (e.g., for e = 1/y/n and p = n?3, the upper bound is O (n*/?) and the lower
bound is Q(n'/3)). We leave the question of resolving this gap for future work.

Theorem 3.24. For every w € {0,...,n}, the property Hamming" has a (two-sided
error) MAP, with respect to proximity parameter €, that uses a proof of length k - logn

and O <\/n_//<: . 8_1) queries.

We remark that by applying Theorem 3.20 to the MAP of Theorem 3.24, we can (some-
what surprisingly) construct a one-sided error MAP with proof complexity O(klogn +

polylogn) and query complexity O (w/ n/k - 5_1). In contrast, the query complexity of
every one-sided error property tester for Hamming (without a proof) is linear in the

input size.

Proof of Theorem 3.24. Fix w € [n]. It is well-known (and easy to show, e.g., via the
Chernoff bound) that e-proximity to Hamming,’ can be tested, without a proof, using
O(e7%) queries (with a two-sided error). Let

AL {(wl,...,wk) c{0,...,n/k}" : zk:wi:w}.

Observe that a string x = (z1,...,7;) € ({0,1}*/%)* has Hamming weight w if and only
if, for every i € [k] the string z; has Hamming weight w; and Zle w; = w. Hence,

Hamming, = U Hamming:‘l’/lk X ... X Hamming;”;“k.

(w1,...,w)EA
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The theorem follows from Theorem 3.23 (where ¢; = 0 and ¢ = 2). O

Relation to TensorSum. The Hamming problem is loosely related to the Sub-Tensor
Sum problem (see Section 3.3.2), since in both problems we want to compute the sum of
the entries of a given input string. In the Sub-Tensor Problem we want an exact answer
but are given the string in an error-corrected format (where we think of the input as
f+ H™ — T which is encoded by a low degree polynomial f : ™ — [ that agrees with f
on H™). In the Hamming problem we do not have the benefit of an error-correcting code
but allow an approximate answer.

Next, we show a lower bound on the MAP complexity of the property Hammingz/ 2
(the set of all strings of Hamming weight exactly n/2, where n is the length of the string).
We note that the lower bound can be extended to Hamming;’ for more general values of w
by reducing to Hammingz/ ? using adequate padding (while taking care of the integrality
issues that arise). We also note that the lower bound only holds for reasonable complexity
measures (which are specified formally below).

The lower bound is proved using our extension of the [BBMI11] framework to the
MAP model that was established in Section 3.3.2.2. Recall that this extension allows us
to prove lower bounds on the complexity of MAPs via MA communication complexity
lower bounds. We note that since an MAP lower bound refers to a particular value of ¢,
it immediately implies a lower bound also on MAPppp.

One natural candidate for a communication complexity problem on which we can base
our Hamming lower bound is the Hamming Distance communication problem, wherein
Alice and Bob need to decide whether the Hamming distance of their input strings is
equal to a predetermined number. However, as opposed to the MAP lower bounds that
we have shown before (e.g., for TensorSum, and EIM), Hamming is a property of non-
robust objects; i.e., there is no significant distance between every pair of valid objects.
In order to overcome the lack of distance between valid objects in Hamming, we wish
to reduce Hamming to an MA communication complexity gap-problem wherein the YES-
instances and NO-instances are far apart. Indeed, the Gap Hamming Distance problem,
described next, serves this purpose.

Let n € N, and let ¢, g > 0. The Gap Hamming Distance problem, denoted by GHD,, ; ,,
is the promise problem wherein Alice gets as input an n-bit string x, Bob gets as input
an n-bit string y, and the players need to decide whether the Hamming distance of their
strings is greater than ¢+ g (considered a YES-instance), or smaller than ¢t — g (considered
a NO-instance). See Section 3.B.3 for formal definitions and background. By extending
a recent result of Gur and Raz [GR13b], we show

Lemma 3.24. Let g,n € N such that g <n and t = o - n for some constant o € (0,1).
Then, every MA communication complexity protocol for GHD,, ; 4, with proof complexity

min(n,(n/g)Q) )

p > 1, has communication complezity at least () < ”

The proof of Lemma 3.24, which is by a reduction to the result of [GR13b], is presented
in Section 3.B.3 (see Corollary 3.33). Equipped with Lemma 3.24, we proceed to prove
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the lower bound for Hamming, .

Theorem 3.25. For every n € N and ¢ < e(n) € (0,1/2), if Hamming”™/? has an

MAP with respect to prozimity parameter ¢, with proof complexity p = Q(logn) and
query complexity q such that p(O(n)) = O(p(n)) and q(O(n)) = O(q(n)), then p-q =
Q (min (n,e7?)).

We note that our restriction on the form of p and ¢ is satisfied by reasonable functions
such as f(n) = a-n for any a,b > 0 as well as for f(n) = a - polylog(n).

Proof of Theorem 3.25. Throughout the proof we fix the function w as w(m) o m/2. By

Lemma 3.13, if Hamming,, € MAP(p, q), then the communication complexity (promise)
Hamming,,

problem Cg . has an MA communication complexity protocol with a proof of length
p and total communication 2¢, where (following [BBM11]) CE™™ " refers to the commu-

nication complexity (promise) problem, in which Alice and Bob need to decide whether
their inputs have Hamming distance exactly n/2 or are e-far from having such distance.
Thus, by Lemma 3.24, the theorem follows by reducing GHD,, ,, /2 en t0 Cg;mmmgw, which
is done next. (We stress that this reduction takes place entirely in the context of MA
communication complexity.)

We note that both GHD,, ;, /2y cr and Cg?smmingw are communication complexity (promise)
problems that refer to the Hamming distance A (z,y) between the inputs x and y
(of Alice and Bob, respectively). In GHD;, /2—cnen the YES-instances correspond to
A (z,y) > n/2 and the NO-instances correspond to A (z,y) < n/2 — 2en, whereas in
Cg;mmingw the YES-instances correspond to A (z,y) = n/2 and the NO-instances corre-
spond to A (z,y) & [n/2 —en,n/2 + en).

We proceed to show a reduction from GHD,, /2 en to Cg;mmmgw. Since the reduction
is between two MA communication complexity problems, we may allow the reduction to
make use of a proof string. Specifically, the reduction is given as a proof string an integer
d € {0,...,n} that allegedly equals A (z,y), and maps a pair (z,y) € {0,1}"" to a pair
(«/,y") € {0,1}*"*2" such that a YES (resp., NO) instance of GHD,, ,/2_cpn ey is mapped
to a YES (resp., NO) instance of Cia"™"8».

The reduction, given input d and (z, y), first checks that d > n,/2 and rejects otherwise
(since A (z,y) < n/2 does not correspond to a YES instance of GHD,, ;,/2_c ). Then,
the reduction maps the pair (x,y) € {0,1}"™™ to the pair (z/,y') € {0,1}*""" by setting
7' = 200" and y = yo 091"% That is, Alice (resp., Bob), given input x (resp., y)
and the alleged proof d, first checks that d > n/2 and then computes ' (resp., 3/'). The

parties then run the Cgimmingw MA communication complexity protocol on input (z’,y’).

If (z,y) is a YES-instance of GHD,, ;,/2-cnen (€., A(z,y) > n/2 ) and d= A (z,y)
(i.e., the provided proof is correct), then

A(:C/,y/) :A(may>+n_d:n>
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Hamming,,

and so (2',y') is a YES-instance of Cg, . On the other hand, if (z,y) is a NO-instance
of GHD,, ;,/2—cnen (€., A (x,y) < n/2 — 2en), then for every d > n/2

A, y)=A(z,y)+n—d<n-—2n
and so (2/,y') is a NO-instance of Cg;mming“’

Let us spell out how the reduction is used to prove the theorem. Suppose that
Hamming,, is in the class MAP(p,q), where p and ¢ are as in the hypothesis. Then,
by Lemma 3.13, the Cg;mmi"gw problem has an MA communication complexity protocol
with proof complexity p and communication complexity 2¢. Our reduction maps in-
puts of length n (of GHD,, ;,/2-cnen) to inputs of length 2n (of Cg;mmmg”), while using
an additional proof of length log, n. Thus, the reduction implies an MA communication
complexity protocol for GHD,, ;,/o—cp - With proof complexity p(2n) + log,n = O(p(n))
and communication complexity 2¢(2n) = O(g(n)). Hence, by Lemma 3.24, it holds that
p-q=Q(min(n,e?)). O

3.6.3 Graph Orientation Problems

In this section we apply Theorem 3.23 to the problem of testing graph orientations for
being Eulerian in the graph orientation model. In the graph orientation model, introduced
by Halevy et al. [HLNTO05], an underlying directed graph G = (V, E) with a canonical
orientation (i.e., wherein each edge is directed from the vertex with the smaller lexico-
graphical order to the vertex with the larger lexicographical order) is given as an explicit
input to the tester, and the actual input, to which the tester only has oracle access, is an
orientation G = {d(e) € {0,1} : e€ E'} of G, wherein d(e) represents the direction of
the edge e.

Given a property Il (parameterized by the fixed directed graph G) of graph orienta-
tions, a tester for Il is given query access to an orientation of G; that is, every query is
an edge e € F, and the answer to the query is the direction of e in G (i.e., d(e) € {0,1}).

An orientation 8 of GG is e-close to Il if it can be modified to be in Il by inverting the
direction of at most an e-fraction of the edges of G. Note that the distance function in the
orientation model naturally depends on the size of the underlying graph. Moreover, the
testing algorithm may strongly depend on the structure of the underlying graph. We note
that the graph orientation model falls within the standard property testing framework,
as a special case of property testing of massively parameterized problems (see [New10)]
for a survey on massively parameterized properties).

We consider the graph orientation property of being Fulerian, which was first pointed
out by Halevy et al. [HLNTO7] as a natural property for the graph orientation model.
Recall that a directed graph is Eulerian if for every vertex v in the graph, the in-degree of v
is equal to its out-degree. If G is a directed graph (with canonical orientation), we denote
by Eulerg the property that contains all orientations of G to (directed) Eulerian graphs.
While no (non-trivial) upper bound is known for this property, Fischer et al. [FLM™12]
showed that for general graphs, testing proximity to being Fulerian with 1-sided error is
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3.6 MAPs for Parametrized Concatenation Problems

hard. Specifically, They showed that for G = K3,_» (i.e., the full bipartite graph with
2 vertices on one side, and n — 2 vertices on the other side), a one-sided error tester for
Eulerg must use Q(n) queries.

Using Theorem 3.23 we show, for every o € (0,1], an MAP with 1-sided error for
Euler,,,_,, which uses a proof of length O(n®) and O(n'~®¢~1) queries. Hence, we have
a smooth (up to poly-logarithmic factors) multiplicative trade-off between the query and
proof complexities of the MAP. We note that it seems that using similar techniques, it is
possible to obtain, using Theorem 3.23, efficient MAPs for several problems in the graph
orientation model.

Formally, let K5,_» be the graph with a set of vertices V' = { vy, ..., v, } and a set of
edges E' = { (v;,v;) : i €{1,2}, je{3,...,n}}.

Theorem 3.26. The property Eulerg,  , has a one-sided error MAP, with respect to

prozimity parameter €, that uses a proof of length O(k -logn) and has query complexity
O(R-et).

Proof. The main idea is to divide Kj,_o into sub-graphs of equal size, wherein v; and v,
are the only vertices that appear in all sub-graphs. We require that for all j € {3,...,n},
the in-degree of v; is equal to its out-degree. However, since v; and v, appear in all of
the sub-graphs, we can allow their in-degree in each subgraph to be different than their
out-degree in this subgraph, as long as the sum of their in-degrees is equal to the sum of
their out-degrees.

We denote the in-degree of a vertex v € Ky ,,_o by d;,(v) and the out-degree of v €
K52 by dou(v). We start by considering the following generalization of the Eulerg, ,_,

property. For every a,b € Z, let Eulerg;?;bii2 be the set of all orientations of Kj,_o such
that:

1. din(vl) — dout(vl) = Q.

2. din(UZ) - dout(v2) =0

3. din(v;) = dout(vj), for all j € {3,...,n}.

(note that a and b may be negative). Let A be the set of all sequences ((a1,b1), . . ., (ax, by)),
where a;,b; € {—(n—2),...,n—2} for every i € [k] and for which it holds that 32 a; = 0
and Zle b; = 0. Consider the property:

def b b
II = | ] EuIerﬁ?l’ DX EuIer&?’“’ 6
- 2,n/k—2 2,n/k—2
(a1,b1),---,(ax,by) €A

This property contains all sequences of £ orientations of the graphs K, /,—o such that
(1) the vertices on the “large” side have in degree that is equal to their out degree and (2)
for the vertices on the “small” sides, the sum, over all graphs, of their in-degree equals
the sum of their out-degrees. We note that there is a trivial mapping between II and
Eulerg,,,_, which simply identifies the pair of vertices on the smaller side of graphs in II
as a singe pair of vertices.
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

By applying Theorem 3.23 with ¢; = 1, ¢ = 0, and using the trivial tester (that
queries the entire orientation) for every subgraph, the property II has an MAP with proof

of length O(k-logn), and query complexity O (% -e7'). By the foregoing discussion, this
MAP can be easily modified to work also for the property Eulerg, , . ]

3.7 Bipartiteness in Bounded Degree Graphs

In this section we consider the problem of testing bipartiteness for “rapidly-mixing”
graphs in the bounded-degree graph model. In a classical result, Goldreich and Ron [GR99]
showed that any graph can be tested for bipartiteness in the bounded-degree model, using
a tester with query complexity O(\/N /€), where N is the number of vertices in the tested
graph. Goldreich and Ron first consider the (far simpler) case in which there is a promise
that the graph is “rapidly-mixing” (see definition below). More recently, Rothblum, Vad-
han and Wigderson [RVW13] showed a 2-message IPP for bipartiteness, in the rapidly-
mixing case, with communication and query complexities that are poly(log N,e™1).

Roughly speaking, using similar techniques to (the rapidly-mixing case in) [GR99],
we construct an MAP protocol for testing bipartiteness of rapidly-mixing graphs, with
proof complexity p and query complexity ¢ for every p and ¢ such that p-q > N. Thus,
the query complexity of our MAP improves upon that of the [GR99] bipartiteness tester
(which does not use a proof) only if the proof is of length w(v/N). In particular, we
obtain an MAP verifier that uses a proof of length N?/3 and makes only N'/3 queries. In
contrast, a lower bound of Q(v/N) for testers (which do not use a proof) was shown by
Goldreich and Ron [GR02] (and this lower bound holds also in the rapidly-mixing case).

We leave the questions of (1) extending our result to graphs that are not rapidly-
mixing, and (2) obtaining an MAP for bipartiteness with query and proof complexities
that are both o(v/N), for future research.

The Bounded Degree Graph Model. In the bounded degree graph model, intro-
duced by Goldreich and Ron [GR02] (see also [Goll1]), the object that is being tested is
a graph G = (V, E) with degree bounded by some constant d. The graph is represented
by a function g : V x [d] — V U {L} such that g(u,i) = v if v is the i*" vertex incident
at u, and g(u,7) = L if u has less than i neighbors. The distance between two graphs,
represented by functions g,¢’ : V x [d] = V U{L} is measured (as usual) as the fraction
of pairs (u, ) such that g(u,i) # ¢'(u, ). For further details, see [Goll1].

Rapidly-Mixing Graphs. Let G = (V| E) be graph with degree bounded by d and
let N & |V|. A (lazy) random walk of length ¢ starting at a vertex s € V' is a random
walk that involves ¢ steps. At each step, if the walk is currently at vertex v with degree
d, < d, then the walk continues to each neighbor of v with probability 1/2d and stays at
v with probability 1 — g—g > 1/2 (a so-called “lazy” step). We say that G is rapidly-mixing
if for every s,t € V, the probability that a (lazy) random walk of length Q(log V) that
starts in s ends in ¢, is at least 1/(2N) and at most 2/N. We will use the fact that
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3.7 Bipartiteness in Bounded Degree Graphs

in a rapidly-mixing graph G = (V, E), for every vertex s € V and subset 7' C V| the
probability that a random walk of length Q(log N) that starts at s ends in 7', is at least
|T|/(2N) and at most 2|T'|/N. We mention the well-known fact that expander graphs
are rapidly-mixing.

We proceed to describe our MAP. Actually since we require a promise that the graph
is rapidly-mixing, we will need a “promise-problem” variant of the notion of MAP. For
sake of brevity we only define this notion implicitly (in the next theorem).

Theorem 3.27. There exists a probabilistic verifier V' that given oracle access to a graph
G of size N (in the bounded degree model), and explicit access to N, the degree bound d,
a prozimity parameter € € (0,1), and a proof string w of length k - log N, makes at most

O(% -€72) oracle queries, and satisfies the following two conditions:

1. (Completeness:) if G is bipartite, then there exists a proof string w € {0, 1}klsN

such that VE(N,d,e,w) = 1, with probability 1.

2. (Soundness:) if G is rapidly-mixing and e-far from every bipartite graph, then for
every proof string w, with probability at least 1/2, it holds that V¢(N,d, e, w) = 0.

Note that our tester has a one-sided error.

Proof. We define the parity of a (lazy) random walk as the parity of the number of actual
(i.e., non-lazy) steps that take place in it. Loosely speaking, the proof that the graph G is
bipartite is a subset S C V of k vertices that are allegedly on the same side of G. To verify
the proof, the verifier selects roughly O(log V) starting vertices, and takes approximately
N/k random walks of length O(log N) from each starting vertex s. If there exist two
random walks that start in s and end in S with different parities, then two corresponding
vertices in S must be on different sides and the verifier rejects. Otherwise, the verifier
accepts.

Since the graph is rapidly-mixing, the probability that a random walk that starts in
s ends in S is roughly |S|/N. The key point (which is proved formally below) is that if
the graph is far from bipartite, then for many starting vertices, the probability that the
random walk ends in S with parity 0 (or equivalently, with parity 1) is Q (|S|/N). That
is, the probability of reaching S with either parity is significant enough. The protocol is
presented in Fig. 3.1.

Note that the proof and query complexities are as stated. We proceed to show that
completeness and soundness hold.

Completeness. 1f G = ((L, R), E) is a bipartite graph such that |L| > |R|, and S C L is
the proof string, then there is no path between two vertices in S that has an odd length.

Therefore, for every vertex s € V, there are no two paths with different parities that end
in S.
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

MAP for Bipartiteness of rapidly-mixing graphs (in the bounded degree graph model)

Input: oracle access to a graph G = (V, E), the size N def |V| of the graph, a bound d on the
maximal degree in G, a proximity parameter ¢ € (0, 1), and a parameter k € [N].

The Proof:
Let V = (L, R) such that L, R are disjoint independent sets and |L| > |R| (such a partition is
guaranteed if the graph is bipartite). The proof is an (arbitrary) subset S C L of size k.

The Verifier:

£

1. Repeat O <logN) times:

(a) Select uniformly at random s € V.

)

(b) Take O <% . logN) (lazy) random walks starting at s, each of length ¢ e O(log N).

(c) Reject if there are two walks that end in S, having different parities.

2. If all of the previous tests passed, then accept.

Figure 3.1: MAP for Bipartiteness of rapidly-mixing graphs

Soundness. Suppose that G = (V, E) is a rapidly-mixing graph of size N = |V/| that is
e-far from every bipartite graph and let S C V. For every v € V and o € {0, 1}, let pZ be
the probability that a (lazy) random walk of length ¢ = O(log N) that starts at v, ends
in S with parity o. Since the graph is rapidly-mixing, p® + p! > % for every v € V.

The following claim shows that, for an average vertex v, the probability that one
random walk that starts at v ends in S with parity 0 and a second random walk that
starts at v ends in S with parity 1, is roughly Q((|S|/N)?) (i.e., roughly the same as the
probability for two random walks that start at v to end in S without any restriction on
the parities of the walks).

3 S2
Claim 3.24.1. 3, p0p! > 22

Proof. Suppose otherwise. Consider the following partition of the graph into (Vp, V)
where Vo = {v € V: pl >pltand Vi ={v eV : p! > p}. Let ' = E(Vp,Vp) U
E(V1,V1) be the set of all internal edges within V and within V4. We will obtain a
contradiction by showing that G is e-close to the bipartite graph ((Vo, V1), E\E’) that is
obtained from G by removing all edges in E’.

For every v € V and o € {0,1}, let A7  denote the event that a (lazy) random
walk of length m (where m is a parameter) that starts at v, ends in S with parity o. In
particular, Pr[A7 ] = p7. Then, for every o € {0,1} and v € V, it holds that

Y 1 o
D DN ) (39)

ueVs s.t. (v,u)eE’
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3.7 Bipartiteness in Bounded Degree Graphs

since a walk from v to S with parity 1 — o can be obtained by a step to one of the
neighbors of v in V,, (which happens with probability 1/2d for each neighbor), and a walk
of length ¢ — 1 from this neighbor u to S with parity o (i.e., the event A7, ;).
Intuitively, since we expect the number of lazy steps in a lazy random walk to be rather
large (at least £/2 in expectation), the probability that the event A7, | occurs is closely
related to the probability that the event A7, occurs (indeed, we expect the discrepancy
in the number of steps to be “hidden” by the (deviation of the number of) lazy steps).
The foregoing intuition is formalized by observing that with very high probability at least
one lazy step occurs and the probability that A7, occurs, conditioned on a specific step
being lazy, is equal to the probability that Awfl occurs. Indeed, by the union bound,

Py = PT[AU e]

< Pr[A7, A no lazy steps in the walk] + Z Pr[A7, A the i*" step in the walk is lazy]
i€[f]
< Pr[no lazy steps in the walk] + Z Pr[A7, | the i*" step in the walk is lazy]
1€[¢]

We can bound the first term by 27¢, which by setting ¢ = log(4n), is at most 1/(4N).
As for the second term, the probability that a random walk of length ¢ from u ends in
S with parity o conditioned on the i step being lazy is equal to the probability that a
random walk of length ¢ — 1 from u ends in S with parity . Hence

1
P < ot PrA7, ] (3.10)
Using Eq. (3.9) and Eq. (3.10), we obtain that:

Sipi= > > pin

veV ce{0,1} veVs

PT[AZ£ 1]

> X Mg

ce{0,1} (v,u)eE’
s.t. v,ueVy

s 1 o 1
> % g ()

ce{0,1} (v,u)eE’

v

vV

s.t. v,ueVy
1 [S] S|

E’ ..
> |F] 20d 4N 8N

where the last inequality follows from the fact that for every w € V, it holds that
ps > (P5 +py7)/2 2 | S| /4n. B
Hence, by our hypothesis, |E'| < ISP (L RECIRN @> = edN. Therefore, by

640N ~ \2¢d " 4N ' 8N
removing an ¢ fraction of the edges of G we obtain a bipartite graph, in contradiction to

our assumption that G is e-far from bipartite. This concludes the proof of Claim 3.24.1.
]
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

We say that a vertex v is good if p2pl > lgg‘iﬁg. (Intuitively, a vertex v is good if two
random walks that start at v are likely to end in S with different parities.) Let a € [0, 1]

be the fraction of good vertices in V. By Claim 3.24.1,

el <Zp0p1: Z Ppl + Z popl < aN - 2151 2+N. el 5J°
64¢N = b b b N 128¢N?’

v is good v is not good

where the last inequality uses the fact that for every vertex v € V' it holds that p? - p! <
(P2 + pl)? < (2]S]|/N)2. Hence, the fraction of good vertices is at least a = Q(g/log N).

Hence, with probability at least 0.9, at least one of the starting vertices s (which
were selected in one of the O(log N/e) iterations) is good. Assume that indeed, in one

of the iterations a good vertex s is selected. Hence, p2p! > 1;5% and p? + pl < %,
which implies that p?, p! = Q (ZJ%EN) Therefore, since we take O (% . dogN ) random

walks starting in s, with probability 0.9, there will be at least one walk thats ends in S
with parity 0 and one walk that ends in .S with parity 1. Hence, the tester rejects with
probability at least 0.9% > 1/2. O
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Appendix for Chapter 3

3.A Background

3.A.1 Communication Complexity

Let X and Y be finite sets, and let f : X x Y — {0,1} be a function. In the two-party
probabilistic communication complexity model we have two computationally unbounded
players, traditionally referred to as Alice and Bob. Both players share a random string.
Alice gets as an input x € X. Bob gets as an input y € Y. At the beginning, neither
one of the players has any information regarding the input of the other player. Their
common goal is to compute the value of f(z,y), while minimizing the communication
between them. In each step of the protocol, one of the players sends one bit to the other
player. This bit may depend on the player’s input, the common random string, as well as
on all previous bits communicated between the two players. At the end of the protocol,
both players output f(x,y) with high probability.

We say that a given protocol m computes a (possibly partial) function f: X x Y —
{0,1} if for every x € X and y € Y with probability at least 2/3 Alice outputs f(z,y)
after interacting with Bob.?’ We define the communication complexity of the protocol
CC(7) to be the maximum number of communicated bits in the protocol 7 when Alice
and Bob are given inputs from X and Y respectively. The communication complexity of
a function f is defined as:

CC(f) = min CC(m).

7 that compute f

For a family of functions F = {f, : X;, = Y,}nen we define the communication
complexity of F as CC,,(F) = CC(f,).

Set-Disjointness. The (unique) set-disjointness problem is the classical communica-
tion complexity problem wherein Alice gets an n-bit string x, Bob gets an n-bit string y,
and their goal is to decide whether there exists i € [n] such that x; = y; = 1. Formally,

20Tn the case of a partial function, we consider only relevant = and y’s.
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

Definition 3.25. For every n € N, DISJ,, : {0,1}" x {0,1}" — {0,1} is the communica-
tion complexity predicate given by the partial function

DISJ, (z,y) = Loif Diemvivi =0
’ 0 if Yiemrivi=1

(where the arithmetic is over the integers).

It is well-known (see [KS592]) that the communication complexity of the set-disjointness
problem is linear in the size of the inputs.

3.A.2 MA Communication Complexity

In MA communication complexity protocols, we have a function f: X x Y — {0, 1} (for
some finite sets X,Y'), and three computationally unbounded parties: Merlin, Alice, and
Bob. The function f is known to all parties. Alice gets as an input x € X. Bob gets as
an input y € Y. Merlin sees both x,y but Alice and Bob share a private random string
that Merlin cannot see.

At the beginning of an MA communication complexity protocol, Merlin, who sees both
inputs  and y, sends a proof string w = w(x,y) that asserts that f(z,y) = 1 to Alice
and Bob. The two players exchanges messages and at the end of the protocol, (say) Alice
outputs an answer z € {0,1}. Note that the answer may depend on the proof w as well as
the input (z,y). For a protocol 7, denote by W((J}, Y), w) the probabilistically generated
answer z € {0,1} given by Alice on input (z,y) and proof w.

We define MA communication complexity protocol as follows.

Definition 3.26. An MA(c, p)-communication complexity protocol for f is probabilistic
communication complexity protocol w between Alice and Bob in which they both get as
mput a p-bit proof, they can communicate at most ¢ bits, and the protocol satisfies the
following two conditions:
1. Completeness: for all (z,y) € f~(1), there exists a string w € {0, 1} such that
Pr (7 ((z,y),w) = 1] >2/3
(where the probability is over the common random string).
2. Soundness: for all (z,y) € f~1(0) and for any string w € {0,1}? we have
Pr [ﬂ((x,y),w) = 1} <1/3

(where the probability is over the common random string).
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The MA Communication Complexity of Set-Disjointness. Recall that there is a
well-known linear lower bound on the communication complexity of the the set-disjointness
problem (DISJ) (see Section 3.3.1.3 for formal definitions and statement of the lower
bound). A decade after the communication complexity of DISJ was settled, Klauck
[K1a03, Klall] showed the following lower bound on the MA communication complex-
ity of set-disjointness (later proved to be tight, by Aaronson and Wigderson [AW09]).

Theorem 3.28. Every MA communication complexity protocol for DISJ,, with proof com-
plexity p and communication complexity ¢ satisfies p - c = Q(n).

3.A.3 Error Correcting Codes

We first introduce codes as objects of fixed length and then give asymptotic variants
of the definitions. Let 3 be a finite alphabet. An error-correcting code (over X) is an
injective function C' : ¥ — ¥ where k,n € N and k < n. Every element in the range of
C' is called a codeword. The stretch of the code is n (viewed as a function of k) and the
relative distance is defined as d/n, where d is the minimal distance between two (distinct)
codewords.

We say that the code C'is a t-locally testable code (LTC), where ¢ : [0,1] — N, if there
exists a probabilistic algorithm 7' that given oracle access to w € X" and a proximity
parameter £ > 0 makes at most t(¢) queries. The algorithm accepts every codeword with
probability 1, and rejects every string that is e-far from the code with probability at least
1/2. For further details on LTCs, see [GS06, Goll0b].

We say that the code C, with relative distance d, is a t-locally decodable code (-
LDC), where t € N, if there exists a constant 6 € (0, dy/2) called the decoding radius, and
a probabilistic algorithm D that given i € [k] and oracle access to a string w € {0,1}"
that is d-close to a codeword w’ = C(m) for some m € {0, 1}*, makes at most ¢ queries to
the oracle and outputs m; (i.e., the i® bit of m) with probability at least 2/3. Moreover,
if w is a codeword, then the algorithm outputs m; with probability 1. For further details
on LDCs, see [KT00].

An important parameter of both LTCs and LDCs are their query complexities; that
is, the number of queries ¢ made to the string w. In both cases we are interested in codes
for which the number of queries t is significantly smaller than n. While there are known
LTCs with (almost) linear stretch and constant query complexity (i.e., ¢ does not depend
on n), obtaining an LDC with constant query complexity and polynomial stretch is a
major open problem in coding theory.

We will also consider a relaxation of LDCs, introduced by Ben-Sasson et al. [BSGHT06],
known as relaxed-LDC. In this variant, the decoder is allowed to abort on corrupted code-
words. Indeed, the main advantage of relaxed-LDCs over standard LDCs is that there are
known constructions (see [BSGHT06]) of relaxed-LDCs with constant query complexity
and almost linear stretch.
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

Definition 3.27 (relaxed-LDC, adapted from [BSGH'06, Definition 4.5]). We say that
the code C' : XF — X" with relative distance &, is a t-relaxed-LDC if there exists a
constant § € (0,80/2) and a probabilistic algorithm D that, given an integer i € [k] and
oracle access to a string w € X", makes at most t queries and satisfies the following two
conditions:

1. If w = C(m) is a codeword that encodes the message m € {0,1}*, then D outputs
m; with probability 1.

2. If w is d-close to a codeword w' = C(m), then, with probability at least 2/3, the
decoder D outputs a value o € {m;, L}; that is, Pr[D"(i) € {m;, L}] > 2/3.

We note that our definition differs from the original definition in [BSGH'06] in two ways.
The first difference is that [BSGH'06] require an additional, third, condition that we
do not need. (However, [BSGH'06] show that a code that satisfies conditions 1 and 2
above can be converted into an “equally good” code that satisfies also the additional
third condition.) The second difference is that [BSGH"06] only require that the decoder
succeed in decoding valid codewords with probability 2/3 whereas we require successful
decoding with probability 1. Fortunately, the constructions of [BSGH™06] actually satisfy
the stronger requirement.

The asymptotic variants of the foregoing definitions are obtained in the natural way
by considering families of codes, one for each input length. Let £ : N — N be some
(sublinear) function an let {3, },en be an ensemble of alphabets. A family of codes is an
ensemble {C, }nen such that C,, : (£,)™ — (X,)" is a code for every n € N.

We say that the family of codes is a ¢-LTC for a function ¢ : N x [0,1] — N if for
every n € N, the code C, is a t(n,-)-LTC. Similarly we say that a family of codes is a
t-LDC (resp., relaxed-LDC) for a function ¢t : N — N if for every n € N, the code C,, is a
t(n)-LDC (resp., t(n)-relaxed-LDC). We sometimes abuse notation and refer to a family
of codes as a single code.

3.A.4 Multivariate Polynomials and Low Degree Testing

In this section we recall some important facts on multivariate polynomials (see [Sud95] for
a far more detailed introduction). In the following we fix a finite field F and a dimension
m and consider m-variate polynomials over F.

Lemma 3.28 (Schwartz-Zippel Lemma). Let P : F™ — F be a non-zero polynomial of
total degree d. Let S CF and let rq,...,r, be selected uniformly at random in S. Then,
Pr [P =0 < -2
r Tiyeo.yTm) =0 < —.
Tl ’mERS ! |S’
An immediate corollary of the Schwartz-Zippel Lemma is that two distinct polynomi-
als P,Q : F™ — F of total degree d may agree on at most a %—fraction of their domain

(i.e., F™).
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Theorem 3.29 (Self-Correction Procedure (cf. [GS92, Sud95]). Let 6 < 1/3, and d,m €
N. There exists an algorithm that, given x € F™ and oracle access to an m-variate
function P : F™ — F that is d-close to a polynomial P’ of individual degree d, makes
O(d - m) oracle queries and outputs P'(x) with probability 2/3. Furthermore, if P has
total degree t, then given x € F™, the algorithm outputs P(z) with probability 1.

In Theorem 3.29, as well as in the two following theorems, the error probability can
be decreased to be an arbitrarily small constant using standard error reduction (while
increasing the number of queries by a constant factor).

Theorem 3.30 (Total Degree Test (a.k.a. Low Degree Test) (see [RS96, Sud95, AS03]).
Let ¢ € (0,1/2), t,m € N. There exists an algorithm that, given oracle access to an
m-variate function P : F™ — F, makes O(t - poly(1/¢)) queries and:

1. Accepts every function that is a polynomial of total degree t with probability 1; and

2. Rejects functions that are e-far from every polynomial of total degree t with proba-
bility at least 1/2.

We will also need a more refined version of the test that tests the individual degree
of the polynomial. Such a test is implicit in [GS06, Section 5.4.2] but for sake of self-
containment we provide a full proof via a reduction to the total degree test.

Theorem 3.31 (Individual Degree Test). Let d,m € N such that dm < |F|/10 and
e € (0,1 — “IF—”T). There exists an algorithm that, given oracle access to an m-variate
polynomial P : F™ — F, makes O(dm - poly(1/¢)) queries, and:

1. Accepts every function that is a polynomial of individual degree d with probability
1; and

2. Rejects functions that are e-far from every polynomial of individual degree d with
probability at least 1/2.

Proof. Given oracle access to the function P, the verifier T first runs the total degree test
on P with respect to proximity € and total degree dm. If the total degree verifier rejects,
then T' rejects.

If the test succeeds, then for every axis i € [m], the verifier T' chooses at random
71y Tio1,Tit1s---,Tm €r I, and runs a univariate degree d test on the polynomial
Qi(2) o P(ry,...,mi-1,2,Tis1,. .., Tm) with soundness error 1/10. If for some axis i the
univariate test rejects, then T rejects, otherwise it accepts.

Completeness. Completeness follow from the completeness of the total degree test to-
gether with the fact that the restriction of an individual degree d polynomial to any of
its axes is a degree d univariate polynomial.
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Soundness. Suppose that P is e-far from every polynomial of individual degree d. If P
is e-far from every total degree dm polynomial, then the total degree test rejects with
probability 1/2. Thus, we focus on the case that P is e-close to a total degree dm
polynomial P’. In this case the polynomials P and P’ are polynomials of total degree dm
and since ¢ < 1 — %", by the Schwartz-Zippel lemma, they must be identical. Thus, P is
a polynomial of total degree dm.

By the hypothesis, P cannot have individual degree d and therefore, there exists
i € [m] such that P(z1,...,x,), as a formal polynomial, has degree d’ > d in z;. Thus,
there exist polynomials Fy, ..., Py each of total degree at most dm such that

P(Il,...7$m): Z Pj(l’l,...7$i,1,l’i+1,...,Q?m)‘.Tg

.76{0’7dl}
and Py # 0.

Since Py is a non-zero polynomial of total degree dm, by the Schwartz-Zippel lemma,
it can vanish on only a 6|11Fi|1 fraction of its domain. Thus, when testing the i*" axis, with
probability 1 — C‘I]F—’T, the verifier selects ry,...,7;_1,7i11,...,7m € IF such that it guaranties
that Py(ry,...,7 1,741, ---,"m) does not vanish. In this case, the polynomial Q(z) def
P(ry,...,7-1,2,Tix1,--.,7m) is a degree d’ univariate polynomial and the verifier rejects

it with probability 0.9. Thus, the verifier rejects with probability at least 0.9 > 1/2. [

3.A.5 The Sum-Check Protocol

In this appendix we provide some background on the sum-check protocol that was first
introduced by Lund et al. [LFKN92]. Recall that the sum-check protocol is an interactive
proof for a statement of the form

Z P(xy,...,xm) =0.

where P is a (relatively) low-degree polynomial over a finite field F.

In order to verify that the polynomial P sums to 0 over H™ it suffices to verify that
for every h € H, the sum of the sub-tensor (h,*,...,*) equals some value a5 € F and
that ), ., an = 0. However, the straightforward recursion (which computes the sum of
every sub-tensor) will yield a total query complexity of Q(H™).

The sum-check protocol takes a different approach by having the prover convince
the verifier of the sum of just a single randomly selected sub-tensor (thus, yielding the
desired efficiency). More specifically, the verifier asks the prover to specify the sum of all
sum-tensors of the form (z,x*..., x) for every z € F (rather than z € H). A key point is
that these sums can be specified by the low-degree polynomial:

Pl(’z) déf Z P(’Zux%"'axm)'

x2,...,.e;mEH
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Since P; has low-degree, if the prover provides a different (low-degree) polynomial P,
then these two polynomials must differ on almost all points in F. Thus, it suffices for the
verifier to select at random a point r € I and to have the prover recursively prove that
D tmamert P11, %2, ) = Pi(r1). Hence, we reduced the m-dimensional TensorSum
problem to an (m — 1)-dimensional TensorSum problem using 2 messages and no queries.
The recursion terminates when m = 1 in which case the verifier can verify the claim
directly.

We note that when extending the sum-check protocol to be an IPP, we need to take
into account the possibility that P is not low degree but this is handled by using the low
degree test (Theorem 3.30) and self-correction (Theorem 3.29).

3.B Proofs and Adaptations of Known Results

In this section we provide proofs and adaptations of known results, which are included
here for completeness.

3.B.1 Proofs of Standard Claims from Section 3.5
In this section we provide the missing proofs of the standard claims used in Section 3.5.

Proof of Proposition 5.19. We show that every property II = U,enIl, (where II, C
{0,1}™) can be tested by making O(log |II,|/¢) queries. Recall that the lemma can be
proved via learning theory techniques, but we provide an alternative proof that makes
use of the notion of MAPs.

Consider an MAP for IT in which the proof, of length log, |I1,,|, is an explicit and con-
cise description of the object x € II,, (e.g., its index with respect to the lexicographical
ordering of the strings in II,). The verifier can verify the proof by querying the object
x at O(1/e) locations uniformly at random (and compare the answers to the string re-
constructed based on the proof). The lemma follows by noting that this MAP makes
proof-oblivious queries and applying Theorem 3.19, which guarantees that if II has an
MAP verifier that makes g proof oblivious queries and uses a proof of length p, then II
has a tester that makes O(p - ¢) queries without using a proof. [

Proof of Proposition 3.20. We show that for every constant ¢ € (0,1/4] and set S C
{0,1}™ it holds that Pre, 0,13 [x is e-close to S] < |S|-27/8. Observe that

Pr [ds € S such that z is e-close to s] < Pr [z is e-close to s]
w€Rr{0,1}" £ werf{on)
=|S|- Pr [z has at most en 1’s|
zer{0,1}™

< IS] - exp(~2 - (1/4)” - ).

where the first inequality follows from the union bound, and the last inequality follows
from the Chernoff bound and the fact that ¢ < 1/4. O]
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3. NON-INTERACTIVE PROOFS OF PROXIMITY

Proof of Proposition 3.22. Let F be a class of functions of size at most 22"* We show
that 99% of sets of size O(log |F|) are PRGs that fool F.

For every set S C {0,1}" and function f € F, let 07(S) = |Prye,s[f(z) = 1] — uy]
where fif o Proc.r01:[f(z) = 1]. Let s € [2/%] be an integer and let S be a random set
of size s. Then, for every f € F it holds that

Pr [f(z) =1] - uf‘ > 1/1()1 < 97D,

TERS

]?;r [0¢(S) > 1/10] = ]?;r [

where the last inequality follows from the Chernoff bound.?! Thus, by the union bound,
the probability that for every f € F it holds that &;(S) < 1/10, is at least |F|- 279
(where the probability is over the choice of S). The lemma follows by setting s =
O(log |F|). O

3.B.2 Precision Sampling

Proof of Claim 3.23.1. We show that there exists j € [[log, 2/¢]] such that a W

fraction of @1, ..., x) are 277-far from their corresponding sub-properties I1¢ }k, .. Hz’/“k

Let d & [log,(2/¢)]. Let Aggr (2, W) be defined as the minimal relative Hamming

distance of z from the set W. For every j € [d], let

s dﬁf{ ] : Aret (:c@-,HZ}k) S (2*172*(171)}}’

and let T' = [K]\(U;ciq)S;). Notice that the sets T', 5, Ss, ..., Sq form a partition of the &
inputs. Also note that, by our setting of d, for every ¢ € T', it holds that x; is £/2-close

to Hz/ L

.. . . 2e
Suppose towards a contradiction that for every j € [d] it holds that |S;| < 55 - k.

Using the fact that for every i € S; it holds that z; is 2-U~V-close to I1%, we get
AREeL (CL‘,Hz}k - X Hak ) = ZAREL x4, 11

k Z Agg (w3, 117 Z > Arel (x“ “/’“>

€T d] i€S;

T € 1
LTe 1 27U g,
<t 1941

JE[d]

< 9 X £

2 2d

Jje€ld]

:E’

21'We note that since the set S is chosen with repetitions one cannot d1rectly apply the Chernoff bound.
Still, since s < 2/ the probability for a repetition is at most s> /2" <27 () Conditioning on an event
(i.e., that there are no repetitions) that occurs with probability 1 — ¢ can increase the probability by at
most a 1/(1 =) factor.
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contradicting our assumption that z is e-far from II4. n

3.B.3 Lower Bound on the MA Communication Complexity of
GHD

Let n € N, and let £,¢g > 0. The Gap Hamming Distance problem is the promise problem
wherein Alice gets as input an n-bit string x, Bob gets as input an n-bit string y, and
the players need to decide whether the Hamming distance of their strings is greater than
t + ¢ (a YES instance), or smaller than ¢t — g (a NO instance). Formally,

Definition 3.29. The Gap Hamming Distance problem is the communication complexity
problem of computing the (partial) Boolean function GHD,,,, : {0,1}" x {0,1}" — {0,1}
gien by

1 if A(z,y)>t+g

GHD, 1 4(z,y) =
al®9) {0 if Ary)<t—yg

We denote GHD = GHD,, » .

The (standard) communication complexity of GHD has been studied extensively, and
after a long line of work, Chakrabarti and Regev [CR11] have shown the seminal linear
lower bound on the communication complexity of GHD (later, the proof was significantly
simplified by [Vidll, Shell]).

In a subsequent work, Gur and Raz [GR13b] showed the following tight lower bound
on the MA communication complexity of GHD.

Theorem 3.32 (|[GR13b]). Every MA communication complexity protocol for GHD, with
proof complexity p > 1, has communication complezity at least Q(n/p).

We note that the aforementioned lower bound can be extended for general settings of
the parameters of the Gap Hamming Distance problem. Specifically, we use the fact that
the simple reductions in [CR11, Section 4]) are based solely on padding arguments (and
thus are robust to MA) to obtain the following corollary.

Corollary 3.33. Let g,n € N such that g < n, let a € (0,1) and t = an. Then, every
MA communication complexity protocol for GHD,;,, with proof complexity p > 1, has

min(n,(n/g)?
communication complexity at least €2 (M).
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Chapter 4

Proofs of Proximity for Context-Free
Languages and Read-Once
Branching Programs

4.1 Introduction

The field of property testing, initiated by Rubinfeld and Sudan [RS96] and Goldreich,
Goldwasser and Ron [GGRI8], studies a computational model that consists of probabilis-
tic algorithms, called testers, that need to decide whether a given object has a certain
global property or is far (say, in Hamming distance) from all objects that have the prop-
erty, based only on a local view of the object.

A line of work [EKR04, BSGH"06, DR06, RVW13, GR13b, FGL14, KR14] has con-
sidered the question of designing proof systems within the property testing model. The
minimal type of such a proof system, which was recently studied by Gur and Rothblum
[GR13b], augments the property testing framework by replacing the tester with a verifier
that receives, in addition to oracle access to the input, also free access to an explicitly
given short (i.e., sub-linear length) proof. The guarantee is that for inputs that have
the property there exists a proof that makes the verifier accept with high probability,
whereas, for inputs that are far from the property, the verifier will reject every alleged
proof with high probability. These proof systems can be thought of as the NP (or more
accurately MA) analogue of property testing, and are called Merlin-Arthur proofs of proz-
imity (MAP).!

A more general notion was considered by Rothblum, Vadhan and Wigderson [RVW13]
(prior to [GR13b]). Their proof system, which can be thought of as the IP analogue of
property testing, consists of an all powerful (but untrusted) prover who interacts with a
verifier that only has oracle access to the input . The prover tries to convince the verifier

LA related notion is that of a probabilistically checkable proof of prozimity (PCPP) [BSGH™ 06, DROG6].
PCPPs differ from MAPs in that the verifier is only given query (i.e., oracle) access to the proof, whereas
in MAPs, the verifier has free (explicit) access to the proof. Hence, PCPPs are a PCP analogue of property
testing.
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that x has a particular property II. Here, the guarantee is that for inputs in II, there
exists a prover strategy that will make the verifier accept with high probability, whereas
for inputs that are far from II, the verifier will reject with high probability no matter
what prover strategy is employed. The latter proof systems are known as interactive
proofs of prozimity (IPPs).?

The focus of this paper is identifying natural classes of properties that are known to
be hard to test, but become easy to verify using the power of a proof (MAP) or interaction
with a prover (IPP).

4.1.1 Our Results

One well-known class of properties that is hard to test is the class of contezt-free languages.
Alon et al. [AKNS00] showed that there exists a context-free language that requires
Q2 (y/n) queries to test (where here and throughout this work, n denotes the size of the
input) and a context-free language that requires 2(n) queries to test with one-sided error.
Furthermore, there are no known (non-trivial) testers for general context-free languages.

Another interesting class is the class of languages that are accepted by small read-
once branching programs (ROBPs). Newman [New(2] showed that the set of strings
accepted by any small width ROBP can be efficiently tested.® More specifically, Newman
showed that width w ROBPs can be tested using (2v/e)°®") queries, where ¢ is the
proximity parameter. Bollig [Bol05] showed that Newman’s result cannot be extended
to polynomial-sized ROBPs, by exhibiting an O(n?)-sized ROBP that requires Q(y/n)
queries to test. No (non-trivial) testers for general ROBPs are known for width (/logn).

In this work we consider the question of constructing efficient MAPs and IPPs for
these two classes.” Here, by “efficient”, we mean that both the query complexity (i.e.,
the number of queries performed by the verifier to the input) and the proof complezity
(i.e., the length of the MAP proof) or communication complexity (i.e., the amount of
communication with the IPP prover) are small and, in particular, sub-linear®.

Our first pair of results are efficient MAPs for context-free languages and for ROBPs.
These MAPs offer a multiplicative trade-off between the query and proof complexities.
Here and throughout this work, n € N specifies the length of the main input and € € (0, 1)
denotes the proximity parameter.

2Indeed, MAPs can be thought of as a restricted case of IPPs, in which the interaction is limited to a
single message sent from the prover to the verifier.

3The result in [New(2] is stated only for oblivious ROBPs but in [Bol05, Section 1.3] it is stated that
Newman'’s result holds also for general non-oblivious ROBPs.

4To see that these two classes do not contain each other, observe that the language {0°192¢37 : 4,5 >
1}, which is not a context-free language [HMUO6, Example 7.20], has a poly(n)-width ROBP (which
simply counts the number of repeated occurrences of 0, 1, 2 and 3). On the other hand, Kriegal and
Waack([l)(\VSS] showed that every ROBP for the Dyck, language, which is a context-free language, has
size 297,

®As pointed out in [GR13b], if we do not restrict the length of the proof, then every property II can
be verified trivially using only a constant amount of queries, by considering an MAP proof that contains
a full description of the input.

178



4.1 Introduction

Theorem 4.1. For every context-free language L and every k = k(n) such that 2 <
k < n, there exists an MAP for L that uses a proof of length O(k - logn) and has query
complezity O (% -5*1). Furthermore, the MAP has one-sided error.

Theorem 4.2. If a language L is recognized by a size s = s(n) ROBP, then for every
k = k(n) such that 2 < k < n, there exists an MAP for L that uses a proof of length
O(k -log s) and has query complezity O (% . 5*1). Furthermore, the MAP has one-sided
error.

Hence, by setting k = /n, every context-free language and every language accepted
by an ROBP of size at most 2P°¥°8(") has an MAP in which both the proof and query
complexity are O (y/n) (w.r.t. constant proximity parameter).

Next, we ask whether the query and proof complexity in Theorems 4.1 and 4.2 can be
significantly reduced by allowing more extensive interaction between the verifier and the
prover (i.e., arbitrary interactive communication rather than just a fixed non-interactive
proof). Very relevant to this question is a recent result of [RVW13] by which, loosely
speaking, every language in NC (which contains all context-free languages [Ruz81] and
languages accepted by small ROBPs®) has an IPP with O(,/n) query and communication
complexities. While the [RVW13] result is more general, for context-free languages and
ROBPs it achieves roughly the same query and communication complexities as the MAPs
in Theorems 4.1 and 4.2, but uses much more interaction (i.e., at least logarithmically
many rounds of interaction compared to just a single message in our MAPs).

Using cryptographic assumptions’, Kalai and Rothblum [KR14] recently showed that
there exists a language in NC; for which every IPP requires that either the query or
communication complexity be Q(y/n). Hence, we cannot hope to improve the [RVW13]
result in general. Still, for the special case of context-free languages and ROBPs, we
show that we can actually extend the MAP protocols in Theorems 4.1 and 4.2 into highly
efficient IPPs with only poly-logarithmic complexity (using a sub-logarithmic number of
rounds). More generally, our IPPs offer a trade-off between the number of rounds of
interaction and the query and communication complexities.

Theorem 4.3. For every context-free language L, every k =k(n) > 2 and r =r(n) > 1
such that k" < n, there exists an r-round |PP for L with communication complexity
O((rk logn) - 6_1> and query complexity O(k—”r . 5_1). Furthermore, the IPP is public-coin
and has one-sided error.

Theorem 4.4. If a language L is recognized by a size s = s(n) ROBP, then for every
k= k(n) > 2 and r = r(n) > 1 such that k" < n, there exists an r-round IPP for
L with communication complexity O((rk log s) - 8_1) and query complexity O (k% . 6_1).
Furthermore, the IPP is public-coin and has one-sided error.

6See Section 4.B for a discussion on why languages accepted by ROBPs can be computed in small
depth.

"A sufficient assumption for [KR14] is the existence of (length-doubling) PRGs that can be computed
in NC; and whose output cannot be distinguished from random by circuits of size 2°(").
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(Interestingly, and in contrast to Theorems 4.1 and 4.2, here the communication complex-
ity also depends on the proximity parameter €.) In particular, by setting & = logn and
1o§)1gogn> we obtain IPPs for context-free languages and size 2P°Y°8(") ROBPs, with
a sub-logarithmic number of rounds, constant query complexity, and poly-logarithmic

communication complexity (w.r.t. constant proximity parameter).

A Remark on Computational Complexity. Following the property testing liter-
ature, we view the query complexity and the proof complexity (resp., communication
complexity) as the primary resources of an MAP (resp., IPP). Still, the running time of
the verifier and of the prover are also important resources. The proofs/provers in our
MAPs and IPPs are indeed efficient; that is, polynomial in the main input = (and in the
case of ROBPs also in the size of the ROBP).

As for our verifiers, those in Theorems 4.1 and 4.3 run in polynomial time (i.e.,
poly(|z|) time) rather than in sub-linear time as one might hope. However, by increasing
the round complexity in Theorem 4.3 by a poly-logarithmic factor, we can obtain an
IPP with sub-linear time verification. Constructing an MAP for context-free languages
with sub-linear time verification remains an interesting open question. The verifiers
in Theorems 4.2 and 4.4 run in sub-linear time if they are given a suitable (natural)
representation of the ROBP.® See the technical sections (specifically Remark 4.7 and
Remark 4.16) for further details.

Improved Results for Specific Languages. The paradigm used for the general re-
sults in Theorems 4.1-4.4 can be extended to yield better results for specific languages.
A notable class of languages for which we obtain such an improvement is the class of
languages of balanced parentheses expressions (a.k.a the Dyck languages), which are
context-free languages, for which Parnas et al. [PRR01] showed a lower bound of ﬁ(nl/ 11y
for ordinary testers. Using special properties of the Dyck languages, we can improve on
the general result in Theorem 4.1 in this special case and obtain a somewhat more efficient
MAP for the Dyck languages. See details in Section 4.4.3.

4.1.2 Proof Overview

The proofs of Theorems 4.1 and 4.2 (i.e., the MAP results) will follow (roughly) as special
cases of the proofs of Theorems 4.3 and 4.4 (i.e., the IPP results), respectively. Hence, in
this overview we focus on the proofs of Theorems 4.3 and 4.4, while explaining how to
derive Theorems 4.1 and 4.2 as special cases.

The proofs of Theorems 4.3 and 4.4 share a common theme: For £ that is either a
context-free language or is accepted by a ROBP, we show that every input x € £ can be
broken-down into k sub-problems (related to £) such that the following holds:

8Indeed, the running time of the verifier crucially relies on the specific representation of the ROBP.
We remark that there are other natural representations of ROBPs than the one we use, and for some of
these representations obtaining sub-linear running time may not be feasible.
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1. On the one hand, if z € £, then there exists (1) a partition of [n] into sets Sj, . .., Sk
(each of size roughly n/k); and (2) languages Ly, ..., Ly such that both (1) and (2)
have a concise representation, and, for every i € [k], the projection of z on S;,
denoted z[S;], is in the language £;. Furthermore, if £ is a context-free language
(resp., accepted by an ROBP), then the languages Ly, ..., Ly are all “variants” of
context-free languages” (resp., accepted by ROBPs).

2. On the other hand, if = is “far” from L, then for every concise representation of a
partition Sy, ..., Sk of [n] and languages L4, ..., Ly (of the type used in 1), for an
average ¢ € [k], it holds that z[S;] is proportionally “far” from L;.

By design, the partition Si,..., S as well as the corresponding languages L4, ..., L
depend on the entire input , and so the verifier (who only has query access to ) cannot
generate them by itself. Instead, the concise representation of Sy,..., S, and Ly, ..., L
will be specified by the prover (as a single message in the case of an IPP, or as the entire
proof string in the case of an MAP).

Given the latter, we construct an MAP as follows. The MAP verifier selects at random
a small subset I C [k] and, for every i € I, reads all of z[S;] (which is of length roughly
n/k) and checks that x[S;] € £;. Indeed, by the two foregoing conditions, if = € L, then
x[S;] € L; for every i € [k], whereas if x is “far” from L, then, by an averaging argument,
for many ¢ € [k], it holds that x[S;] is proportionally “far” from £; (and in particular
x[S;] € L;), and the verifier will reject.

A natural approach for extending the foregoing MAP to an IPP is to have the verifier
send the set I (where [ is chosen at random as in the MAP) to the prover, and then
recursively run |I| IPP protocols to check that z[S;] is close to L£;, for every i € I. In each
recursive call the input shrinks by (roughly) a factor of k. After the recursion reaches
depth r, where r is a predetermined bound on the number of rounds, the verifier can
simply read its entire current input (of length O(n/k")) and decide whether to accept or
reject.

The foregoing approach indeed works, but because there is more than one recursive
call in each round, the complexity of the resulting IPP depends exponentially on the
number of rounds r. Instead, we use a more economical approach, which avoids the
exponential dependence on r, based on the notion of a prozimity oblivious tester [GR11].
Recall that a proximity oblivious tester for a property Il is a tester that does not receive the
proximity parameter € as input and is only required to reject inputs that are e-far from
IT with probability proportional to e (rather than probability 2/3). To present a more
economical recursion, the IPP that we design is similarly “proximity oblivious”. The idea
is to have the verifier select at random only a single index i € [k], send i to the prover,
and then have the two parties recursively run an IPP protocol for verifying that x[S;] is
close to £;. Indeed, if = € £ then z[S;] € L;, whereas if = is e-far from L, then, since ¢
was chosen at random, on the average x[S;] is e-far from L;, and therefore, by inductive

9f £ is a context-free language, then the languages L1, ..., L will be variants of context-free lan-
guages, which we call “partial derivation languages”. However, if £ is accepted by an ROBP, then the
languages L1, ..., Ly are also accepted by (different) ROBPs.

181



4. PROOFS OF PROXIMITY FOR CONTEXT-FREE LANGUAGES AND
READ-ONCE BRANCHING PROGRAMS

reasoning, the verifier will reject with probability . To obtain constant soundness we
can just repeat'’ the entire proximity oblivious protocol O(1/¢) times in parallel.

This concludes the high-level description of our MAPs and IPPs. Of course, the way in
which the partition is generated is quite different in the case of context-free languages and
in the case of ROBP, and different technical problems arise in each case. In the following
subsections we discuss the specific details. In Section 4.1.2.1 we give an overview of how
to partition read-once branching programs. Partitioning context-free languages is more
involved, and so, in Section 4.1.2.2, as a warm-up, we first consider partitioning into two
parts (i.e., k = 2). Then, in Section 4.1.2.3 we show how to extend the technique to
multiple parts (i.e., general k > 2).

4.1.2.1 Partitioning ROBPs

Recall that a branching program on n variables is a directed acyclic graph with a unique
source vertex with in-degree 0 and (possibly) multiple sink vertices with out-degree 0.
Each sink vertex is labeled with either 0 (i.e., reject) or 1 (i.e., accept). Each non-sink
vertex is labeled by an index i € [n] and has exactly 2 outgoing edges, which are labeled
by 0 and 1. The output of the branching program B on input = € {0, 1}", denoted B(z),
is computed in a natural way by starting at the source vertex and taking a walk such that
at a vertex labeled by i € [n], we traverse the outgoing edge labeled by x;. Once a sink
is reached, we output its label. The branching program is read-once (ROBP for short) if
along every path from source to sink, every index (i € [n]) appears at most once. The
size of a branching program B, denoted |B|, is the number of vertices in it.

For any fixed ROBP B, we construct an IPP (and an MAP, which is a special case
of the IPP) for the language accepted by B, denoted L5 & {2 € {0,1}" : B(z) = 1}.
In this overview, we make a simplifying assumption that B is both layered and ordered
(a.k.a., an ordered binary decision diagram or OBDD). That is, we assume that the
vertices of B are partitioned into n + 1 layers such that, for every i € [n], edges only
go from layer i to layer ¢ 4+ 1; and vertices in layer i are labeled by the index i (i.e., the
ROBP reads its input “in order”).

The key idea, which enables the IPP verifier to generate the aforementioned partition
Si,..., Sk (together with the corresponding languages), is to have the prover specify k
evenly-spaced vertices along the accepting path corresponding to the input « € Lg. More
specifically, observe that x induces a path ¢y - @1 - -+ > ¢, from the start vertex ¢
to some accepting sink ¢,. The prover sends to the verifier a subsequence of this walk,
specifically the subsequence @y /i, ..., in/ks -+ Pn-

Given the subsequence, we can reduce the problem of verifying that there exists a path
of length n from g to ¢, to verifying that there exists a path of length n/k between each
pair of consecutive vertices in the sequence ©o, ©n/k; - - - s Cim/k, - - -, Pn. In other words, for
every i € [k] we consider the ROBP B; that consists only of layers (i—1)-n/k up toi-n/k
of B, with the starting state ¢(;_1).,/x and the (only) accepting state ¢;.,/;. Verifying

10As expected, parallel repetition reduces the soundness error of IPPs at an exponential rate. See
Section 4.A for details.
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that x € Lp can be reduced to verifying that z[S;| € Lp,, for every i € [k], where S; C [n]

is the set of coordinates of x that are read by B; and Lp, o {z € {0,1}"* . Bi(z) =1}.
Moreover, since Sy, ..., Sy is a partition of [n], if x is e-far from Lp, then z[S;] is e-far
from Lp,, for an average i € [k]. Hence, we can follow the high-level outline that was
suggested in Section 4.1.2; that is, the IPP verifier selects i € [k] at random, sends i to
the prover, and then the two parties recursively run an IPP protocol to verify that z[S;]
is close to the Lp,.

The foregoing intuition almost works but there is a subtle problem: What if the
message sent by a cheating prover is such that Lg is empty, for some i* € [k]. This
corresponds to a situation in which the branching program B contains no path from
©(i*—1)n/k 1O Pi=.p/k. In such case, with high probability (i.e., if the verifier chooses i such
that ¢ # 7*) the verifier, as described so far, will not notice this fact and may accept
inputs that are far from Lp.

We overcome this difficulty by observing that when the verifier interacts with the
honest prover, it holds that z[S;] € Lp, for every i € [k], and therefore Lp, # (). Hence,
we can have the verifier explicitly check that Lg, # 0 for every i € [k] (i.e., that there
exists some input that leads from ¢ _1y.n/k t0 @ik in B). This check requires direct and
full access to the branching program B (which is fixed) but does not require any queries
to the input x, and so we can perform it for every' i € [k].

Given this additional check, we can show that the foregoing IPP works. To do so, we
argue by induction on the number of rounds that if the input x is e-far from £ then the
verifier rejects with probability at least €. Indeed, if = is e-far from Lp, then in the first
round we have that:

Pr [Verifier for L rejects z] = E [Pr [Veriﬁer for Lp, rejects x[Sz]”
E [51}

Vv

vV
)

?

where ¢; denotes the relative distance of x[S;] from Lp,, for every i € [k], and the first
inequality follows from the induction hypothesis.

We remark that when dealing with general ROBPs, rather than OBDDs, there are
several additional technical difficulties. In particular, since B is not layered, we have to
modify our definition of B; (which previously consisted of layers (i — 1) - n/k to i -n/k
of B). A natural approach is to define B; to consist of all paths (in B) of length n/k
starting at @(—1y.m/k-~ The difficulty is that B; may depend on many, possibly even all,
of the bits of x (since different paths may look at different bits), rather than just n/k
bits (as was the case for OBDDs). Hence, the input does not necessarily shrink in the
recursive step. Nevertheless, we resolve this issue by showing that the effective length of

HHowever, this check does increase the running time of the verifier (which we view as a secondary
resource) to poly(|B]). This computation can be minimized by using a pre-processing step in which we
compute a |B| x |B|-sized table whose (v,u)" entry says whether the vertices v and u are connected in
B.

12The actual definition of B; that we use is different. See Section 4.3 (in particular Footnote 18).
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the input, which is the number of bits that need to be read in order to determine whether
the ROBP accepts, does shrink, and this suffices to make progress in the recursion. For
further details, see Section 4.3.

4.1.2.2 Partitioning Context-Free Languages into Two Parts

Recall that a context-free grammar is a tuple G = (V, X, R, Agtart), where V- = {A;, As, ... }
denotes a (finite) set of variables, ¥ = {o07,09,...} denotes a (finite) set of terminal
symbols (i.e., the alphabet), R is a set of production rules (e.g., rules of the form
A7 — 05A3A908A5) and Agae € V' denotes a special “start” variable. We say that a
string o € (X U V)* is derived from a variable A;, denoted by A; = «, if a can be
obtained from A; by iteratively applying production rules in R. Each such derivation
can be described by a derivation tree, which is a rooted, directed, ordered, and labeled
tree (with edges oriented away from the root), where the root is labeled by A;, the leaves
are labeled by the sybmols of a (in order), and the children of each vertex in the tree
correspond to an application of a production rule in GG. The language £ C ¥* generated
by G consists of all strings that can be derived from Ag, using the production rules in
R.

Let £ be a context-free language and let G = (V, X, R, Agarr) be the context-free
grammar that generates L. In this section we show how to partition z € L into two
parts. Next, in Section 4.1.2.3, we show how to extend this technique to multiple parts.

For x € L (i.e., Agant = x), there exists a derivation tree T' corresponding to the
derivation Aga = x. For simplicity, let us assume that 7" is a binary tree. The root of

T is labeled by Agare and the leaves are labeled, in order, by x1,...,z,, where n dof |
Recall that the Lewis-Stearns-Harmanis Lemma [L.SH65] states that every binary tree on
n leaves has a subtree'” with a number of leaves between n/3 and 2n/3. Applying this
lemma to T', we can find such a subtree 7" of T'. Observe that 7" induces a partition of

[n] into two parts Sy, Se C [n], where S; (which is actually an interval) contains all the

leaves of T that belong to 7" and S, & [n]\\S1 contains all other leaves. The IPP prover

finds 7" and sends S; and A; to the verifier, where A; is the label of the root of 7”. Since
Sy is an interval, the latter requires only O(logn) communication.

Given (S1, A1), the verifier can construct the partition and the corresponding lan-
guages, where the partition is simply (57, S2) and the languages are

def

L, = {wEZ‘Sll : A1:*>w}

and
def

Ly = {wGZ‘S2| ; A2:*>w[1,...,s—l]oAlow[s,...,|52|]}>

where A, et Agarr and s € [n] is the starting position of the interval Sy in [n].

I3Here and throughout this work, by a subtree, we mean a node of the tree together with all of its
descendants, see also Section 4.2.3.
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Note that L9 is not quite a context-free language (although £ is). Rather, £, consists
of strings that correspond to partial derivations (i.e., derivation processes that end before
all symbols are terminals) starting from Ag,,. that produce strings that have the variable
A; in their s*" coordinate. We refer to such languages, which we view as generalization
of context-free languages, as partial derivation languages, and for the recursion to go
through, we actually design the original protocol to handle not only context-free languages
but also partial derivation languages.

Observe that if © € £, then clearly z[S;] € £; and z[S2] € L. On the other hand,
suppose that x[S;] is e1-close to a string z; € £1 and x[Ss] is e3-close to a string z; € L.
If we choose i € {1,2} at random, such that Pr[i = 1] = |Si|/n and Pr[i = 2] = |Ss|/n,
then x is E;[g;]-close to the string z = 2,[1,...,s — 1] 0 2 0 25[s, | S5|]. Since A; = 2; and
Astart = 2[1,...,5 — 1] 0 Ay 0 2[s,...,|S|] (because z; € £, and 2z, € L), we deduce
that Agare = 2, and therefore z € £. Hence, z is E;[g;]-close to L.

Given the above, we can design an IPP for £ similarly to the IPP for ROBP that was
described in Section 4.1.2.1. Specifically, given (57, A;), the verifier chooses at random
i € {1,2} according to the distribution above, sends i to the prover, and both parties run
the protocol recursively, with respect to the language £; and the input z[S;].

4.1.2.3 Partitioning Context-Free Languages into Multiple Parts

The first step in partitioning context-free languages into multiple parts is a generalization
of the Lewis-Stearns-Hartmanis lemma that shows that, for every desired parameter
t € [n], every (constant degree) tree T with n leaves has a subtree with roughly ¢ leaves.
The precise statement of the lemma and its proof are given in Lemma 4.5 below.

Using Lemma 4.5, we can partition an input x € £ into k parts of (roughly) the same
size in the following way. As before, we construct a derivation tree T' corresponding to
the derivation Ag.« = z. However, this time we use Lemma 4.5 to find a subtree T}
with roughly n/k leaves. The coordinates of the leaves of T; constitute the first part of
the partition (denoted by S7). To find the second subtree, we remove the entire subtree
Ty from T, except for its root. We obtain a new tree 7" with (roughly) n — 7 leaves,
where one of the leaves of 7" is labeled by a variable rather than a terminal. By applying
Lemma 4.5 again on the new tree 7”, we can find a subtree Ty of 7" with roughly n/k
leaves. The second part (denoted by S3) of our partition will consist of the coordinates
of all the leaves of Ty that are labeled by terminals (i.e., are also leaves of the original
tree T'). We stress that Sy may not be an interval (but rather two intervals separated by
S1).

We proceed similarly, where in each iteration we remove the subtree that was found in
the previous iteration (except for its root) and find a new subtree T; of T' with roughly n/k
leaves. The subtrees T, T5, ..., T, induce a partition of [n] where the i*" part, denoted
S; (of size roughly n/k), consists of all leaves of T; that are labeled by terminals (i.e., are
leaves of the original tree T') but do not belong to S;U---U S;_;.

While the representation of a general partition of [n] into k parts requires n - log, (k)
bits, we show that the partition Si,...,S, actually has a concise representation. Indeed,

185



4. PROOFS OF PROXIMITY FOR CONTEXT-FREE LANGUAGES AND
READ-ONCE BRANCHING PROGRAMS

each subtree T; induces an interval I; C [n], which contains all of its leaves (but potentially
also coordinates of other parts in the partition). Given Iy, ..., I,, the partition S, ..., S,
is uniquely determined (by setting S; = L;\([; U---UI;_1)). We remark that each pair
of intervals can be either disjoint or nested (i.e., either I; N [; = 0 or I; C I;).

In light of the foregoing discussion, the prover can send to the verifier the intervals
I, ..., Iy and the variables Ay, . .., A, of the roots of the subtrees 71, . . ., T}, (respectively).
Note that the root of the last subtree T} is in fact the root of the original derivation tree
T (and thus Ay = Agare) and that its corresponding interval Iy, is [n].

Let I;,, ..., 1; be the ordered (from left to right) maximal intervals of I, = [n]. That
is, the (disjoint) intervals that are contained in I} but are not contained in any of the
other intervals. Observe that if the intervals were generated as prescribed, then Agp
yields a string 2’ (composed of terminals and variables) that results from x by replacing
the substring z[/;;] with the variable A;,, for every j € [k]. Denote the language that
contains all such strings by £;. Similarly, for any interval I;; € {I;,...,I; }, observe
that A;, yields the string that results from x[I;,] by replacing coordinates in the maximal
intervals that [;; contains with the corresponding variables. Denote the language of all
such strings by £;;. We show that by applying this idea iteratively we obtain languages
Ly,..., Ly such that (1) if x € L, then z[S;] € L, for every i € [k]; and (2) if z is e-far
from L, then z[S;] is e-far from L;, for an average i € [k], where the average is weighted
proportionally to the sizes of Si, ..., Sk.

Given the partition above, verifying that x € L is reduced to testing that the sub-
input z[S;] is close to L;, for i € [k] distributed as above. Hence, as before, the verifier
chooses 7 at random, sends 7 to the prover and the two parties recursively run an IPP for
verifying that x[S;] is e-close to L;.

We emphasize that, as was the case for £k = 2, the languages L;,...,L; are not
necessarily context-free languages but are rather “partial derivation languages”. Indeed,
for the recursion to go through, we design the IPP to work for such languages (rather
than just context-free languages).

4.1.2.4 Digest and Relation to Concatenation Problems

The proofs of Theorems 4.1-4.4 are based on a natural paradigm for designing proofs of
proximity. This paradigm consists of two steps: (1) partition the problem into smaller
related sub-problems, and (2) verifying a small random sample of the sub-problems.
This basic approach was taken by [RVW13] in their construction of an IPP for the Ham-
ming weight problem (i.e., approximating whether a given string has Hamming weight
n/2). The partitioning in this case is into several intervals of equal length and the IPP
prover specifies the Hamming weight of each substring. A more general instantiation of
this paradigm was used in [GR13b] to construct MAPs for parameterized concatenation
problems. Loosely speaking, a language £ is a parameterized concatenation problem if
L =Ly XX Ly, for some integer k, where each language £,, is a language parame-
terized by «;; thus, the partitioning is done by providing the parameters oy, ..., ax.

In this work we significantly extend the foregoing framework in several aspects: The
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partition is not restricted to contiguous intervals, but is rather more involved and depends
more dramatically on the structure of the specific language and, moreover, also on the
specific input. Furthermore, whereas for concatenation problems the parameterization of
each problem is “light” (typically having a logarithmic description length), in our settings
the parameterization can be quite extensive, as in massively parameterized problems (see
survey by Newman [New10]).

4.1.3 Organization

In Section 4.2 we provide the necessarily preliminaries regarding proofs of proximity,
context-free languages, and branching programs. In Section 4.3 we construct MAPs and
IPPs for languages accepted by ROBPs (with additional discussion on testing affine sub-
spaces in Section 4.3.3). In Section 4.4 we construct MAPs and IPPs for context-free lan-
guages (with additional discussion on the Dyck languages in Section 4.4.3). Sections 4.3
and 4.4 can be read independently of each other. We note that the implementation of the
outline provided in Section 4.1.2 is far more involved in the case of context-free languages.

4.2 Preliminaries

We begin with some standard notations:

e We denote the concatenation of two strings x € X" and y € ¥™ (over a common
alphabet XJ) by x oy € X",

e We denote the absolute distance between two (equal length) strings = € X" and y €

X" by A(x,y) oo {zi # yi : i € [n]}], and their relative distance by AgreL (z,y) o

2@y Tf Agg (r,y) < e, we say that x is e-close to y, and otherwise we say that

n
x is e-far from y. Similarly, we denote the absolute distance of x from a non-empty

set S C X" by A(z,S) o minges A (z,y) and the relative distance of x from S by

Aggl (2, 5) def minges Ager (2,y). If Ager (2,.5) < e, we say that z is e-close to S,
and otherwise we say that z is e-far from S.

e We denote the projection of a string z € ¥" to a subset of coordinates S C [n] by
x[S]. For every i,j € [n], we denote by z[i, j] the projection of x to the interval
[4,4] (if ¢ > j then the interval is empty).

e We denote by A*(y) the output of algorithm A, given direct access to input y and
query (i.e., oracle) access to the string x. Given two interactive machines A and
B, we denote by (A*, B(y))(z) the output of A when interacting with B, where A
(resp., B) is given oracle access to z (resp., direct access to y) and both parties
have direct access to z.
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Integrality. Throughout this work, for simplicity of notation, we use the convention
that all (relevant) integer parameters that are stated as real numbers are implicitly
rounded to the closest integer.

4.2.1 Property Testing, MAPs and IPPs

In this section we define testers, MAPs and IPPs. Actually, testers and MAPs will be
defined as restrictions of IPPs.

4.2.1.1 IPP

We define a language, over an alphabet ¥, as an ensemble £ o UpenLy, where £, C X"
for every n € N. The definition of an IPP is a natural extension of the standard definition
of IP (interactive proof) where the main distinction is that the verifier only has oracle
access to the input. Also, since our focus is on the query and communication complexities,
we do not restrict the computational complexity of the verifier (see discussion at the end
of Section 4.1).

Definition 4.1 (Interactive Proof of Proximity (IPP) [EKR04, RVW13]). An interactive
proof of proximity (IPP) for the language £ = U,enL, is an interactive protocol with
two parties: a (computationally unbounded) prover P, which has free access to input
x, and a verifier V, which is a probabilistic computationally unbounded algorithm which
has oracle access to x. The parties send messages to each other, and at the end of the
communication, the following two conditions are satisfied:

1. Completeness: For every n € N, proximity parameter € > 0 and x € L,, it holds
that
Pr[(V*,P(x))(n,e) = 1] > 2/3.

where the probability is over the coin tosses of V.

2. Soundness: For everyn € N, ¢ > 0, and x € {0, 1}" that is e-far from L,, and for
every computationally unbounded (cheating) prover P* it holds that

Pr[(V*,P*)(n,e) = 0] > 2/3.
where the probability is over the coin tosses of V.

If the completeness condition holds with probability 1, then we say that the IPP has a one-
sided error and otherwise the IPP is said to have a two-sided error. If all of the verifier’s
messages are uniformly distributed and independent random strings then the IPP is said
to be public-coin.

An IPP for £ = U,enL, is said to have query complexity ¢ : N x Rt — N if, for
every'" n € N, € > 0 and = € L, the verifier VV makes at most g(n, e) queries to z when

14We measure the resources used in the protocol only when the verifier interacts with the honest
prover. However, in the general case, the verifier can simply halt once one of its resources exceeds the
corresponding bound (since it knows that it must be interacting with a cheating prover).
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interacting with P. The IPP is said to have communication complexity ¢ : N x R™ — N if|
for every n € N, ¢ > 0 and = € L,,, the communication between V and P consists of at
most ¢(|z|,e) bits. A round of communication consists of a single message sent from the
verifier to the prover followed by a single message sent from the prover to the verifier.
The IPP is said to have r rounds (sometimes called an r-round IPP), for r : N x RT — N
if, for every n € N, ¢ > 0 and x € L, if the number of rounds in the interaction between
V and P on input x is at most r(|z|, ).

The standard definition of a property tester may be derived from Definition 4.1 by
restricting the communication complexity to 0. The definition of an MAP can be derived

by restricting the communication to be only from the prover to the verifier (see [GR13b)]
for further details on MAPs).

Non-uniform IPPs. While Definition 4.1 refers to a uniform definition of IPP, through-
out this work it will be convenient for us to use a non-uniform definition. That is, we fix
an integer n € N, which we think of as a variable parameter, and restrict Definition 4.1
to inputs of length n. Hence, unless stated otherwise, by an IPP we actually mean the
non-uniform variant. Despite the fact that the integer n is fixed, we view it as a generic
parameter and allow ourselves to write asymptotic expressions such as O(n). We also
note that while our results are proved in terms of non-uniform IPP, they can be extended
to the uniform setting in a straightforward manner.

4.2.1.2 Proximity Oblivious IPP

Extending the notion of proximity oblivious testers [GR11], we define a prozimity oblivious
IPP, as a variant of an IPP in which neither party receives the proximity parameter as
input and for every € > 0, the verifier is required to reject inputs that are e-far from the
language with some probability p(e).

Definition 4.2 (Proximity Oblivious IPP). Let p : (0,1] — (0, 1] be a monotone function.
A proximity oblivious IPP with detection probability p, for the language L = U,enL, is
similar to Definition 4.1, except that the neither the verifier nor the prover'® receive

the prorimity parameter as input, and the completeness and soundness conditions are
modified as follows:

1. Completeness: For everyn € N, and x € L,, it holds that'®

Pr[(V*, P(z))(n) = 1] = 1.

15Since we do not bound the computational resources of the prover, it can simply deduce the proximity
parameter from the input.

16Note that we require the verifier to accept inputs x € £ with probability 1. A more general definition
could allow this probability to be some smaller constant or even a function of  (see [GS12]). For simplicity
(and since it suffices for our purposes), in this work we only consider proximity oblivious IPPs with perfect
completeness.
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2. Soundness: For every n € N, every x € X", and for every computationally un-
bounded (cheating) prover P* it holds that

Pr [(vap*)(n) = O} > p(A(CL’,,Cn))

In both condiditons the probability is over the coin tosses of V.

Note that any proximity oblivious IPP with detection probability p(-), can be trans-
formed into a standard IPP (as in Definition 4.1) by repeating the proximity oblivious IPP
O(1/p(g)) times in parallel (see Section 4.A for details on parallel repetition for IPPs).

4.2.2 Read-Once Branching Programs (ROBPs)

In this section we provide the necessary background on ROBPs (needed only for Sec-
tion 4.3). An ROBP is defined as follows

Definition 4.3 (ROBP). A branching program on n wvariables is a directed acyclic graph
that has a unique source vertex with in-degree 0 and (possibly) multiple sink vertices with
out-degree 0. Each sink vertex is labeled either with O (i.e., reject) or 1 (i.e., accept).
Fach non-sink vertex is labeled by an index i € [n] and has exactly 2 outgoing edges,
which are labeled by 0 and 1.

The output of the branching program B on input x € {0,1}", denoted B(z), is the
label of the sink vertex reached by taking a walk, starting at the source vertex such that
at every vertex labeled by i € [n], the step taken is on the edge labeled by x;.

The branching program is said to be read-once (or ROBP for short) if along every path
from source to sink, every index i € [n] appears at most once. The size of a branching
program B, denoted |B|, is the number of vertices in its graph.

Let ¢ and 1 be vertices in the branching program B on n variables and let = € {0, 1}".

Loosely speaking, we write ¢ 28 1 if the walk of length & corresponding to x that starts
at ¢ ends at ¢. Note that only k coordinates of x are read (adaptively) in this walk and

that ¢ itself only determines the first variable read. Formally, we write ¢ zh 1 if the edge

(ip,1) appears in B and is labeled by z;, where i is the label of ¢, and we (inductively)

koo . ) 1 K
write ¢ ~~ 1) if there exists a vertex ¢ in B such that o <~ ¢ and S .
%2 %2

4.2.3 Context-Free Languages

In this section we provide the necessary background on context-free languages (needed
only for Section 4.4). To define context-free languages, we first define context-free gram-
mars (see [HMUOG] for more details).

Definition 4.4 (Context-free grammar). A context-free grammar is a tuple G = (V, 3, R, Astart)
such that V' is a (finite) set of symbols, referred to as variables; 3 is a (finite) set of sym-
bols, referred to as terminals; R C V x(VUX)* is a (finite) relation, where each (A, o) € R

is referred to as a production rule and is denoted by A — a; Agare € V' is a variable that

is referred to as the start variable.
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Let G = (V, %, R, Astart) be a context-free grammar, and let «, 5 € (V UX)* be strings
of terminals and variables. We say that « directly yields 3, denoted by a = 3, if there
exists a production rule A — 7 in R such that g is obtained from « by replacing exactly
one occurrence of the variable A in a with the string v € (V' UX)*. We say that « yields (3,
denoted a = 3 if there exists a finite sequence of strings ay, ..., a, € (V UX)* such that
ap = a, a = B, and o9g = ... = ap. The language £, C X" is a context-free language
if there exists a grammar G = (V, %, R, Agan) such that £, = {z € " : Agan = z},
where the derivation is with respect to the rules in R.

Derivation Tree. Let G = (V, X, R, Agan) be a context-free grammar. For A € V' and
r € ¥*, a derivation tree, corresponding to the derivation A = z, is a rooted, directed,
ordered, and labeled tree T (with edges oriented away from the root) that satisfies the
following properties:

e Each internal vertex is labeled by some variable, and the root is labeled by the
variable A.

e Each leaf is labeled by a terminal symbol, where the i*® leaf is labeled by the 7"
symbol of z.

e For every internal vertex v, if v is labeled by the variable A’ € V and for every
i € [k] (where k is the number of children of v) the i child of v is labeled by
a; € V UX, then the production rule A — g o -+ - o o must belong to R.

. . * . . . .
For every derivation A = x there exists a corresponding derivation tree.

Trees and the Lewis-Stearns-Hartmanis Lemma. In this work we only consider
trees that are rooted, directed, and ordered (e.g., derivation trees as above). Thus,
throughout this work, whenever we say tree we mean a rooted, directed, and ordered tree
(with edges oriented away from the root). Note that the fact that the tree is ordered
induces an ordering of its leaves. We define the arity of a tree to be the maximal number
of children of any vertex in the tree. We follow the data-structure literature and define a
subtree of a tree T' as a tree consisting of a node in 7" and all of its descendants in T'.!7
For a tree T', we denote by L(T') the number of leaves of T'. We will use the following
straightforward generalization of the Lewis-Stearns-Hartmanis Lemma [LSHG5]:

Lemma 4.5. Let T be a tree with arity d and let t € [L(T)]. Then, there exists a subtree
T" of T with L(T") € [t/d,t] leaves.

The Lewis-Stearns-Hartmanis lemma corresponds to the special case of Lemma 4.5 in
which d = 2 (i.e., a binary tree) and ¢t = 2n/3.

1"This definition differs from the graph-theoretic definition that defines a subtree as any connected
subgraph of a tree. For example, the root of a tree is a subtree in the graph theoretic sense but not
according to our definition (unless the tree has exactly one vertex).
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Proof of Lemma /J.5. We prove by induction on the size of the tree (not on the number
of leaves), noting that the base case holds trivially. Suppose that the lemma holds for all
trees of size less than n. Let T be a tree of size n and let t € [L(T)].

If t = L(T), then we are done (since L(T) € [t/d,t] and so T itself has the desired
property). Otherwise, if ¢ < L(T"), then T has a subtree T" (rooted at one of its children)
such that L(T") > t/d (since otherwise T has a total of less than d-t/d =t < L(T)
leaves). If L(T') < t, then we are also done (since L(T") € [t/d,t] and so T" satisfies
the desired property). Otherwise, t € [L(T")] and the lemma follows by applying the
induction hypothesis on 7". O

4.3 MAPs and IPPs for Read-Once Branching Pro-
grams

In this section we prove Theorem 4.4 (and Theorem 4.2 will follow as a special case of
the proof) by constructing an IPP for every language that is accepted by an ROBP.

4.3.1 |PPs for ROBPs

Before presenting the IPP formally, we provide a short overview of the protocol (for
a more detailed overview, see Section 4.1.2.1). Let B be an ROBP on n variables. We
construct an r-round public-coin IPP for the language that is accepted by B. The IPP runs
recursively, where each round of communication is as follows. Given an input x that is
accepted by B within n” < n steps, the prover finds the accepting path pg - @1 = -+ = @
and sends to the verifier the subsequence @/ k, ..., Qin/k, ..., P that contains every
(n//k)™ vertex along this path. The verifier checks that every two consecutive vertices
in the prover’s message are connected (this can be done without making queries to the
input x), then selects uniformly at random ¢ € [k], sends ¢ to the prover, and defines a
new ROBP B; that has the same graph as B, but its source vertex is @g_1).n//x and its
unique accepting sink is ;. /k.lg Subsequently, both parties (recursively) invoke the IPP
protocol on input x and the ROBP B;.

A crucial point is that although the input x does not not shrink in each recursive call,
the effective length of the input, n’, which is the alleged number of bits of x that need to
be read in order to get from the source to the accepting sink, does shrink (by a factor
of k). Hence, after r such rounds, the verifier can read all bits of x that are required to
verify the current statement (which refers to a path of length n/k"). Interestingly, and in
contrast to the simpler case of OBDDs, in this last step the verifier reads the n/k" bits
of the input adaptively, based on the steps taken by the ROBP.

18 One could alternatively define B; to consist only of vertices at distance at most n’/k from Pli—1)n' [k
We refrain from taking this approach due to technical reasons. Note that also when using this alternate
definition, when considering general ROBPs (rather than OBDDs), B; could potentially look at all of
the n bits of the input (see discussion at the end of Section 4.1.2.1).
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4.3 MAPs and IPPs for Read-Once Branching Programs

In the IPP that we construct, we assume for simplicity that the verifier is given an
integer n’ < n, and the claim (which the verifier is trying to validate) is that B(z) = 1
after reading exactly n’ bits of the input z. Furthermore, we assume that the ROBP B
is such that there exists some accepting path (i.e., from the source to some accepting
sink) of length n’. We can reduce the general case to this restricted setting by having
the prover send n’ as part of its first message and having the verifier explicitly check that
there is some accepting path of length n’ (this check requires no queries to the main input

Recall that, as noted in Section 4.1.2, to facilitate the recursion we use the notion of a
proximity oblivious IPP (see Section 4.2.1.2). When handling general ROBPs (rather than
OBDDs), we follow this approach in spirit but, due to technical reasons, the construction
will not exactly fit Definition 4.2. More specifically, since in each step of the recursion
only the effective length of the input shrinks (but the actual length of the input stays the
same), throughout the proof it will be more convenient for us to use absolute distances,
denoted by A (see Section 4.2) rather than with distances that are relative to n. Hence,
the detection probability 5 of the verifier will be a function of the absolute distance (rather
than of the relative distance) of the input from the language. That is, we will construct
an absolute proximity oblivious IPP with detection probability {ﬁn :{0,...,n} — (0, 1]}n€N,
which is the same as Definition 4.2 except that we modify the soundness condition as
follows:

e Soundness: For every n € N, x € X", and for every computationally unbounded
(cheating) prover P* it holds that

Pr (V. P*)(n) = 0] > 7, (& (¢, L)) (4.1

Again, we can transform an absolute proximity oblivious IPP with detection probabil-
ity {ﬁn :{0,...,n} — (0, 1]}n€N into a standard IPP (as in Definition 4.1) by repeating
the base protocol O(1/p, (€ - n)) times in parallel.

The absolute proximity oblivious IPP for ROBPs, denoted ROBP-IPP, is presented in

Fig. 4.1 (recall that the notation ¢ SN 1, which is used in Fig. 4.1 means that, given
input x, the ROBP walks from ¢ to ¥ in m steps, see Section 4.2.2 for details).

It can be easily verified that the round complexity is r, the communication complex-
ity is O(rk - log(]B|)) and the query complexity is O(n/k"). We proceed to show that
completeness and soundness hold.

Completeness. Let B be a ROBP on n variables, let » > 0, n’ € [n], and let z € B"
such that B(x) = 1 after reading exactly n’ bits of the input. (Perfect) completeness
follows by induction on r as follows.

For r = 0, the verifier just reads the appropriate n’ bits of the input and accepts with
probability 1. For r > 1, let (¢q, @1, .., @) be the accepting path corresponding to x.

The checks that the verifier performs in the current round pass, since ¢, is indeed an

' /K" . .
accepting sink and @(;_1).p ke =lE, i i, for every ¢ € [p"]. Furthermore, since for
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The Protocol ROBP-IPP5

.
!
n,n’,re

Common Input: Integers n,n’ € N, a ROBP B on n variables such that there exists some
accepting path of length n’ in B, and a parameter r € N.

Prover’s Input: Direct access to x € {0,1}" such that B(x) = 1 in exactly n’ steps.

Verifier’s Input: Oracle access to the same z.

1. If r = 0, the verifier V checks whether B(x) = 1 after exactly n’ steps by (adaptively)
reading the appropriate n’ bits of x. If B(xz) = 1, then V accepts, otherwise it rejects,
and in either case both parties terminate the protocol.

2. The Prover P:

(a) Let ¢ = (©o,...,¢n) € [|B|]" be the sequence of vertices in the accepting path
(of length n” < n) in B that corresponds to the evaluation of B on input x.

(b) Send ((Pn’/kn Pon’ ks« s 9071’) to V.“
3. The Verifier V:

(a) Check that ¢, is an accepting sink of B.
(b) Let oo be the source of B.

(c) For every i € [k], check that there exists some input z(¥ € {0,1}" such that
=z n/ /k
Pli—1)-n' [k "2 Pinl [k-

(d) Select uniformly at random an index 7 in [k], and send i to P.

b

4. Denote by B; the ROBP that has the same graph as B, except that its source is
Pli—1)n’ [k> and its unique accepting vertex is i k-

5. Both parties (recursively) invoke ROBP—IPPE " where n” = n'/k, on input z.

,r—1

®The accepting sink ¢,/ is also sent since (in the first step of the recursion) there could be multiple
accepting sinks.

bThis check is performed without making any queries to the main input z. Although our focus is
not on computational complexity, we note that this can be done in poly(s) time.

Figure 4.1: IPP for ROBPs
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4.3 MAPs and IPPs for Read-Once Branching Programs

xn'/k
every choice of i € [k] (made by the verifier) it holds that Q(;_1y.n//k 2Lk, ©int ks, the two

parties recursively run the » — 1 round protocol on a branching program B; such that
B;(x) = 1 after reading exactly n’/k bits of . Hence, by the inductive hypothesis the
verifier accepts with probability 1.

Soundness. Soundness follows directly from the following lemma, which is proved by
induction on the number of rounds r. We suggest to the reader to first consider the case
that n’ = n in both the lemma statement and its proof. Nevertheless, we stress that in
lower levels of the recursion, the parameter n’ becomes much smaller than n.

Lemma 4.6. Letn € N, n' € [n| and r > 0. For every ROBP B of size s on n variables
that has an accepting path of length n', every x that is in absolute distance € - n' from
{z €{0,1}" : B(z) =1}, and for every cheating prover strategy P* it holds that:

Pr[(V*, P*)(n,n', B,r) =0] > ¢,
where V is the r-round verifier of ROBP-IPP (of Fig. 4.1).

Proof. We prove Lemma 4.6 by induction on the number of rounds » > 0. In the base case,
corresponding to r = 0, the verifier simply ignores the prover and reads the appropriate
n’ bits of z. Hence, if B(z) # 1, then the verifier rejects with probability 1.

In the inductive step, for r > 1, let x € {0, 1}"™ that is at absolute distance ¢ - n’ from
{z €{0,1}" : B(z) =1} and let P* be a (deterministic) cheating prover strategy for the
protocol ROBP-IPP of Fig. 4.1 (with r rounds). Let (¢n//k, an/k, - -, ¢n) be the first
message sent by P* to ) and let ¢y be the source. Since the verifier explicitly checks these
conditions, it must be the case that y,, is an accepting sink, and that for every i € [k],

: =D/ /k
there exists some z(¥ € {0,1}" such that Cli—1)n! [k 2k Qi k- Furthermore, for

every i € [k], we assume without loss of generality that () is the string z that minimizes
zn'/k
the distance of x to the set {z € {0, 1} © ©i-1)m sk 2Lk, goi.n//k}.

_ of Az,2)

Recall that A denotes absolute distance (see Section 4.2) and let ¢; o A(n,—/k). The
following claim, which crucially uses the fact that B is read-once, shows that the average
of the g;’s (which will later be shown to lower bound the rejection probability of V) is at

least .

Claim 4.6.1. E;[g;] > ¢.

Proof. For every i € [k], let J; C [n] be the set of n'/k variables that are read when
going from @ ;_1).n//kx 10 Yip /i o0 input 2. We first prove that the sets J;'s are disjoint.
Assume otherwise; that is, that there exists j € J;, N J;, for some 41,45 € [k]. For every
i € [k], denote the path from ¢;_1).v/k t0 @inyk (in B) on input 2% by P;. Consider

9Tn the trivial case that e = 0 (i.e., B(z) = 1), the verifier also satisfies the requirement, since it
rejects with probability at least 0 = . It may also be worth mentioning that it always holds that ¢ <1,
since B has an accepting path of length n'.
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the concatenated path P, o --- o P,. This is a path in B in which the label j appears
twice (both in P;, and in P,,) in contradiction to our assumption that B is a read-once
branching program.

Define 2’ € {0,1}" as follows. For every j € [n], if j € J; for some i € [k] (which must
be unique as just shown), then z/[j] & 2@ 7], and otherwise (i.e.,if j ¢ J;U---UJ,) we
set 2/[J] o x[j]. Note that

' n' [k z'.n' [k z'.n' [k
(PO I Pyt T L e (s

and therefore B(z') = 1. The claim follows by noting that

en’ <A(x,a) =Y A2/ [J]) = ) A (@[ L], 2P [J]) <Y A (2,2W) = en [k,

i€[k] 1€[k] i€[k] i€[k]

where the first inequality follows from the fact that x is in absolute distance ¢ - n’ from
{z € {0,1}" : B(z) = 1} combined with the fact that B(z’) = 1, and the first and
second equality follow from the definition of z’ (the first equality also uses the fact that
the J;’s are disjoint). The claim follows. ]

For every i € [k], let B; be the ROBP that has the same graph as B, but its source is
©(i—1)n'/k, and its unique accepting vertex is @,/ Let P be the residual r — 1 round
strategy of P* after receiving the message ¢ from V in the first round, and let V; be
the residual strategy of )V after fixing its first message to 7. Note that V) is exactly the
strategy of the verifier in ROBP-IPPZ:

nn/r—1°

Claim 4.6.2. For every i € [k], it holds that
Pr[Wﬁ P:)(’I’L, n”7 Bi7r - 1) = 0] Z €y
where n” =n' k.

Proof. Let i € [k]. Recall that (¥ was chosen as z € {0,1}" that minimizes the distance
of z to the set S; & {2 €{0,1}" : B;(z) =1 using exactly n/k steps}. Hence,

Az, 8) = A (2,29) = ¢; -1 Jk.

Hence, (VF, Pf)(n,n”, B;,r—1) corresponds to an invocation of the r—1 round version
of the protocol on an input z that is in absolute distance ¢; - n’/k from S;. Therefore, by
the inductive hypothesis, the verifier V; rejects with probability at least ;. [

Using Claim 4.6.1 and Claim 4.6.2 we obtain that

Pr((V*, P*)(n,n',B,r) =0 = E | Pr[(V!, P)(n,n'/k,B;,r — 1) = 0]] > E [g] > e,

1€[k]
and the lemma follows. O]
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This concludes the proof of Theorem 4.4.

Remark 4.7 (Computational Complexity). The running time of the IPP prover in
Fig. /.1 is polynomial in its input (i.e., poly(|B|,n,k,r,1/¢)). As for the IPP wverifier, if
the representation of the ROBP B allows one to check if two vertices in the graph of B are
connected in polylog(|B|) time, then the verifier runs in time poly(logn, k, r,log(|B|), 1/e¢).
If such a representation is not available, then it can be generated in a relatively expensive
(i.e., poly(|B|) time) pre-processing step, which does not depend on the input x and can
be re-used for multiple inputs.

Alternatively, for some other natural representations, the wverifier can employ the
prover to efficiently check if two vertices in B are connected. Consider for example a
natural representation in which there exists a polynomial (i.e., poly(log(|B|))) size circuit
C' that on input a vertex v (in the graph of B) and a bit o € {0,1} outputs the neigh-
bor uw of v that o leads to (i.e., the edge (v,u) is labeled by o). Suppose further that C
is O(log(|B|)-space uniform (i.e., can be generated by an O(log(|B|))-space Turing ma-
chine). In such case we can use the prover to check connectivity, as described next, and
so we obtain sub-linear verification.

In order to verify connectivity efficiently, we first observe that there exists an (O(log(|B]))-

space uniform) circuit, of polylog(|B|)-depth and poly(|B|)-size, that on input two vertices
v and u outputs 1 if and only if they are connected (possibly via a long path).*® Now we
can apply the efficient interactive proof-system for low-depth computation®' of Goldwasser
et al. [GKR0OS8, Theorem 1] to obtain an interactive proof-system that verifies that two
given vertices are connected, where the verifier runs in time polylog(|B|) and the prover
runs in time poly(|B|).** We note that employing this proof-system inside our IPP in-
creases the round complexity of the IPP by a polylog(|B|) factor.

Remark 4.8 (IPPs for Ordered Binary Decision Diagrams). Recall that an ordered bi-
nary decision diagram (OBDD) is an ROBP that is both layered and ordered (see Sec-
tion 4.1.2.1). We observe that the communication complexity in Theorem 4./ can be
slightly improved for OBDDs of width w and size s = O(nw) from O((pr log s) -5_1) to
O((pr log w) -8_1), by noting that the i vertex specified by the prover (say, in the first
round) must be in layer i -n/p and therefore it can be specified using only logy w bits.

20The circuit first uses C to generate the entire adjacency matrix of B and then checks whether v and
u are connected by repeated squaring of the adjacency matrix. Note that all actions can be implemented
in polylog(|B|)-depth and poly(|B|)-size.

2lGoldwasser et al. show that any language that is accepted by a (O(log(S(n)))-space uniform)
circuit of depth D(n) and size S(n), has an interactive proof-system, where the verifier runs in time
(n+ D(n)) - polylog(S(n)) and the prover runs in time poly(S(n)).

22We stress that the interactive proof-system for verifying connectivity is a standard interactive proof-
system and not a “proof of proximity” (i.e., not an IPP). Indeed, this is crucial for our application since
we use the interactive proof-system for connectivity as a subroutine within our IPP, and the IPP verifier
should reject if at any point it encounters a pair of vertices that are disconnected (even if the pair is
“close” to being connected).
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4.3.2 MAPs for ROBPs

We observe that Theorem 4.2 follows almost directly from the proof of Theorem 4.4,
when restricted to the case r = 1. Indeed, the only two gaps (which are easily resolved)
are:

1. Interaction: Theorem 4.4 (restricted to r = 1) guarantees a 1-round IPP for lan-
guages recoginzed by ROBPs. In general, a 1-round IPP is not necessarily an MAP,
since it may include a message sent from the verifier to the prover. Nevertheless,
the order of the messages in our protocol is such that first the prover sends a mes-
sage to the verifier and then the verifier responds. The last message can clearly be
avoided and so we obtain an MAP.

2. Dependence on the Proximity Parameter in the Proof Length: Recall that there
is a linear dependence on 1/e in the communication complexity in Theorem 4.4,
due to the O(1/¢) parallel repetitions that were used. However, for MAPs, parallel
repetition can be performed without increasing the proof length, since the proof is
a deterministic function of the input. Hence, we can save the additional O(1/¢)
factor that is used for general IPPs.

4.3.3 MAPs and IPPs for Affine Spaces

In this section, as an example, we show how Theorems 4.2 and 4.4 can yield MAPs and
IPPs for any affine space.

Before proceeding to the proof, we remark that Rothblum et al. [RVW13] identified
a specific affine space, called PVAL, as being “complete” for the construction of IPPs for
the class NC.?* They constructed an IPP for PVAL and thereby obtain IPPs for all of NC.
Interestingly, PVAL is an affine space and so the results of this section yield an alternative
IPP for it. Unfortunately though, the parameters obtained by our IPP are inferior’* to
those of [RVW13] and do not yield an alternative IPP for NC.

Definition 4.9. Let F be a finite field, n € N and t € [n]. An affine subspace of the

vector space ", denoted AffineSpace,,, is parametrized by a matriv A € F™>" and a
vector b € Ft and consists of all strings x € F™ such that Ax = b.

Our construction of an IPP for every affine space follows directly from Theorem 4.4

by showing that membership in an affine subspaces can be recognized by a small-width
OBDD.

Proposition 4.10. Let F be a finite field, n € N and t € [n]|. For every A € F™*™ and
b e T, there exists a width |[F|°®) OBDD that accepts AffineSpace, .

23The language PVAL is parameterized by a sequence of points in a finite vector space and a sequence
of values, and consists of all strings « whose low degree extension LDE(z) is equal to the given sequence
of values at the corresponding sequence of points

24More specifically, for a PVAL instance parameterized by ¢ points, the communication complexity in
our protocol is O(t - 1 /¢ - polylog(n)), whereas in [RVW13] it is O(t - (1/£)°™) - polylog(n)). Our result is
insufficient since in the context of the proof of IPPs for NC, ¢t = \/n and ¢ = 1/4/n.
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Proof. We describe a deterministic streaming algorithm for deciding membership in AffineSpace , .
The algorithm gets access to a stream of n fields elements, reads the input element-by-
element (in order) and stores a total of ¢ field elements at any given time. Transforming
the latter into an OBDD, as required, is straightforward.?

Denote the columns of A by aq,...,a, € F. The algorithm maintains a vector ¢ € F!
which is initialized to 0. The streaming algorithm reads the input x € F" element-by-
element and after reading the " element, the algorithm sets ¢ < ¢ + x;a; (where the
addition is over F). In the end, it holds that

n
c= E r;0; = Az
i=1

and therefore it suffices for the algorithm to accept if ¢ = b and reject otherwise.

By applying Theorem 4.4, we obtain the following corollary.

Corollary 4.5. Let F be a finite field, n € N and t € [n]. For every A € F*>™ b € F
and for every k = k(n) > 2 and r = r(n) > 1 such that k" < n, there exists an r-round
IPP for AffineSpace , ;, with communication complexity O((rk‘ - tlog |F|) - 5*1) and query
complezity O (k—”r . 8_1). Furthermore, the IPP is public-coin and has one-sided error.

4.4 MAPs and IPPs for Context-Free Languages

In this section we prove Theorem 4.3 by constructing an IPP for any context-free language.
As noted in the introduction, the proof of Theorem 4.1 will follow as a special case of
this IPP.

The proof of Theorem 4.3 extensively uses the notions of a partial derivation and a
partial derivation language. Recall that a partial derivation of a grammar G is a derivation,
according to the production rules of G, in which not all variables are expanded. Our
notion of a partial derivation language is more complex. In particular, it does not refer
to the language that consist of all possible partial derivations of the grammar (i.e., {z €
(BUV)* : Agarn = 2}). Rather, we define a partial derivation language as a language that
consists of the subsequence of terminal symbols that correspond to partial derivations
that start at some fixed variable. Furthermore, we consider only partial derivations in
which the subsequence of variables in the partial derivation occur in specific locations.
More concretely, a partial derivation language is parameterized by (1) a start variable
Ap; (2) the number of terminals m; (3) a sequence of ¢ locations iy,...,4; and (4) a
corresponding sequence of variables Aj,..., A,. The language consists of strings z of
length m such that the string 2z’ = z[1,i; — 1] 0 A 0 z[iy,i9 — 1] 0 - - 0 Ay 0 z[iy, m| can be
derived from Ay. More formally,

25T00sely speaking, each layer of the OBDD will consist of the 20198 [FI) pogsible configurations of the
streaming algorithm (which include both its current state and possibly some of the bits of the element
that is currently being read).
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Definition 4.11 (Partial Derivation Language). A partial derivation language of the gram-
mar G = (V, %, R, Asgar) 18 a language £ C X™ parameterized by indices 1 < iy < ... <
10 < m and variables Ay, ..., A, € V such that

£ {zeZm : A0:*>z[1,z’1—1]0A102[i1,i2—1]0"'014402[”’7”]}'

The concise description of a partial derivation language £ C X™, parameterized by i =
(i1,...,i¢) and A= (Ay,..., Ay), is denoted by (L) o (m,z, Z).

We stress that z € £, where £ is a partial derivation language such that (L) =
(m, (11, -, 1), (Ao, - - ,Ag)), means that z is a string of terminal symbols such that

Ay = 7/, where 2’ is an interleaving of z and A, . .., A, in which A, appears in coordinate
i; +j — 1. Indeed, there is a natural 1-1 correspondence between the indices i; € [m]
that are the locations in z in which the variables should be inserted, and the indices
it € [m + (], where 7 o i; + 7 — 1, that are the locations in the string 2’ = z[1,4; — 1] o
Ajozliy,ig — 1] o+ 0 Ay o z]ig,m] in which the fixed variables appear.

Our construction of an IPP is recursive, and to facilitate the recursion, as discussed in
Section 4.1.2.2, it will be useful for us to construct an IPP for partial derivation languages
rather than just context-free languages. Additionally, as discussed in Section 4.1.2, the
IPP will be proximity oblivious®® (see Section 4.2.1.2). That is, we prove the following
(more general) lemma:

Lemma 4.12. Let G be a context-free grammar, let L be a partial derivation language
corresponding to G, parameterized by (L) = (n, (11, ,10), (Ao, - .. ,Ag)). For every in-
tegers k > 2 and r > 1 such that k" < n, there exists an r-round proximity oblivious |IPP
for L with detection probability p(¢) = e, communication complexity O(rklog(n+/()) and

query complexity O("kt ) Furthermore, the prozimity oblivious IPP is public-coin.

Theorem 4.3 follows directly from Lemma 4.12 by observing that (1) every context-free
language is a partial derivation language, without any fixed variables (i.e., £ = 0), and
(2) we can transform any proximity oblivious IPP into a standard IPP (by repeating the
former O(1/¢) times in parallel).

Lemma 4.12 is proved in Sections 4.4.1 and 4.4.2. Specifically, in Section 4.4.1, which
contains the more involved (and interesting) part of the proof, we show a scheme for
partitioning partial derivation languages into several smaller partial derivation languages.
Then, in Section 4.4.2 we use this partition to construct an IPP for partial derivation
languages (which is a fairly straightforward implementation of the outline presented in
Sections 4.1.2.2 and 4.1.2.3), as well as describe the steps required to derive an MAP
(thereby proving Theorem 4.1). Finally, in Section 4.4.3 we show how to improve the
efficiency of the foregoing MAP for the Dyck languages (i.e., the languages of balanced
parentheses expressions).

26Tn contrast to the case of ROBPS (see Section 4.3), here we can directly use Definition 4.2 without
any modifications.
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4.4.1 Partitioning Partial Derivation Languages

Let £ C X" be a partial derivation language®” of a context-free grammar G = (V, %, R, Agtart),
parameterized by (£) = (n, (i1, ... ,ic), (Ao, ..., 4;)), and let d = O(1) be the length of
the longest production rule in R (so that every z € £ has a derivation tree with arity at
most d).

In this section we describe a technique for partitioning £ into several partial derivation
languages Ly, ..., Ly (of shorter strings), while preserving distances. That is, inputs x
that belongs to £ will be partitioned into k parts such that for every j € [k], the j part
of = belongs to L;, whereas, for inputs x that are far from £, the j* part of x will be far
from L£;, for an average j. Later, in Section 4.4.2, we use this partition to construct an
IPP for L. (See Sections 4.1.2.2 and 4.1.2.3 for a high-level overview.)

The partition, which will be constructed jointly by the IPP prover and verifier, has
two different representations. The first representation, which we call the interval rep-
resentation, is a concise representation that is generated by the prover and sent to the
verifier. The advantage of this representation is has a simple syntactic structure. The
second representation, which is the actual partition, will be derived by the verifier from
the interval representation. The main advantage of the latter representation is that it
facilitates the verification of the semantic relation of the partition to the main input x.

We begin by describing the procedure that is used to generate the interval repre-
sentation of the partition. The procedure, called Generate-Intervals(x,t), is given

as input « € L (recall that £ is parameterized by (L) = (n, (11, ,10), (Ao, - - ,Ag)))

and a parameter ¢ € [n'], where n’ © 40 and t specifies the desired size of each

part in the partition. We assume for simplicity that ¢ > 2d, and the case that ¢t <
2d = O(1) will be handled separately (and trivially) in Section 4.4.2. First, the proce-
dure constructs®™ a derivation tree T' corresponding to the derivation Ay = ’, where
P x[1,iy — 1] 0 Ay o xfiy,iy — 1) o --- 0 Ay o zfig,n] (Ay = 2’ follows from the fact
that x € £). Next, using Lemma 4.5, the procedure finds k¥ = O(n’/t) rooted subtrees®’
Ty,..., T of T such that (1) every vertex of T belongs to at least one of the subtrees,
and (2) for each i < j either 7; and T} are disjoint or 7; is a subtree of Tj. The procedure
outputs I = (Iy,..., 1) € ([n']*)* and B = (By, ..., By) € V¥ where B; is the label of
the root of T and I; C [n/] is the minimal interval that contains all the leaves of Tj, for
every j € [k]. Each pair of intervals is either disjoint or contained in one other. The
Generate-Intervals procedure is detailed in Fig. 4.1.

To see that Generate-Intervals halts with & < 1;/3_,71 < 2d - ”T, intervals, observe
that in each iteration the number of leaves of the tree 7" (defined in Step 3a) decreases

2TWe suggest to the reader to consider the case that £ is a context-free language (i.e., no variables are
fixed) at first reading, since it is somewhat simpler. However, we stress that we have to handle general
partial derivation languages for the recursion to go through.

28 Although our focus is not on computational complexity, we remark that such a derivation tree can
be constructed in time poly(n'), see [HMUOG] for details.

29Recall that we define a subtree of a tree T as a tree consisting of a node in 7' together with all of its
descendants, see Section 4.2.3.
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Generate-Intervals(x,t)

Input: = € L (where L is a partial derivation language parameterized by
(n, (i1, ... ,40), (Ao, ..., Ag))) and t € [2d,n'], where n' =n + L.

1. Construct a derivation tree T of arity d, with n’ leaves, corresponding to the derivation
Ag = x[1,i1 — 1] 0 Ay o xfiy,in — 1] 0 --- 0 Ay o x[ig, n] (according to the grammar G).

2. Set j =1.
3. Repeat: (prior to the j*" iteration, we have already constructed subtrees 77, . .. , T of
T).

(a) Construct a tree 7" from T' by removing all the vertices of T} except for the root
of Ty, for every j' € [j — 1]. Note that there is a natural correspondence between
the vertices of 7" and the vertices of T' from which they were copied.

(b) If the number of leaves of T” is less than ¢, then exit the loop.

(¢) Applying Lemma 4.5 to T”, with size parameter ¢, find a subtree of 7" with ¢’ leaves
such that ¢’ € [t/d,t]. Denote the root of this subtree by v’. Let v be the vertex in
T that corresponds to v/, and define T} as the subtree of T rooted at v.

(d) Increment j by 1.
4. Set k=jand T}, = T.

5. For every j € [k], let B; be the label of (i.e., the variable associated with) the root of
Tj, and let I; C [n/] be the minimal interval that contains all the leaves of T} in 7.

6. Output (I, B), where I = (I,...,I;) and B = (B, ..., By).

Figure 4.1: The Generate-Intervals Procedure for the Partial Derivation Language L.

additively by at least ¢t/d — 1 and that we assumed that t > 2d.

As noted above, the output (I, B) of Generate-Intervals is in the first represen-
tation of the partition, which we called the interval representation. Next, we show a
transformation 7 (which will be applied by the IPP verifier) that transforms the interval
representation of the partition into an actual partition of the main input x.

Actually, instead of partitioning the input = into parts Si,..., Sk C [n], it will be
more convenient to view the partition as a partition of the terminal coordinates of 2’ =
x[l,i; — 1] o Ay oxliy,ip — 1] o -0 Agoxlig,n].*" That is, instead of a partition of [n], we
will find a partition of [n/|\{},... 7}, where i} o i; +j — 1, for every j € [¢] (indeed,
the non-terminal coordinates of a’ are precisely {4}, ...,7}).

Our aim is to design a transformation 7~ that maps (I, B) into a partition S, ..., Sk
of [W\{},...,4,}, where the parts have roughly the same length, together with (con-
cise descriptions of) partial derivation languages L1, ..., L) that satisfy the following

300f course, the distinction disappears in the simpler case that £ is a context-free language (i.e., £ = 0).
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conditions:

e Completeness: If v € £ and (I, B) is the output of Generate-Intervals(z,t),
then 2/[S;] € L;, for every j € [k].

e Soundness: If z is e-far from £, then for every (I, B) € ([n']?)* x V* it holds that
2'[S}] is e-far from L;, for an average j € [k] (where the average is weighted based
on the lengths of the parts).

We begin with a high-level overview of the transformation 7 in the special and slightly
simpler case that £ is a context-free language (i.e., £ = 0). In this case, given input
(I,B), where I = (Iy,..., 1) and B = (By,..., By), the transformation first constructs
a partition of [n] into k parts Si,...,Sk by setting S; = L\({; U--- U I;_4), for every
j € [k]. The transformation outputs Si,..., Sk as well as (concise) descriptions of k
partial derivation languages L4, ..., Ly such that for every j € [k|, the language £; is a
partial derivation language corresponding to a partial derivation starting from B; into
strings that have variables B;, at fixed coordinates corresponding to the relative position
of all subintervals I;, of I;. The transformation also checks that the languages L1, ..., Ly
are non-empty so that the distance of 2/[S;] from the corresponding language £; is well
defined (this check is indeed necessary — see discussion in Section 4.1.2).

The case that £ is a partial derivation language (rather than a context-free language)
is quite similar, where a fairly minor complication that arises is that we need to remove
the non-terminal coordinates from the partition, and so we set S; = [;\(LU---U ;4 U
{#},...,4,}). For technical reasons, it is more convenient for us to view each one of
the non-terminal coordinates 7}, ...,%, as an additional artificial singleton interval. The
transformation 7 is detailed in Fig. 4.2, and the completeness and soundness require-
ments (which were stated loosely above) are stated formally in the following two lemmas
(Lemmas 4.13 and 4.14).

Lemma 4.13 (Completeness of T). For every x € L (where L is a partial derivation
language parameterized by (n, (11, ,%0), (Ao, - - . ,Ag))) and parameter t € [2d,n'], if
(T,_E)_E ([n']2)k x V¥ is the output of Generate-Intervals(x,t), then the transformation

T(I,B) does not reject, but rather outputs ((S1,(L1)) ..., (Sk, (Lx))) such that for every
j € [K]:

1. £; C ¥l s a partial derivation language on strings of length n; = |S;| with (;
fized variables such that n; 4+ {; < t; and,

2. 2'[S;] € L;, where 2’ = x[1,iy — 1] o Ay o x[iy, iz — 1] 0 -+ 0 Aj o xfig, n].

Proof. Let # € L and let (I, B) be the output of Generate-Intervals(w,t), where
I=(L,...,1;) and B = (By,...,B). Since I;, = [n'] and By, = Ay, the transformation
T (I, B) does not reject, but rather outputs ((S1,(£1)), ..., (Sk, (Lx))). Let I},.... I},
be as defined in T (see Fig. 4.2).

The fact that, for every j € [k], it holds that £; C Y19l is a partial derivation language
on strings of length n; with ¢; fixed variables such that n; 4 ¢; <t follows from the fact
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The Transformation T(T, E)

Input: [ = (I1,...,I;) € ([']*)* and B = (By,..., B;) € V¥ (recall that n’ = n + £ and that
<£> = (n, (il, AP ,ig), (Ao, .. ,Ag)))

1. Check that (I, B) is well formed: for every j < i either I; C I; or I[; N I; = (), and
I, = [n'] and By = Ap (recall that Ag € V is a variable such that all partial derivations
in £ start from Ap). If any test fails, then reject® and halt.

2. For j € [{], let I} = {i;}.
3. For j € [k], let [, = I;.
4. For every j € [k]:

(a) Let I7,,...,1 j’% be the ordered sequence (from left to right) of all maximal (strict)

sub-intervals of I; = Iéﬂ from the set of intervals {I,...,I;,,}. That is, all in-
tervals (in order) from the set of intervals {I{, ..., I;,, } that are strictly contained
in I; but are not contained in any other interval that is strictly contained in I ]’-.b

(b) Let S = L\(Ij, U=+ UT], )¢

(c) Forevery s € [¢;], let i; s € [|I;]] be the relative starting position of the sub-interval
I} inside I, let &) o = ijs—> o |1} 4|, and let B} ; be the label of the root of the
subtree that corresponds to the interval I; ! s Deﬁne the following partial derivation
language of G:

@M{eﬂ“.@éw@% 1o B, owli ;5 —1]o- OBNMM4%§
(see also Fig. 4.3). That is, (£;) = (|5, (@15 ,i;7£j), (Bjy-es Bﬂj)).
(d) If £; = 0, then reject and halt.?

5. Output ((S1,(L1)),-- -, (Sk, (L))

°In case the reader is bothered by the fact that the transformation may “reject”, we can easily
avoid rejecting by outputting instead some canonical representation of a “partition” that will always
be rejected by the IPP verifier.

’In other words, an interval I’ € {I},... ;11 } is contained in the sequence if and only if I" C I}
and I' 0 I" # I, for every I" € {I{,..., I}, , \{I'} such that I" C I;.

“Equivalently, S; = I; \ ({{U---UI;,; ;). We use the slightly more complicated definition to
facilitate the proof.

4This check, which only requires access to (L;) and the grammar G, can be done in poly(n’) time.

Figure 4.2: The Transformation 7.
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Figure 4.3: The partial derivation tree that describes the partial derivation B; =
w[l, 5y =1 o By owlify, iy — o0 Bj owlif,, S]]

that the quantity n; + ¢; corresponds to the number of leaves of the subtree that was
constructed in Item 3c in the Generate-Intervals procedure (recall that this subtree
had at most t leaves).

To complete the proof of Lemma 4.13, we need to show that 2'[S;] € L;, where

o [1 i1 — 1] o Ay oxfiy,ig — 1] o--- 0 Ay o xlig, n], for every j € [k]. Let j € [k], and

let £, %4,. .., M By, .,B;-,gj be as in Fig. 4.2. Let w = 2/[S}], and observe that by
construction,
Bj:ﬂ}w[la%l 1]031011)[]1,@;2 1] OBZOw[]E7|S|]

Hence, w € £; and completeness follows.
O

Lemma 4.14 (Soundness of T). For every e € [0,1], every x € X" that is e-far from L
(parameterized by (L) = (n, (i1, ...,ir), (Ao, ..., Ar))) and every (I, B) € ([n']*)* x V*,
it holds that T (I, B) either rejects or outputs a sequence ((S1, (L1)), ..., (Sk, (Ck))) such
that:

1. The sets Sy,..., Sk C [0']\{i},...,4,} form a partition of [n'|\{7},...,1,}.
1 ¢ ¢

2. It holds that
E |Arer (x/[SjLEj)] > g,

]N
where ¥’ = x[1,i; — 1] 0 Ay o x[iy,ia — 1] 0 -+ 0 Ay o x[ig,n] and D is a distribution
over (k] such that Prj.p[j = j'| = |Sy|/n for every j' € [k].
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Proof. Let x € X" and let [ = (Ih,...,I;) € ([n']*)* be a sequence of intervals and
B = (By,...,B;) € VF a sequence of variables such that the transformation T(T, E)
does not reject and outputs ((S1, (£1)), ..., (Sk, (Lk))). Let I],..., I}, be as defined in
T (see Fig. 4.2).

To see that S, ..., Sy form a partition of [n/|\{i}, ..., 4}, observe that for each j € [k],
it holds that S; = I;\([j, U---UI}, ), where I} ,... I}, are the ordered sequence (from
left to right) of all maximal sub-intervals of I} out of I7,..., [;,; (i.e., all intervals that
are contained in I; but are not contained in any other interval that is strictly contained
in I;). Thus, the S;’s are disjoint. Furthermore, since I;,, = [n/], for every index i € [n’]
there exists j € [¢ + k] such that i € I}. Hence, either i € {i,...,i;} (in case j € [{]) or
i € Sy for some j' € [k], and so Sy, ..., Sk form a partition of [n/|\{7},...,}.

For every j € [k], let e; = AgreL (2']9;],£;). Let D be the distribution as in the
lemma’s statement (i.e., Prjup[j = j'] = |Sy|/n, for every j° € [k]). Suppose that
E;.ple;] < e, for some e € [0, 1], where 2’ = 21,41 —1]o Ay ox[iy,ip— 1] o- - -0 Ao x[ig, n].
We will show that z is e-close to L.

For every j € [k], since the transformation ezplicitly checks® (in Step 4d) that £; # 0,
there exists a string z; € XI5 such that z; € £; and Age (2'[S;], 2;) = ¢; (i.e., z; € L;
minimizes the distance of 2'[S;] to L;).

Using z1, ..., 2k, we construct a string z € £ that is e-close to x as follows. Let z € X"
such that the string 2’ = 2[1,4; — 1] o Aj 0 2[iy, i3 — 1] o - - 0 Ay 0 2[if, n] satisfies 2'[S;] = 2,
for every j € [k]. (The fact that such a string z exists follows from the fact that S, ..., S
are a partition of n'\{d},...,}.)

Observe that Agg (2, 2) = Agec (2, 2') < Ejup [Are (2'[55], 7[55]) | = Ejuplej] < ¢
and so x is e-close to z. By applying the following claim, with respect to j = k, and using
the fact that the transformation explicitly checks that I = [n/] and By = Ay, we obtain
that Ay = 2/, and therefore z € £. Hence z is e-close to a string z € £, and soundness
follows.

Claim 4.14.1. For every j € [k], it holds that B; = 2'[I}].

Proof. We prove the claim by induction on j. Let j € [k|, and suppose that the claim
holds for every j' < j. Let y = 2/[S;]. Note that y € £;. We show that B; = 2'[I}].
Recall that I7,...,I),, were fixed above as in Fig. 4.2. That is, for j € [/], it holds
that I} = {i;}, and for j € [{ +1,¢ + k] it holds that I} = I; .
Let I’ I’ , be the ordered maximal sub-intervals (in the set {I{,...,Ij,}) of I;.

j71’ Tt .]7£
By the construction of T it holds that

L= {w e X% By S wl, i}, — 1] 0 By owli}y, i, — 100 B}, owlij,, \SJH}’

3l
where i;, is the relative starting position of the interval I7; inside Ij, = Qs —
> wes | and B is the label of the subtree that corresponds to the interval I , for

31Tndeed, this was the reason that we added this additional check, and without it soundness would not
hold. See further discussion in Section 4.1.2.
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every s € [{;]. Therefore, since y € L;, it holds that

B; = y[l,i}l —1]o B}l o y[igyl, 232 —1]o---0 B;,fj o y[i;%j, 1S;]]- (4.3)

On the other hand, for every i € [¢;], it holds that

B, = 2l ], (4.4)
where Eq. (4.4) follows from the inductive hypothesis and from the fact that B}, = A;
and 2'[I] ] = 2}, = Aj,. for s € [()].
By combining Eq. (4.3), Eq. (4.4), and the definition of 4 ; we obtain that

Bj = y[1,45,] 0 Z[Ij o yliy, 1o — o Z/[I, ] o ylif,, [Sil].

The claim follows by observing that

L) = ylL, i) 0 2 0yl 0 — W o 2L | ol IS
and therefore B; = 2'[I;]. O

This completes the proof of Lemma 4.14

4.4.2 |IPP for Partial Derivation Languages

Using Lemmas 4.13 and 4.14, we complete the proof of Lemma 4.12 (which is a relatively
straightforward implementation of the ideas outlined in Section 4.1.2).

Proof of Lemma 4.12. Let G = (V, X, R, Agare) be a context-free grammar. We construct
a proximity oblivious IPP for every partial derivation language £ C ¥" of the grammar
G.

The proximity oblivious IPP has two parameters: r which is the round complexity, and
k which roughly corresponds to the amount of communication in each round. The IPP
runs recursively, where each round of communication proceeds as follows. The (honest)
prover uses the Generate-Intervals procedure on its input = and parameter ¢t = n’/k
(where n’ = n+{), to obtain (T, B) and sends (7, B) to the verifier. The verifier applies the
transformation 7 (I, B) to derive the partition Sy, ..., S, and the corresponding partial
derivation languages L1, ..., Lr. Then, the verifier selects at random j € [k] and sends
J to the prover (where j is distributed according to D as above). The two parties then
recurse on input z’[S;], where 2’ o x[l,iy — 1] o Ay o zfiy,ig — 1] 0 -+ 0 Ay o x[ig, n], with
respect to the partial derivation language £;. The recursion stops once either:

1. n' < O(k) (i.e., the input is very short), in which case the prover can send z* =z
to the verifier.*? Then, the verifier che