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Abstract

Interactive proofs of proximity (IPPs) are a relaxation of interactive proofs, analogous to
property testing, in which soundness is required to hold only for inputs that are far from the
property being verified. In such proof systems, the verifier has oracle access to the input, and
it engages in two types of activities before making its decision: querying the input oracle and
communicating with the prover. The main objective is to achieve protocols where both the
query and communication complexities are extremely low.

Of particular interest are IPPs in which the querying and the interacting activities are
performed independently, with no information flow from one activity to the other. Such IPPs
were systematically studied by Goldreich, Rothblum, and Skverer (ITCS 2023), who introduced
two variants: the pre-coordinated model, where the querying and interacting activities may use
a common source of randomness, and the isolated model, where the two activities are fully
independent, each operating with a separate source of randomness.

We focus on what is possible under these models when soundness is relaxed to computational
soundness. Our previous work (ECCC, TR24-131) showed that the pre-coordinated model
becomes significantly more powerful under this relaxation. In this work, we consider the isolated
model under the same relaxation and show a separation between the two models. We consider
a property that, by our previous work, has a computationally sound IPP in the pre-coordinated
model with poly-logarithmic complexities (assuming the existence of collision-resistant hashing
functions), and show that any computationally sound IPP in the isolated model for this property
must have either query complexity or communication complexity that is n2(V), where n is the
length of the input.
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1 Introduction

This work studies interactive proofs of proximity (IPPs) in which the queries to the input and
the interaction with the prover are performed independently from one another. We study what
is possible under such IPPs when the soundness condition is relaxed to computational soundness.
Our focus is on showing a gap between two models of such IPPs: one in which the querying and the
interacting components have a shared source of randomness, and one in which their randomness is
independent. We begin with a wider background.

1.1 General background

Property testing. The field of property testing |5, [12] studies a relaxed notion of decision
problems. Rather than deciding exact membership, a property tester is only required to distinguish
(w.h.p.) between objects in the property and objects that are e-far from the property, where € > 0
is a proximity parameter. An object x € X" is considered e-far from a property I1,, C X" if it differs
from any object in the property on more than € - n locations.

Standard decision problems generally require reading the entire input, since flipping a single
bit can change the decision. In contrast, relaxed decision opens the possibility of algorithms that
(probabilistically) read only a sub-linear portion of the input. Thus, in property testing, the input
is viewed as a huge object to which the tester gets only oracle access, and the goal is to obtain
testers with extremely low query complexity (e.g., query complexity that is poly-logarithmic in the
input size).

Interactive proofs of proximity. Interactive proofs of proximity (IPPs) [3, [11] extend the
relaxation considered in property testing to the realm of proof systems, analogously to the extension
of standard decision algorithms to standard interactive proofs (IPs). Specifically, an interactive
proof of proximity for a property is a protocol between two parties, called a verifier and a prover.
The verifier has oracle access to the input, and it interacts with an (untrusted) prover that tries
to convince it to accept the input. The goal is for the verifier to be convinced to accept inputs
that satisfy the property (“completeness”), and to not be fooled into accepting inputs that are far
from the property (“soundness”). The prover is assumed to have explicit access to the input and
is computationally unbounded.

The main complexity measures considered in IPPs are the verifier’s query complexity and the
communication complexity (i.e., the total number of bits exchanged during the interaction with
the prover). Like the query complexity, the communication complexity should be sublinear in the
input length. With linear communication complexity, the prover could simply send the entire input,
and the verifier could verify that (a) the alleged input is indeed in the property (which requires
no queries to the oracle); and (b) the alleged input is e-close to the actual input, by checking for
consistency with O(1/€) random locations in the actual input. Another complexity measure of
interest is the round complexity (the number of back-and-forth communication rounds). The goal
is to obtain proof systems with significantly lower query complexity than a tester for the property
can achieve, while also minimizing the communication and round complexities.

The isolated and pre-coordinated models. The verifier in an IPP performs two distinct
activities: querying the input oracle and interacting with the prover. The general definition of
IPPs allows the verifier to fully coordinate these two activities; that is, it can choose where to
query the input based on its communication with the prover, and likewise, it can send challenges
to the prover based on values seen in the input.



Goldreich, Rothblum, and Skverer [6] considered highly restricted models where the querying
and interacting activities are assigned to separate modules such that no information can flow
between them. The two modules feed their final views to a separate deciding module that decides
whether to accept or reject based on the combined views.

They introduced two versions of this model. In the first model, called the isolated model, the
querying and the interacting modules each get a separate and independent source of randomness,
making them completely independent. The second model, called the pre-coordinated model, provides
both modules with a shared source of randomness, which allows for some amount of coordination

Goldreich et al. showed that the isolated model is extremely weak; that is, it can only offer a
very limited advantage over property testers. Specifically, they showed that IPPs in the isolated
model that use ¢ queries and ¢ bits of communication can be emulated by property testers with
query complexity O(c - q).

In contrast, they showed that the pre-coordinated model is much more powerful. They showed
that there are pre-coordinated IPPs of extremely low complexity for properties that are extremely
hard to test. They further showed that the pre-coordinated model can efﬁcientlyﬁ emulate any
public-coin IPP for any property of low-degree polynomials.

Still, they also showed that the pre-coordinated model is considerably limited compared to
general IPPs. They showed that public-coin O(1)-round IPPs in the pre-coordinated model can be
efficiently emulated by standard property testers.

1.2 This work — computationally sound IPPs.

In this work (as well as in our previous work [13]), we extend the study of the isolated and pre-
coordinated models to the context of computationally sound interactive proofs of proximity (cs-
IPPs). That is, we consider what is possible under these models when relaxing the soundness
condition to hold only against computationally bounded provers.

In our previous work [13], we showed that relaxing the soundness condition to computational
soundness significantly increases the power of the pre-coordinated model. Specifically, we showed
that, assuming the existence of collision-resistant hashing functions (CRHF), any public-coin cs-IPP
can be efficiently emulated by a cs-IPP in the pre-coordinated model.

The focus of this work is on ¢s-IPPs in the isolated model. Specifically, we show the following
result:

Theorem 1.1 (separation between cs-IPPs in the isolated model and c¢s-IPPs in the pre-coordinated
model). There exists a property Il = J, ) IIn such that:

1. Assuming the existence of strong CRHF, 11 has a cs-IPP in the pre-coordinated model in
which the query and communication complexities are poly-logarithmic in n.

2. Any cs-IPP for 11 in the isolated model must have either query complexity or communication
Q(1)

complexity that is n°*\*/.
The property that we consider is PERM, the set of all permutations over [n|. The first part
of Theorem [[T] follows immediately from our emulation of public-coin cs-IPPs by c¢s-IPPs in the
pre-coordinated model. Specifically, PERM has the following simple public-coin IPP (which is also

!The isolated and pre-coordinated models were originally studied in [6] as restricted versions of IPPs with proof-
oblivious queries. Proof-oblivious queries restrict only the information flow from the interacting module to the querying
module.

2We usually consider an emulation of one model in a second model to be efficient if the communication and query
complexity in the second model are polynomial in the complexities in the first model.



a cs-IPP), presented in [§, Sec. 4.1]: Given input f : [n] — [n], the verifier selects a random value
v € [n] and sends it to the prover, who is required to reply with the pre-image of v under f. The
verifier then queries f on this alleged pre-image, and checks that it indeed leads to the claimed
value v. If f is e-far from PERM, then more than €-n points in [n] have no pre-image under f. This
means that, with probability greater than ¢, the random value v will have no pre-image under f;
hence, no matter what the prover sends, the verifier will reject. To get constant soundness error we
repeat this system O(1/¢) times. Note that this protocol is not pre-coordinated. However, using
the emulation in [13], it can be transformed into a pre-coordinated protocol with computational
soundness, while preserving poly-logarithmic query and communication complexities

Hence, the focus of this work is on showing the second part of Theorem [[LT] establishing a lower
bound on ¢s-IPPs for PERM in the isolated model.

An open problem. A natural open question is whether all computationally sound isolated IPPs
can be efficiently emulated by testers, as in the standard soundness case. The emulation shown
by [6] for the standard soundness case does not extend to computational soundness. Their emulation
relies on the fact that in standard soundness, the acceptance probability when interacting with the
optimal prover strategy is at least 2/3 if the input is a YES-instance, and at most 1/3 if the input
is a NO-instance. This enables the tester in their emulation to distinguish between YES and NO
instances by estimating the optimal acceptance probability within an additive deviation of 1/6
(and accepting if the estimate is greater than 1/2). However, in computationally sound systems,
only efficient provers must have low acceptance probability on NO-instances. The optimal prover
strategy can succeed with arbitrary probability, breaking the emulation.

We stress that the method of 6] heavily relies on the ability to estimate the optimal strategy’s
acceptance probability, while making relatively few query access to the input. Specifically, their
method relies on the fact that the optimal strategy for a given input f can be computed from the
probabilities that the verifier accepts f given each possible interaction transcript!l However, the
optimal strategy may not be implemented efficiently, and so (as stated above) its performance (on
NO instances) is not relevant in the context of cs-IPPs.

1.3 Techniques

Our technique for showing the lower bound on isolated cs-IPPs for PERM is adopted from |6,
Apdx. A.4], where a similar method was used in a related setting, albeit only for non-adaptive
querieﬁ (see Section [[L34] for further details on their setting). The main challenge in adapting
their technique to our setting is in extending it to handle adaptive queries. When describing the
technique, we first explain the overall approach while initially ignoring the issue of adaptive queries.
This initial explanation, though presented in the context of cs-IPPs in the isolated model, is analo-
gous to the approach of [6]. We then address the issue of adaptive queries and show how we handle
it.

We also present an alternative technique for proving the lower bound in the special case of
non-adaptive queries. This technique has a similar structure as the first and shares the same
underlying intuition, but diverges in how it formally establishes this intuition. In our opinion, this
approach is more straightforward and provides clearer insight into what underlies the lower bound.
In addition, it improves the lower bound itself in the non-adaptive case (see Section [[.3.3 for a

3In fact, the query complexity will even be independent of n, specifically O(1/e).

4They showed that it is possible to obtain an estimation of all these probabilities using only O(q - ¢) queries to f,
where ¢ is the query complexity and c¢ is the communication complexity of the isolated IPP.

5 A verifier uses non-adaptive queries if its queries do not depend on the answers it has received to previous queries.



detailed comparison of the bounds). However, this alternative technique does not extend readily
to adaptive queries.

1.3.1 Main technique

Recall that the query complexity of testing PERM is (y/n) (see |13, Apdx. A] following [], Lem. 4.3]).
In Theorem [B.1] we show that in any isolated cs-IPP for PERM the product of the query complexity
and the communication complexity must be at least n®1). We show the lower bound by an
indistinguishability argument.

In [13, Apdx. A], the lower bound for testing PERM is established by showing that a random
permutation IT and a random function F' (which is far from PERM w.h.p.) are indistinguishable
using less than Q(y/n) queries. We aim to show an analogous indistinguishability for isolated cs-
IPPs when both the query and communication complexities are restricted. Specifically, we fix an
arbitrary isolated cs-IPP with query complexity ¢ and communication complexity ¢ that we claim
are impossible to achieve. We then construct a distribution over input functions G that is far from
PERM (w.h.p.), and a corresponding distribution over (efficient) cheating provers P, such that the
view of the verifier when it interacts with P on input G is indistinguishable from its view when
interacting with the honest prover on a random permutation II.

A natural first attempt is to take G to be a random function (as in the aforementioned lower
bound for testers) and have the cheating prover emulate the honest prover on a random permutation.
Since we are in the isolated model, where the verifier’s messages are independent of the input, the
interaction transcript will be distributed identically in both the honest and cheating interactions.
The problem with this attempt is that there may be a correlation between the transcript and
the query answers. For example, consider a simple system where the honest prover sends the
first few locations of the input function, and the verifier queries these same locations and checks
for consistency. If the cheating prover emulates the honest prover using a random permutation
independent of G, then (w.h.p.) the values it sends will not be consistent with G, and the verifier
will be able to distinguish the two cases.

Notice that we can fool the foregoing verifier (in the example) by simply having the cheating
prover emulate the honest prover on a permutation that is consistent with the actual input G on
the first few locations. For this to work, we need the first few locations in G to behave like a
permutation.

Thus, we take the following approach: We identify a small set of “heavy” locations, which
are the locations that the verifier queries with high probability. We take G = G(II, F') to be the
function that on the heavy locations behaves like a random permutation II, and on the remaining
locations behaves like a random function F', and we have the cheating prover emulate the honest
prover on the same permutation II. Since there are only a small number of heavy locations, and on
the remaining (“light”) locations G behaves like a random function, G will be far from PERM with
high probability.

We want to show that under this construction, the verifier’'s view when interacting with the
cheating prover on G is indistinguishable from its view when interacting with the honest prover
on II. To do so, we will essentially need to show that in expectation over the randomness of the
querying module, the interaction transcript together with the answers to heavy queries have little
information on the answers to light queries. The basic intuition for this is that light queries are
dispersed across many locations, and the short transcript can only contain significant information
on a small number of them. To argue this formally, we will consider multiple independent executions
of the querying module and show that we expect to see many different light locations across these
executions. This results in a large total entropy, while the transcript can reduce the total entropy



by at most ¢ bits.

Adaptive queries. Up to this point, we have described heavy locations as those that “the
verifier queries with high probability”, ignoring the issue of adaptive queries. When the queries
are adaptive, the locations that are queried with high probability at the k*" query depend on the
values observed in the first £ — 1 queries.

To illustrate, consider again the foregoing example in which the verifier queries the first few
locations and checks for consistency with the prover’s message. Consider a variant, where instead
of querying the first few locations, the verifier adaptively queries a “chain” starting at location 1;
that is, given oracle access to f, it begins by querying f at position 1, obtaining v := f(1), then
it queries position v, and continues in the same way for several steps, at each step querying the
location given by the previous answer. The honest prover sends the same chain, and the verifier
checks for consistency.

Following our general approach to fool this system, we would provide the verifier with an input
function G = G(II, F) that behaves like a random permutation II on heavy locations and like a
random function F' elsewhere, and let it interact with a cheating prover that emulates the honest
prover on input II. For the verifier to falsely accept G, the chain revealed by querying G must
match the chain from II sent by the cheating prover. This means that we want the heavy locations
to be the locations of II’s chain. However, these locations depend on the values of II at previous
positions in the chain.

In light of this, we define the heavy locations recursively, query by query, branching according to
the values assigned to the heavy locations of previous queries. Consequently, different permutations
will correspond to different heavy locations, and G(m, f) will equal 7 on the heavy locations that
correspond to 7, and equal f elsewhere.

We begin with a single set of heavy locations for the first query, denoted ;. Since the first
query is independent of the input, these are simply the locations that the verifier queries with high
probability on the first query. Next, we branch into different sets of heavy locations based on the
possible values that can be observed in the first heavy locations. For each possible assignment of
values @; € [n]l"1! to the locations in #;, we define Ho(a@y) to be the locations that the verifier
queries with high probability on its second query when the values it observed in the first query are
given by a@; on heavy locations and by a random permutation (consistent with @; on H;) on light
locations. In other words, Ha(a;) consists of locations that the verifier queries with high probability
on its second query when querying a random permutation II, conditioned on II agreeing with the
assignment a; on the locations in H;.

We continue recursively, such that in the k" query we fix assignments of values (@, ..., a_1)
to the heavy locations of all previous queries, where each a; € [n]'Hi(al""@"—l)'. For each such
sequence of assignments, we define H (a1, ...,a,_1) to be the locations that are queried with high
probability in the k™ query when querying a random permutation II, conditioned on II agreeing
with each of the assignments @y, ..., a_1 on their corresponding heavy sets. The final heavy set of
each permutation 7 is the union of the sets Hq, Ha(a1),...,Hq(@1,...,aq—1), where each a; is the
values that 7 assigns to the corresponding heavy set H;(aq,...,a;—1).

1.3.2 Alternative technique for non-adaptive queries

In Section [, we present a different technique for proving the lower bound in the special case
of non-adaptive queries. The general framework remains the same: We consider a distribution
G = G(I1, F) that behaves like a random permutation II on “heavy” locations and like a random
function F' on the remaining locations. (We again show that the verifier’s view when querying



G = G(II, F) and interacting with a cheating prover that emulates the honest prover on II is
indistinguishable from its view when querying IT and interacting with the honest prover.) However,
we use a different definition of heavy locations than the one used in the main technique (actually,
we are going to show two possible definitions, one that is the same as in the main technique, and
one that is different). More importantly, the main difference in the new approach is in how we
establish that the views are indistinguishable. Specifically, we use a different approach to argue
that the interaction transcript, together with the answers to heavy queries, cannot have much
information on the answers to light queries in expectation. While the previous approach analyzes
the information on all the light queries together, in the new approach, we consider the information
on each light query individually.

Consider again the example of the system in which the honest prover sends the first few loca-
tions of the input while the verifier queries the same locations and checks for consistency. Notice
that there are two aspects in which the first few locations in this example are special. First, they
are queried by the verifier with high probability, and second, these locations in II have high mu-
tual information with the interaction transcript 7'(II). In the general case, considering the mutual
information with T'(II) alone is insufficient; we need to consider the mutual information with 7'(II)
together with answers to potential other queries made by the Veriﬁerﬁ Thus, we think of each
location i € [n] as having an associated “information-weight”, which represents the maximal infor-
mation that can be gained on II(7) by T'(II) and any other ¢ — 1 locations in II. Specifically, this
weight equals maxgcn)\ {i},|5|<q {I(T1(2) ; (T(11), 11(S))) }-

Intuitively, since the interaction transcript is short and ¢ is small, there cannot be many
“information-heavy” locations. Indeed, in Lemma we bound the total information-weight of all
locations, which in turn bounds the number of information-heavy locations.

We show that we can effectively think of the verifier as aiming to maximize the expected
total information-weight of the locations it queries. On the other hand, we can view designating
certain locations as “heavy” (i.e., making them locations on which G behaves like a permutation),
as preventing the verifier from gaining the information-weight of these locations. Our goal is to
choose these locations such that the verifier cannot gain much information-weight (in expectation
over its randomness).

This leads to two possible strategies: The first is to directly choose the heavy locations to be
the information-heavy locations. For the second strategy, note that since there can only be a small
number of information-heavy locations, the verifier will likely not hit them if it queries locations
uniformly at random. Thus, in order to gain a high expected total information-weight, the verifier
must query the information-heavy locations with high probability. Therefore, we can choose the
heavy locations to be the locations that the verifier queries with high probability (this strategy
corresponds to the definition of heavy locations used in the main technique). We show two proofs,
following each of these strategies. The first proof, presented in Section [6.1] follows the second
strategy, whereas the second proof, presented in Section [6.2] follows the first strategy.

1.3.3 Comparing the actual bounds

Our main technique, which handles adaptive queries, yields a lower bound of ¢° - ¢ = Q(n/log(n)),
where ¢ is the query complexity and c is the communication complexity. To compare this with

SThink of the case where the honest prover sends the first few locations of II each XORed with the last location
of II (i.e., II(n)). Here, the mutual information between the transcript and each of the first few locations is very
small. However, the verifier can still verify consistency by querying the first few locations as well as the last location
and XORing the results. Indeed, when combined with the last location of II, the transcript has significant mutual
information with each of the first locations of II.



the bound obtained by our alternative technique, which only handles non-adaptive queries, we first
mention what the main technique achieves in the specialized case of non-adaptive queries. Recall
that our main technique is an adaptation of the method from |6, Apdx. A.4], which was originally
used for a related setting with non-adaptive queries and which we modify to handle adaptive queries.
A direct adaptation of |6, Apdx. A.4] to our setting, without the modification, would yield a lower
bound of ¢* - ¢ = Q(n/log(n)) for the non-adaptive case. Note that while our extension to the
adaptive case worsens the dependence of the lower bound on ¢ (from ¢* to ¢°), due to a more refined
analysis our dependence on c is improved (from c? to ¢). An analogous refinement can be applied
to the non-adaptive case, which will improve its bound to ¢*-¢ = Q(n/ log(n))m Compared to this,
our alternative technique for the non-adaptive case achieves a stronger lower bound of ¢%-¢ = Q(n).

1.3.4 The setting of |6, Apdx. A.4] and its connection to our setting

As mentioned at the beginning of Section [[3], our main technique for establishing the lower bound
on isolated cs-IPPs for PERM is adopted from [6, Apdx. A.4]. The contents of |6, Apdx. A.4] focuses
on the property PwI (standing for Permutations with Inverse), consisting of pairs (m,771) of a
permutation 7 over [n] and its inverse 7—!. For this property, they established a lower bound on
MAPs, which are IPPs in which there is only a single message (a “proof”) from the prover to the
verifier. Specifically, they showed a lower bound on the tradeoff between the query complexity and
the proof length of any MAP for PwI that uses non-adaptive queries.

The main challenge in adapting their technique to the setting of isolated cs-IPPs is in extending
it to handle adaptive queries. We stress that this extension to adaptive queries does not apply to
the setting of [6], since PwI has an efficient adaptive tester.

In Appendix [D] we shed some light on why the technique from the setting of MAPs could be
adapted to ours. We show that the lower bound for non-adaptive isolated IPPs for PERM can be
extended to (non-adaptive) IPPs in a hybrid model that extends both isolated IPPs and MAPs.
We further show a more general connection between the two settings (beyond just PERM), by show-
ing that, similarly to the emulation of the isolated model by testers shown in |6, Thm. 1.2], the
aforementioned hybrid model can be efficiently emulated by MAPs.

1.4 Organization

In Section 2] we give formal definitions of the computational models discussed in the introduc-
tion, as well as recall some basic definitions and claims from information theory. In Section [3] we
present a simple isolated IPP for PERM that demonstrates a general tradeoff between the query and
communication complexities.

The remaining sections are devoted to proving corresponding lower bounds. Section (4] contains
preliminaries that are used in both subsequent sections; specifically, it includes notation and a claim
showing that a partially random function is far from PERM with high probability. In Section [ we
establish our main result: a lower bound on the tradeoff between the query and communication
complexities for any isolated cs-IPP for PERM. In Section [l we present a tighter lower bound for the
special case of non-adaptive queries.

Section[Blmay be read before SectionBland can serve as a warm-up to SectionB. While the proofs
in these two sections follow different approaches, they share the same underlying framework and
intuitions, with the non-adaptive case being technically simpler and potentially providing clearer
insight into the main ideas.

"This improvement can be applied also to the case considered in [6].



2 Preliminaries and definitions

Property Testers, IPPs, MAPs, and cs-IPPs

A property is a collection of sets IT = |, ), II,, such that II,, is a set of functions from [n] to 58 The
relative hamming distance between two functions f, g : [n] — ¥ is the fraction of inputs on which
they differ. We say f is e-far from g if the relative hamming distance between f and g is greater
than e, and otherwise we say they are e-close. A function f : [n] — X is e-far from a property
I = U, epn Oy if it is e-far from any g € II,,; otherwise, it is e-close to II. A tester for a property II
is a probabilistic algorithm that, on input parameters n € N, € > 0 and oracle access to a function
f:[n] = X, outputs 1 with probability at least 2/3 if f is in II, and outputs 0 with probability at
least 2/3 if f is e-far from II. The query complexity of the tester is ¢ : N x [0, 1] — N if, on input n,
e and oracle access to any f : [n] — X, the tester makes at most ¢(n, €) queries to f.

An interactive proof of proximity for a property II is a two-party protocol for parties called verifier
and prover. The verifier has oracle access to a function f : [n] — X, and also gets explicit inputs n
and € > 0. The prover gets f as explicit input, and its aim is to convince the verifier that f is in II.
We require that the prover can convince the verifier to accept any f in IT (w.h.p.), but cannot fool
the verifier into accepting f that is e-far from II (except for with low probability). The prover is
defined by its strategy, which is a (computationally unbounded) function that maps a party’s input
and all messages it has received so far, to the next message it will send.

Definition 2.1 (interactive proofs of proximity (IPPs)). A randomized and interactive oracle ma-
chine, denoted V', constitutes a verifier for an interactive proof of proximity for a property 11 =
Unew an, if for every € > 0 the following two conditions hold.

(completeness): There exists a prover P, called the honest prover, such that for any n € N, on
input n, € and oracle access to any f € I, after interacting with P that gets f as explicit
input, V' rejects with probability at most 1/3.

(soundness): For any prover P (referred to as a cheating prover), for any n € N, on input n,
e and oracle access to any f : [n] — X that is e-far from I, after interacting with P, the
verifier V accepts with probability at most 1/3.

The system has perfect completeness if the verifier accepts each f € II with probability 1. The
functions q,c,m : N x [0,1] — N are the system’s query complexity, communication complexity, and
round complexity, respectively, if on input n, €, on oracle access to any f : [n] — X and when
interacting with any prover, the verifier makes at most q(n, €) queries to f, the parties exchange at
most c(n, €) bits, and the interaction consists of at most r(n,€) communication rounds (with two
messages per round). The system is public-coin if each message sent by the verifier consists only of
the outcomes of its coin tosses. The system uses non-adaptive queries if the verifier’s queries to the
input function are determined based on the verifier’s randomness and the message it has received
from the prover, but do not depend (directly) on the answers to prior queries.

More generally, IPPs with general soundness (resp., completeness) error e : N x [0, 1] — [0, 1] are
defined by replacing the term 1/3 in the soundness (resp., completeness) condition with e(n,€). In
that case, we may refer to 1 — e as the soundness (resp., completeness) of the IPP.

MA-proofs of proximity (MAPs) [9] are IPPs in which the communication is unidirectional, with
the prover sending a single message. In this case, we call the prover’s message a proof and instead
of communication complexity we use the term proof length.

8Equivalently, properties are sometimes defined as sets of strings over alphabet 3, rather than sets of functions
from n to X.

10



The soundness condition in Definition 2] (which holds against computationally unbounded
provers) is sometimes referred to as statistical soundness. In computationally-sound IPPs (cs-IPPs),
the soundness condition is relaxed to hold only against computationally efficient provers. This leads
to restricting also the computational power of the prover in the completeness condition. Actually,
we even require the honest prover’s strategy to be implementable in probabilistic polynomial-time,
although our result holds also if it is allowed to be implemented by a non-uniform polynomial-size
family of circuits.

Definition 2.2 (computationally sound interactive proofs of proximity (cs-IPPs)). A randomized
and interactive oracle machine, denoted V', constitutes a verifier for a computationally sound inter-
active proof of proximity for a property Il = |,y Iy, if for every € > 0 the following two conditions
hold.

(completeness): There exists a prover P, called the honest prover that can be implemented by
a randomized, polynomial-time machine, such that for any n € N, on input n, € and oracle
access to any f € I, after interacting with P that gets [ as explicit input, V rejects with
probability at most 1/3.

(computational soundness): For any prover P (referred to as a cheating prover) that can be
implemented by a (non-uniform) polynomial-size family of circuits, for all sufficiently large
n’s, on input n, € and oracle access to any f : [n] — X that is e-far from 11, after interacting
with P, the verifier V' accepts with probability at most 1/3.

Note that in the above definitions of IPPs and cs-IPPs, the verifier is not required to be compu-
tationally efficient. This follows the convention in the property testing literature, where the focus
is on query complexity rather than computational complexity. This definition only strengthens
our lower bound results, but weakens the emulations presented in Claim [B.1l and Theorem [C.]], in
which the resulting verifier is computationally inefficient

The isolated and pre-coordinated models

To define the isolated and pre-coordinated models, we follow the framework of [6], where the verifier
is decomposed into three modules: the querying module O, the interacting module Z, and the deciding
module D. The querying module is the only part that queries the input, and the interacting module
is the only part that interacts with the prover. The final decision is made by the deciding module,
which is fed with the outputs of the two other modules.

Both the isolated and pre-coordinated models are restricted forms of IPPs in which there is
no information flow between the querying and the interacting modules. In the isolated model, the
querying and the interacting modules each get a separate and independent source of randomness,
whereas in the pre-coordinated model, the modules get a shared source of randomness.

Recall that in standard interactive proofs, one denotes the output of the verifier V' when in-
teracting with a prover P by (P,V)(x), where z is the common input. In extensions that allow
private inputs, one uses the notation (P(y),V (z))(x), where z and y are private inputs given to V
and P, respectively. In the isolated model, we write the random variable representing the decision
of the verifier as D(Q(Rq), (P(f),Z(R;))), where Rg and R are independent random variables
representing the randommness of each module. In the pre-coordinated model, we write the ran-
dom variable representing the decision as D(Q/(R), (P(f),Z(R))), where R is a random variable
representing the shared randomness of both modules.

9We also note that this definition differs from the one we used in [13] (where we required the verifier to be
computationally efficient). There, the efficiency of the verifier is necessary for the main result (i.e., |13, Theorem 1.4]).
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Information theoretic functions

The entropy of a random variable X is defined as

H(X) € Pr[X = 2] -log, <PT[X1:x})

The conditional entropy of a random variable X given another random variable Y is defined as

H(X |Y) & Eyoy [HX|Y = y)]

where H(X | Y = y) is the entropy of (X |Y = y); that is:

def 1
HX|Y = = E PriX = 21Y = o] - 1
The mutual information between random variables X and Y is defined as

1(X;Y) ¥ HX) - H(X|Y) =HY) - HY | X)

The Kullback-Leibler (KL) divergence between random variables X and X' is defined as

e Pr[X = z] 1
DX || X)) ¥ ST Pr[X = 4] -1 — | = Epux |1 — || —H(X
(X110 2 Sl = o] o (= ) = oo 1o ()| O
Note that for the uniform distribution U over a support of size IV, it holds that
D(X[|U) = logy(N) — H(X)

The conditional KL divergence between random variables X and X’ given another random variable
Y is defined as

def
= Eyoy DX Y =y|| XY =y)]

~E.x [log2 (Pr[X, ;W _ y]ﬂ ~H(X|Y)

where D(X |Y = y|| X'|Y = y) is the KL divergence between (X |Y = y) and (X'|Y = y); that
is:

DX Y[ X'Y)

Pr[X = 2|Y =y >

DIX|Y =y|| X' |Y =) &S PrX = 2]y =41
(KT =ylIXY =) = 3 PrX = ol =] logs { o)

We next present some simple claims regarding the foregoing quantities. The first claim states
standard properties of entropy (see, e.g., the textbook [2]).
Claim 2.3. For any random variables X and Y it holds that:

e (conditioning reduces entropy) H(X |Y) < H(X).

e (chain rule for entropy) H(X,Y) = H(X) + H(Y | X).

e (sub-additivity of entropy) H(X,Y) < H(X) + H(Y).

e 0 <H(X) <logy(N) where N is the support size of X.
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Claim 2.4. For any random variables X, Y and Z, it holds that H(X |Y,Z) > H(X |Y) — H(Z).
Proof: We have: H(X |Y, Z) = H(X,Z|Y)-H(Z|Y) > H(X|Y)-H(Z|Y) > H(X|Y)-H(Z). ®
Claim 2.5. For any random variables X, Y and Y’, it holds that

D(X,Y || X,Y") =D(Y | X || Y'| x)H
Pr[X=zY=y] _ Pr[Y=y|X=1]

Proof: Noticing that PR X =z 7=y = —~—"_ the claim follows immediately from the defini-
] i =z,Y'=y] PrY’=y|X=x]
tions of KL divergence and conditional KL divergence. |

Statistical distance and indistinguishability

The statistical distance between random variables X and X’ is defined as

max  {Pr[f(X) = 1] - Pr[f(X') = 1]}

def 1
AX XS 2 2 |PriX =a] = Pr{X' =a| = F40,13+{0,1}

We say that a (deterministic) algorithm A distinguishes between a pair of sequences of random
variables { X, }nen and { X/ }en if

| PrlA(Xy) = 1] = PrlA(X;) = 1]] = Q(1).

Note that it implies that A(X,, X)) = Q(1). We say that a pair of sequences of random variables
{ X }nen and {X] }nen are indistinguishable if A(X,,, X)) # Q(1) (i.e., for every constant a > 0,
for infinitely many n’s it holds that A(X,, X/) < «). For simplicity of presentation, we will often
consider random variables X and X’ that implicitly depend on n € N. In such cases, we say that
an algorithm A distinguishes X and X’ if it distinguishes the corresponding sequences { X, },nen
and { X/ }nen. Likewise, we say that X and X' are indistinguishable if the corresponding sequences
{Xn}nen and {X] }nen are indistinguishable.

3 An upper bound on the isolated model for PERM

In this section we present an isolated IPP for PERM that demonstrates a general tradeoff between
the query and communication complexities. We stress that this IPP is statistically sound.

Theorem 3.1. For every q > 0, there exists an isolated IPP for PERM with query complezity q,

communication complezity O % . log(n)) , soundness Q(€), and perfect completeness.

Proof: We begin with an outline of the proof. Recall that if f : [n] — [n] is e-far from PERM, then
more than € - n points in [n] have no pre-image under f. The isolated verifier that we construct
will ask the prover to provide the pre-image of m = ©(n/q) randomly selected points in [n], and
separately query the input on ¢ random locations. The choice of m such that m - ¢ = Q(n) ensures
that w.h.p., there would be a collision between one of the queries and one of the alleged pre-images
provided by the prover, in which case the verifier can check that the query answer matches the
prover’s claim. If the input is e-far from PERM, then with probability greater than e, the value (sent
by the verifier) for which the prover has claimed to provide the pre-image that collided with a
query, does not have a pre-image, meaning the check will fail.

We proceed with the formal description of the protocol. Given input f : [n] — [n], the isolated
protocol proceeds as follows.

10This claim is a special case of the chain rule for KL divergence, that asserts that for any random variables X,
X', Y and Y’ it holds that D(X, Y || X', Y) =D(X || X') + Eonx DY | X =2 ||V | X' = 2)].
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e The interacting module selects m = ©(n/q) distinct random points vy, . .., vy, € [n] and sends
them to the prover.

e The prover sends what it claims to be the pre-images of v1,...,v, under f, denoted a =
(a1,...,an) respectively. If @ contains duplicates, the verifier immediately rejects.

e The querying module queries f on g random points i1, ...,i; € [n], obtaining their values

f(i1)7 c )f(lq)

e The deciding module accepts if and only if for every I € [m] such that a; was queried (i.e.,
a; = i, for some k € [q]), the claimed image v; equals the actual image (i.e., f(ix)).

Clearly, the protocol has perfect completeness. For soundness, consider an arbitrary function f
that is e-far from PERM. Let a collision be the event that there exists [ € [m] such that a; equals to
one of the verifier’s queries 7. When a collision occurs, let L be the random variable representing
the index such that ay equals to one of the verifier’s queries (if there is more than one collision,
then we take L to be the first such index).

We will show that with probability at least €2(¢e), both a collision occurs and the corresponding
value vy has no pre-image under f, which together guarantee the verifier rejects. We do so in
two steps: we first show that a collision occurs with constant probability, and then show that
conditioned on a collision occurring, vy, has no pre-image under f with probability greater than e.

To argue that a collision occurs with constant probability, we first fix vy, ..., v,, to arbitrary
values, which in turn fixes the (optimal) prover’s answers ay, . . . , ay,. We can assume that ai,...,an
are all distinct, since otherwise the verifier immediately rejects. Now, notice that the queries
i1,...,1q are independent, and each will collide with one of the (distinct) values a,...,a, with
probability m/n. Thus, the expected number of collisions is ¢ - m/n = (1), and by the Chernoff
Bound, there will be a collision with constant probability.

Next, we condition on a collision occurring and show that vy has no pre-image under f with
probability greater than e. First, since f is e-far from PERM, more than €-n points in [n] have no pre-
image under f. Now, observe that conditioned on a collision occurring, vy, is uniformly distributed

in [n]. This is because each v; is uniformly distributed in [n] and the values of vi,..., v, do
not affect the probability of collisions (since i1, ...,i; are uniform over [n| and independent of
v1,...,Vny). Hence, condition on a collision occurring, the uniform vy has no pre-image under f

with probability greater than e.
All together, the probability that both a collision occurs and vy, has no pre-image under f is at
least Q(e), concluding the soundness claim. [

4 Preliminaries for the lower bounds

This section establishes notation and a claim that are used in both the lower bound proofs in
Sections [l and [61

4.1 Notation

For a function f : [n] — [n] and a subset S C [n], we reserve the notation f(S) to denote the

restriction of f to locations S; that is, if S = {i1,...,ix} where iy < -+ < ig, then f(S5) def

(f(i1),..., f(ix)). Note that this notation differs from its common use to represent the image set
{f(@) : i € S}. Consequently, we denote the image of S under f by Img(f,S) e {f(i):i e S}. For
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a sequence S = (iy,...,ix) of elements in [n], we denote by f(S) the sequence (f(i1), ..., f(ix))-
For any [ € [k], we denote by S[l] the prefix (i1, ..., 4;).

4.2 A partially random function is far from PERM w.h.p.

In [8, Claim 4.5] it was shown that a random function is e-far from PERM with high probability (for
sufficiently small ¢ > 0). Here, we generalize this claim to show that also a function that agrees
with a random function on half of its inputs is far from PERM with high probability.

Claim 4.1. Let F' be a random function from [n] to [n], and let S C [n] be a set of size at least 5.
Let G be a function from [n] to [n] that agrees with F' on S and is fized to arbitrary values on the
remaining locations [n] \ S. Then, for all sufficiently small € > 0, the probability that G is e-close
to PERM is at most exp(—Q(n)).

Proof: We follow closely the proof of [8, Claim 4.5]. Notice that if G is e-close to PERM then it
must hold that | Img(F,S)| > |S| — € - n. Thus, we will show that for all sufficiently small € > 0, it
holds that

Pr U Img(F, S)‘ > |S] —e- n] < exp(—Q(n))

Consider an arbitrary subset 7" C S of size i + € - n, and note that [S\T| > 5 — (7 +e€-n) > %
for sufficiently small e. Note that the values of I’ at distinct locations are independent, and in
particular, Img(F,T") and Img(F, S\ T') are independent. Observe that if | Img(F, S)| > |S| —€-n,
then both the following must hold:

L. |Tmg(F,T)| = n/4, since | Img(F, $)| < | Tmg(F,T)| + (S| - |T]).

2. |Img(F, S\ T)NImg(F,T)| < €-n, since there cannot be more than € - n collisions between
the values of F' on T" and on S\ T.

To bound the probability that both conditions are satisfied, we first fix Img(F,T") such that it
satisfies item (1). Now, the expected number of collisions in Img(F, S\ T)NImg(F,T) is [Img(FT)|

n
IS\T| > % - § = 35, since each element in S\ 7" is mapped by F' into Img(F,T") with probability

w > %. Therefore, by Chernoff Bound, for every € < 3—12 the probability of having at most
e - n collisions (as required by item (2)) is at most exp(—£2(n)). [

5 A lower bound on the isolated model for PERM

In this section we establish the second part of Theorem [T}, by showing the following lower bound
on isolated cs-IPPs for PERM.

Theorem 5.1. If PERM can be verified by a computationally-sound IPP in the isolated model that
has query complexity ¢ > 0 and communication complexity ¢ > 0, then ¢° - c = Q(n/log(n)).

5.1 Proof of Theorem [5.1]

Consider an arbitrary computationally sound isolated IPP that has communication complexity
¢ > 0 and uses ¢ > 0 (possibly adaptive) queries. Without loss of generality, we assume that the
querying module does not make the same query more than once.

Let Rgp and R; denote the randomness of the querying and interacting modules, respectively.
For every r, for every k € [q] and every @ € [n]*~!, let Q1 (a@,r) denote the k*" query made by the
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querying module with randomness r after obtaining a as the answers to the first £k — 1 queries. Let

@[k] (@,r) def (Q1(r), Qa2(ax,7), ..., Qk(a@—_1),7)) be the sequence of the first k queries given answers

@ and randomness 7. For any function f, we define Qi(r) def Qr(a,r) where a = (ay,...,a_1) such
_ . . pa def

that a; = f(Qi(af—1),7)) for each i € [k — 1]. Accordingly, we define Q{k] (r) = (Q{(r), . ,Qg(r)),

and denote the complete sequence by Q/(r) dof @f; ] (r). We remove the overline and write Qy (@, )

resp., QT (r)) when we refer to the set of the queries in Q(a@,r) (resp., Q%,(r)) rather than the
(%] (k] k]
sequence.
Note that @{k] (r) does not depend on all of f, but rather only on the value of f on the prefix

@{k_l] (r). In particular, we will use the fact that if two functions f and g satisfy that f(@{k] (r)) =

g(Q[gk] (r)), it implies that Qf;c} (r) = Q[gk] (r) (in addition to Q£+1(r) = Q71 (r)).

Next, we turn to define heavy locations as locations that are queried with high probability by
the querying module. Since queries are adaptive, these locations depend on the answers to previous
queries. Hence, we define the heavy locations recursively, query by query, each time fixing values
for the previous heavy locations only. Let @ > 0 be a threshold parameter to be determined later
(specifically, we will set & = O(¢?/n)). Since the first query is independent of the input, the heavy
locations of the first query are simply those that are queried with high probability in the first query:

H, {z € [n]: Eng(RQ) =1 > a}

Next, we consider all possible assignments of values to the first heavy set. For each assignment
a; € [n)/"™1]) we define Ha(a1) to be the locations that are queried with high probability in the second
query when querying a random permutation II, conditioned on II agreeing with the assignment a;
on Hi:

Ha(ar) %4 { eln]: Pr [QY(Rg) =i | U(Hy) = a1] > a}

Pr
IL,Ro
We continue recursively. For the k™ query, we consider all assignments -1y = (@1,...,a,1) to
the heavy locations of the first & — 1 queries, such that @; € [n]/"@i-)l for each i € [k — 1]
We denote the sequence of heavy locations for the first k¥ — 1 queries corresponding to ap_g by
Hip—1](Ar—2)) Lof (H1,H2(a1) ..., Hr—1(@jp—9)). We define Hy(ap_q)) to be the locations that are
queried with high probability in the k™ query when querying a random permutation II, conditioned
on II agreeing with all assignment in aj;_1) on the corresponding sets in Hp_q) (d[k_Q}):

He(ap-1) = {Z € [n]: H?RYQ [Q(Rq) =i | T(H 1) (@p—g))) = App—yj] > Oé}

where H(?T[[k,l] (@x—2))) denotes the application of II to each element in ﬁ[k,l](d[k,g]) in order;
that iS, H(,H[kfl}(d[ka])) = (H(Hl), H(HQ(E/I)); R H(kal(a[kfﬂ)»'

For every permutation w, we define H7 def Hy(agg—1]) where aj_1) = (a@1,...,ag—1) such that

a; = m(Hi(ag 1)) for each i € [k —1]. Accordingly, we define ’ﬁi}'ﬂ &f (HT,...,Hf), and denote the

1We will actually only care about assignments that are consistent with some permutation; that is, assignments
ag—1) = (@1,...,ak—1) for which there exists some permutation m such that, for all i € [k — 1], it holds that
a; = F(Hi(a[i_l])).
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def

complete sequence by H™ H[ L We remove the overline and write H[k}(&[k_l]) (resp., HE;C]) to

™

denote the union of H(ag_1]) (resp., ’;f[[ }); that is, H(@pe—1)) & Uiep Mi(@gi-1)), and similarly

it def Uiep Hi- We also denote the complementary sets of I|ght locations: Li(ap_1)) = def ]\

Hi(age—1)) and Lig () S [2) \ My (@ge-1), and similarly £ = [n] \ H, L) < [n] \ H], and
e def rr
- ~la

Note that, similarly to @E}'ﬂ (r), also H[k] does not depend on all of 7, but rather only on its

values on the prefix 77?,’{71]. This property will be important for us later.

Note that each HJ satisfies that |H}| < 1/c, thus [H™| < ¢/a. Denote h o g/, the bound
on the size of the heavy locations. We will later set o such that h < n/2, which ensures that the
function G we will define next is far from PERM with high probability.

For each permutation 7 over [n] and each function f from [n] to [n], let G(m, f) : [n] — [n] be
the function that agrees with 7 on H™, and agrees with f on L™ (i.e., denoting g = G(m, f), it holds
that g(i) = (i) for every i € H™, and g(i) = f(i) for every i € L7). Let II be a random permutation
over [n] and let F' be a random function from [n] to [n] such that II and F' are independent. Let
G = G(II, F), and let € > 0 be a sufficiently small proximity parameter. For each fixed permutation
m, since |L™| > n/2, Claim [£1] implies that the probability that G(m, F) is e-close to PERM is at
most exp(—$(n)). Hence, the probability that G is e-close to PERM is at most exp(—£2(n)).

For each permutation 7 and each randomness r of the interacting module, let T'(7,r) denote
the transcript of the interaction with the honest prover on input w, when the interacting module
uses randomness 7. Consider the verifier’s view when interacting with the honest prover on input
1I:

X € (T(L, Ry), Ry, I(Q"(Rg)). Rg)
For each fixed permutation 7, define the cheating prover P, that has 7 hard-wired and emulates
the honest prover with input 7. Consider the verifier’'s view when interacting with P on input
G = G(IL, F). Note that the same permutation II is used both in G and in the prover; in other

words, we sample m ~ IT and f ~ F', and consider the verifier’s view when interacting with P, on
G(m, f). The view is:

XTI Ry), Re, GQF (Rq)), Rq)
We claim that the verifier must distinguish between the views X and X’.
Claim 5.2. Let D denote the deciding module of the verifier. Then,
Pr[D(X) = 1] - Pr[D(X’) = 1] = Q(1)
Proof: We show that for all sufficiently large n’s it must hold that
Pr[D(X) = 1] = Pr[D(X") = 1] > % _ Pr[G s e=close to PERN] (1)

Since Pr|[G is e-close to PERM] = o(1), this will establish the claim.

For each fixed permutation 7 and function f, let X, denote the view X when II is fixed to ,
and let X/ 7 denote the view X " when I is fixed to m and F is fixed to f. That is, X is the view of
the verlﬁer When interacting with the honest prover on input 7, and X’ ot 18 the view of the verifier
when interacting with Py on input G(m, f). The completeness Condltlon implies that for each fixed
permutation 7 it holds that Pr[D(X,) = 1] > 2/3. Therefore,

2

Pr[D(X) =1] > 3 (2)
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For starters, suppose that the verifier is statistically sound (whereas we are only guaranteed that
it is computationally sound). In this case, for each fixed permutation 7 and function f such that
G(m, f) is e-far from PERM, it holds that Pr[D(X] ;) = 1] < 1/3. Therefore,

Pr[D(X')=1]=)Y Prll =7, F = f]-Pr[D(X} ;) = 1]

s ®
< -+ Pr[G(II, F) is e-close to PERM|
3 ILF

Combining Eq. @) with Eq. (@) it follows that Eq. () holds for every n.

We turn to the (real) case where the verifier is only computationally sound. We show that for
all sufficiently large n’s, for every fixed permutation 7 over [n] and function f from [n] to [n] such
that G(m, f) is e-far from PERM, it holds that Pr[D(X] ;) = 1] < 1/3. This implies Eq. () holds
for all sufficiently large n’s, which together with Eq. (2]) proves the claim.

Assume toward contradiction that for infinitely many n’s there exist corresponding m, and f,
such that G(m, fn) is e-far from PERM and yet Pr[D(X] ,) = 1] > 1/3. Consider a cheating
prover that for each such n implements P, . A polynomial-size family of circuits can implement
this cheating prover, because it may have 7, hard-wired and emulate the polynomial-time honest
prover. However, this cheating prover makes the verifier falsely accept G(my,, f,) with probability
greater than 1/3 for infinity many n’s, contradicting the computational soundness of the verifier. [

In contrast to Claim we will show that the views X and X’ are indistinguishable unless
q° - c = Q(n/log(n)). We will show the indistinguishability claim even for each fixed value of R;.
Furthermore, we will show that the views are indistinguishable even when they are extended to
include the value of II on all the heavy locations

Lemma 5.3. Let r; be an arbitrary randomness string of the interacting module, and let T(IT) )
T(II,rr). Let
def = —
Y = (710, I(H™), I(Q™(Rg) N £M) , Rg)
Y’ ¥ (ran), A", F(Q%(Rg) N £, Ro)
Let v > 0 be a sufficiently small constant (y < 1/64 will suffice). If ¢® - ¢ < 7 - %, then

A(Y’ Y/) = O((n/tfzgc(n) ) 1/6) ’

Note that we can indeed reconstruct the complete sequence of answers II(Q"(Rg)) from the pair
(I(HWY), I(Q™(Rg) N £M)) (which is necessary for the indistinguishability of Y and Y’ to imply
that of X and X’). Specifically, we rely on the fact that from II(H") we can recursively recover
H™, which allows us to determine for each query whether it belongs to H or £, and if it is heavy,
its position within H'.

Lemma [5.3 implies that ¥ and Y’ (and hence X and X’) are indistinguishable unless ¢° - ¢ =
Q(n/log(n)). To see this: Let v > 0 be the constant in Lemma Assume ¢° - ¢ # Q(n/log(n)),
meaning that for any § > 0, for infinitely many n’s, it holds that ¢° - ¢ < § - n/log(n). This
implies that, for any § < =, for infinitely many n’s the lemma’s condition that ¢° - ¢ < v -n/log(n)

holds. Hence, by the lemma, for all those n’s it holds that A(Y,Y”) = O((n/(i'gc(n))l/G) = O(6Y/9),

meaning that Y and Y’ are indistinguishable.

2Recall that for any random variables X and X', and any function f, it holds that A(f(X), f(X")) < A(X, X7).

18



Before proceeding to the proof of Lemma (3] we state a central lemma that will be needed
for the proof. This lemma bounds the probability that the same light location is queried in two
independent executions of the querying module, when querying a random permutation.

Lemma 5.4. Let Ri, Ry be two independent random variables, each distributed identically to Rg. If
q = O(y/n), then:

[Q"(R) N Q" (Ry) N £ # 0] = O(¢? - ).

R17R2,H
Intuitively, this lemma holds due to the bound on the probability of querying light locations.
However, the two executions query the same random permutation II, introducing a dependency
that necessitates a more delicate argument. We first prove Lemma [£.3] assuming Lemma [54] and
then prove Lemma [5.4] in Section B.1.11

Proof of Lemma B3l By Pinsker’s inequality it holds that A(Y,Y”) < 1/2D(Y || Y"), where D is the

KL divergence. Therefore, we focus on upper bounding D(Y || Y’). Let Y, and Y, denote the views
Y and Y’ when fixing R to r, and note that D(Y || Y') = E,~r,, [D(Y; || Y)))]. As for D(Y; || Y)),
we have

D(Y; ||Y;) = D(T(IT), TI(H ) Q" (r )ﬁﬁn) || (1), T(HY), F(Q%(r) n L))
=D(I(Q"(r) n ™) | IL(H"), T(11) || F(QY(r) n £™) | TL(H"), T(1T))
1
= Bn@renen [10g <P [F(@%() N ) = B[ TI(RT) = &, (1) = 7)] >] w
T~T(II)

— H(I(@Q"(r) n £ [1I(H™), T(I1))

where the second equality uses the KL divergence chain rule (see also Claim [2.5]), and the third
equality is by the definition of conditional KL divergence. We can express the expectation in Eq. ()
as expectation over II itself:

| 1 )
I 108 Pripp [F(Q%(r) N LM) = w(Q™(r) N L7) [ TI(H™) = n(H™), T() = T()]

Consider the probability term in the denominator. Recall that the heavy locations of each permuta-
tion are determined only by the value of the permutation on previous heavy locations. This implies
that the condition II(H™) = m(H™) is equivalent to II(H™) = m(H™). Note that this condition also
means that £1 = £7. Similarly, the queries to each function are determined only by the function’s
value on previous queries. The fact that Il agrees with = on the heavy locations and F' agrees with
7 on the light queries means that G agrees with 7 on all queries, which in turn means that we can
replace Q¢ (r) with Q7 (r). Thus, the probability term becomes:

1‘{ [F(QY(r) N LT) = m(Q(r) N LT) |I(H™) = w(H™), T(I) = T(m)]
= gj [F )NLT) =m(Q7(r) N L) |I(HT) = m(H™), T(I1) = T(r)]
= I;r[F(Q”(r) NLT) =a(Q"(r) N L]

1
= QT ()NLT
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where the second equality is since F' and II are independent. Denoting @E( ) = def Q™ (r)N L™, and
accordingly the set Q7 (1) = def Q7 (r) N L™, and combining all the above, we get

D(Y; | Y)) = Exent [|QL(r)]] - log(n) — H(INQL(r)) | TL(H™), T(ID))

Taking expectation over r ~ Rg, we have

DY ||Y') = [ETNRHQ [1QT.(r)]] - log(n) — Ernrq [H(IWQE(r)) | I(H™), T(I1))] (5)
T~

We next focus on lower bounding the second term of Eq. (B). Recall that we expect this term
to be large since the light queries are dispersed across many locations, while the short transcript
can only have significant information on a small number of them. To argue this formally, we
consider multiple independent executions of the querying module. We show that we expect to see
many different light locations across the executions, making their total entropy large, while the
transcript can reduce this total entropy by at most ¢ bits. Let Ry,..., R; be t independent random

variables, each distributed identically to R¢g, where ¢ € N is a parameter to be set later. Denote
R=(Ry,...,R;) and 7 = (r1,...,7¢). Then,

t-Erorg [H(H( r) [IL(H™), T } > Erer, [ QY (ri)) | TI(H™), T(1T ))]
1€[t]
=F,.p ZH (@ (ry)) | TI(H™), (1T ))]
-i€lt] (6)

> £, |1((m@E0) _, [0, 7))

>E. 5 :H((H(Qg(ri)))ie[t] ‘H(Hn)ﬂ —c

where the last inequality uses the fact that, for any random variables X,Y, Z, it holds that
H(X|Y,Z) > H(X |Y) — H(Z) (see Claim 24)), and that H(T'(II)) < ¢ since |T'(II)| < ¢. Now, for
each 7 it holds that

H <(H(QIE(W))>Z.GM ‘H(HH)>

= b1 |log

1
Prnn [11(Uyeyy Q1)) = 7 (Uierq Q1)) [ 11(37) = ()

We next lower bound the logarithm term in Eq. (7). Recall that h = ¢/« bounds the size of H™
for every 7. The logarithm term is lower bounded by

(7)

log H (n—h+1-1)
i€|| Usery QT ()]

> log ((n —h—t- q)'Uie[t] QE(”)I)

‘UQL ()| - 1og (n — 2n)

i€(t]

‘ U Q7 (1) <Iog(n) -0 <h>>
i€(t] n
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where the first inequality uses that |Q7 (73)| < g, the second inequality assumes that h > t-¢ (which
will be verified once we set ¢ and k), and the last inequality uses log (n — 2h) = log (n)+log (1 — 2h)
and — log (1 — %) = O(%) which assumes that % < % (also to be verified later). Combining Eq. (8]

with Eq. (7)), we get
(1o -0 (%)) )

Using | Usey QE(r)| > Sierq 1R (o)l = St ety 1QE(ra) N QF ()], we have

H(HH)> > Eper ) U Qi)

i€(t]

£ || U QE|| 2t Erog [QEO] ~ - Er [QFr)NQEG)]  (10)
ol iclt] Il T72r:11_3[2

Combining Eq. (@), @) and (I0) and dividing by ¢, we have

61 [HOT@EC) | 1AM, 7()]

h c
> | B Q7 (r)[] —t- B QL) N QL(ra)I] | - <log(n> -0 <n>> 3

> Ernpg [IQL(r)I] -log(n) =t Eryomy [|QT(r1) N QE(r2)]] - log(n) — O (qh) -
m~Il 2~y " '

where in the last inequality we have used E [|Q7(r)|] < ¢. Combining this with Eq. (&), we have

DY |Y") < ¢ Ene, [1QE0) 1 QF )] tog(m) + 0 () 4.5 (1)
Note that
Erp, [1Q5(r) N QE] < Pr | [QU(R) 1 QR £0] - (12)
m~I1

By Lemma [5.4] it holds that

[QL(R1) NQL(R) # 0] = O(¢* - a) (13)

R 7R27

where we rely on our hypothesis that ¢° - ¢ < v - %, which ensures the hypothesis of Lemma 5.4

(i.e., g = O(y/n)). Combining Eq. (), (I2), and ([I3)), we get
D(Y ||Y") :O<t-q3-a-log(n)+q.nh+§>

2, 1/3
Recall that h = ¢/«. Setting h = C,—" and t = ((15?07;(71) , we get

5

D(Y|’Y/)=O<t-hq4 .1Og(n)+1'lh+§> :O(<n/qlo;g€m>1/3)
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Since A(Y,Y’) < 1/%D(Y || Y"), we have that A(Y,Y”) = O((W%'gc(m)l/(i), as claimed.

We are left to verify the assumptions we had in Eq. (§), that h < n/4 and h > t-q. (We also had
the assumption that h < n/2 to ensure that G is e-far from PERM w.h.p., but this is already implied
by h < n/4.) Recall our hypothesis that ¢° - ¢ < - n/log(n) for a sufficiently small v > 0. This
hypothesis implies that h = (c-n?-¢?-log(n))'/3 < 41/3.n/q, which is less than n/4 for sufficiently
small 7. Turning to verify the assumption h > t - ¢, we have h/tq = (¢* - n - log?(n)/c)'/® >
v~ 13¢3 log(n) > 1, as desired. O

Completing the proof of Theorem 5.1l Lemmal5.3limplies that unless ¢° - ¢ = Q(n/log(n)) it
holds that X and X’ are indistinguishable (even for any fixed value of Ry, and even when X and X’
are extended to include the value of IT on all the heavy locations). On the other hand, by Claim [5.2]
the verifier must distinguish between X and X’. Thus, we conclude that ¢° - ¢ = Q(n/log(n)) must
hold, completing the proof.

5.1.1 Proof of Lemma 5.4l

Recall that in Lemma [5.4] we want to bound the probability of a collision between the light queries
of two independent executions querying a random permutation. Specifically, we want to show that:

p % Pr QI (R1) N QI (R2) N £ £ 0] = 0(* - )

For intuition, consider first the simplified case where all locations are light across all queries; that
is, for each query k € [q] and location i € [n], we have Prr g, [Q} (Rg) = i] < a. We aim to show
that for any k,l € [g], the probability that QM (R1) = QI'(R2) is O(c). What prevents us from
deducing this immediately from the condition on light locations is the dependence between Qlk](Rl)
and Q}'(R2) through II. However, Q¥(R1) and QI'(R2) depend on II only through its value on
the previous queries, H(Q[r]i_” (R1)) and H(QE_”(RQ)), respectively. If we assume inductively that
there are no collisions between Q[r,iil](Rl) and Q%}*l}(Rﬂ’ then H(iﬁfl](Rl)) and H(i[rllfl] (R2))
are “almost independent”, since a permutation restricted to a small set of locations is close to a
random function. We will show that this near-independence is sufficient.

Proceeding to the proof, we begin by decomposing the probability of a collision in the first ¢
light queries based on whether there is a collision in the previous ¢ — 1 light queries, and continue
recursively:

p=Pr [Q&(Rl) NQl(Ra) N LY # @}

<Py Qi (R) NQ(Ra) N LY # 0
- A QL_y(R)NQE_(R)N Ly ;=0

+Pr QL (R) N Qf_y(Ra) N Ly #0

< Pr
q]

Qpy(B1) N Qpy(R2) N Ly # 0
A Q[rllg_u (R1)N Q[rilf—u (Rz2) N E[rllg—l] =

We next take a union bound over the possible collisions. If there are no collisions between the first
k — 1 light queries, then for a collision to exist between the first k light queries, it must involve
QI (Ry) or QI (Rs). Specifically, there must exist some [ € [k] such that QI(R;) = Q}'(R2) and
QN(Ry) € Eﬁ], or the same with Ry and Rs reversed (which give us a factor 2). Furthermore, we
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can replace the condition QJ'(Ry) € E[r,[d with the weaker condition QJ'(Rs) € L} (since Eﬁ], the
set of locations that are light in all the first k£ queries, is a subset of EE, the set of locations that are
light in the & query). Similarly, we can replace the condition Q[ 1] (R1)N Q[k 1 (Rg)N EH =10
with the weaker condition Q (Rl) N Q[l 1](R2) N L[k_l] = @ (smce Q[l_l] (RQ) is a subset of

Q[kfl] (R2)). We get:

QH (R1) = Q'(R2) A Q'(Ra) € L}

p<2- Pr (14)
ke% lez Hc 1] (R1)N QE—l](RQ) 0 ﬁﬁH] =0
We next show that each term in the summation is bounded by O(«). Consider any k € [¢] and
[ € [k]. We will show the bound by showing it holds even when conditioning on any value of IT on
’ﬁ{,[c_l]iand @EI_” (R2) N E{,Ig_l], and on any Vaiue of Ry. We begin by conditioning on the value of
II on 7{%_”. Specifically, we condition on II(#H,_1)(@x—2))) = @p—1), where each a; is an arbitrary
assignment to the elements in H;(aj;_;)). Note that this conditioning fixes ﬁ{llc—l] to Li—1(@jr—2))
and L} to Li(ap—1). We get:

Qi (B1) = Q'(R2) A Q'(R2) € Li(ap-)

P
A Qp_ 1 (B1) NQf_yj(R2) N Lig—1)(ap—z) =0

H(ﬂ[kq}(@[kq])) = Q1)

Notice that if QY (R;) was independent of QJ(R2) conditioned on H(ﬂ[k_l}(d[k_g])) = 1],
then we would be done, since by definition of Hj(Gx—1)), the probability of QI (R)) equaling a
location in Ly (a@p—_1)) given that II(H_1j(@p_2))) = Gp_1j is less than a. However, Q}'(R1) and
QI'(Rs) are dependent through II. Recall that QI(R;) and QI'(R2) depend on II only through
its values on the previous queries Q[r,iil](Rl) and Q[rllfl] (R2) respectively. Furthermore, we have
that the light locations within @ﬁ_u(Rl) and @E[_H(Rg) are disjoint, and the heavy locations are
fixed. Per the discussion at the beginning of the proof, we use the fact that the light queries are
disjoint, and their number is small (at most ¢ = O(y/n)), to argue that the value of IT on them are
“almost independent” (even conditioned on II(Hy_1)(afk—9))) = Gx—1)). Specifically, we condition
on an arbitrary value of II on the light queries from the second execution (i.e., H(@g_ll (R2) N
Lix—1](@x—2)))), and show that the conditional probability is at most an O(1) factor larger than
the same probability without this condition.

First, we fix Rs to an arbitrary value ro. Now, let B[l 1) be an arbitrary sequence, such that
for each i € [l — 1], if Q; (b[z 1], 72) is heavy (i.e. QZ( i—1]>72) € Hp— 1](a[k 9))), then b; equals to
aji—1) at the location corresponding to Q; ( _1),72). We also require that b[l 1) leads to a light [th
query; that is, Ql(l;[l_l],rg) € Li(ap—1)- Let br, denote the subsequence of b[l 1] at indices i for
which Qz< [i— 1],7“2) S [:[k 1](7[ }) We condition on H(Q[l 1](b[l 2] 7‘2) ﬂﬁ[k 1]( [k— })) = bL. To
simplify the expressions that follow, we write Hz_1) = Hx_1)(Gg—2), and Ly_1] = Ly_1)(@p—2))-
We have:

Pr Qk (1) = Qulby—1),72) M(Hp—n) = -1, (15)
A Q1) (B1) NQpurj(by—2y,m2) N Lig—1y =0 | T(Qp—1)(by—2p,72) N L)) = br.
In order to upper bound Eq. (IH]), we first establish a general claim:

Claim: Let IT be a uniform permutation over [n]. Let S1, S2, S3 be three disjoint sequences of distinct
elements in [n]. Let a,b,¢ be disjoint sequences of distinct elements in [n] such that |a| = |S1],
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|b| = | S5 and || = |S3|. Then:

n—la lel _ _
PI‘[H(S;},) =c | H(gl) = d,H(S‘Q) = i)] < ( ‘ | |c’) . Pr[H(S3) =c ‘ H(Sl) = EL]

n—la| — |b] -

Proof: We have:

_ . (n=la)®

H(gl) - d, 1I Sg) = B] Hle[‘éu(n — |EL| + 1-— ’L)
[TI(51) =a icen (= lal = 1Bl +1—4) = (n—|a] — [B] —[e])I“

]
Using the claim, we show that Eq. (I3)) is upper bounded by:

n—~h F
(n—h—l—k) b

To do so we decompose Eq. (I5)) in terms of all possible values of R; = r and all possible values
Cg—) for fixing H(@{}C_l] (r1) N Lj—q)), defined analogously to the values b;_;) we used for fixing

QIIE(Rl) = Q}(B[l—l]vr2)
A Qp—yy(R1) N Q1) (by—21,72) N Ljp—1) = 0

(H 1)) = ape—1 ] (16)

H(@%}_l} (r2) N Lg—1). We sum only over those ¢,y that satisfy the condition Q(¢j_1},71) =

Ql(i)[l,l],rg) and the disjointness condition Q,—1)(Cr—2),71) N Q1] (6[1,2},7’2) N Lyg—q) = 0. Each
term in the decomposition has the form

Pr | T(Qpe—1)(Ep—2),71) N Lx—1)) = €L

B H(?Tl[kq]) =ap-1)y
(Qp—1)(by—2),72) N Le—1)) = br

We can apply the claim to each such term since the three sequences involved are disjoint (by
the disjointness condition above, and the fact that the heavy and light locations are disjoint).
Applying the claim to each term, while using the size bounds |¢z| < |p_y)| <k, [br| < |by_yj| <1,
and |a@,_q)| < h, gives us Eq. (I8).

n

k
We turn to upper bound the term (nfhj’llk> in Eq. (I6). For this, we will use the Lemma’s
hypothesis that ¢ = O(y/n). We have that

n—nh k n—nh 4 2q 4 g\\4 P
SO L (U GRS :(1 o(f» <00 = o1
(n—h—l—k) _<n—h—2q> ( +n—h—2q> * n =° (1)
where the first inequality uses k, 1 < ¢, the second equality uses h < n/2 and ¢ = O(y/n), and the
last equality also uses ¢ = O(y/n). As for the probability term in Eq. ([I6), it is upper bounded by

Pr [Q} (R1) = Qu(by—1),72) | (Hp—1)) = ap—y)] < @ (17)

where the inequality is by definition of H(aj,—1)), since QI(B[l_l],rg) € Li(ap—q)). Thus, Eq. (16),
and hence Eq. (I3), is bounded by O(«). Since this is true for all ay,_y), 6[171} and ro, we have that
each term in the summation in Eq. ([d) is bounded by O(a). Hence, we get that p = O(¢? - ), as
claimed. O
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An inessential comment about the proofs of Lemma [5.3] and Lemma [5.4. Note that
in the analysis of Lemma [£.3] and Lemma [(.4] we have mainly considered the distribution of IT
when its value on the heavy locations is fixed arbitrarily. We could have conditioned a priori on an
arbitrary fixed value for II(H™), rather than making the argument for a random value of IT(H™)
(and considering the expectation over all possible fixed values for it). This would have complicated
the analysis of Lemma [5.4] since there we conditioned only on the value of II on a prefix of the
heavy locations 7—[%_1] for each k € [g], rather than on all heavy locations (which is needed in order

to invoke the definition of the k'™ heavy set in Eq. (IT7)). Nevertheless, we could have fixed the
value of II on all heavy locations a priori and removed the extra conditioning on the heavy locations
of the last ¢ — k — 1 queries, similar to how we removed the conditioning on the light queries in
Eq. (I6). To ensure that this does not have a significant effect on the probabilities, we would have
needed to ensure that the number of heavy locations is sufficiently small (specifically, we would
have needed to ensure that h = O(n/q), which holds under our current parameter setting).

6 A lower bound on the isolated model with non-adaptive queries
for PERM

In this section we present a lower bound on isolated cs-IPPs for PERM in the special case where the
verifier uses non-adaptive queries.

Theorem 6.1. If PERM can be wverified by a computationally-sound isolated IPP that uses mon-
adaptive queries and has query complexity ¢ > 0 and communication complexity ¢ > 0, then ¢ -c =

Before proceeding to the proof, we establish a lemma that bounds the total information that
any c-bit transcript 7'(IT) can have on individual locations in a random permutation II, when it is
combined with the value of I at any ¢ — 1 other locations.

Lemma 6.2. Letn € N, and let ¢,c € N\{0} such that q-c = O(n). LetII be a random permutation
over [n]. Let T(II) be any random variable over {0,1}¢ that may depend on II. For each i € [n],
let S; be any subset of [n] \ {i} such that |S;| < q. Then,

;} I(I1(0);11(S), T() = O (V- 7).
Proof: First, it holds that
%:]I(H(i);H(Si),T(H)) = %:]H(H(z’)) ~ %:]H(H(z’) | T1(S;), T(10)) (18)
For the first term of Eq. (I8), since each I1() is uniform over [n] we have that
Gz[:] H(II(i)) = n - log(n) (19)

To lower bound the second term of Eq. (I8]), we first establish the following;:

Claim: There exists a partition P of [n| into O(q) parts such that for each part B € P and each
i € B it holds that S; does not intersect B.

Proof: Consider a directed graph with vertex set [n|, where each vertex i has outgoing edges to
all vertices in S;. Notice that the desired partition is equivalent to a O(q)-coloring of this graph
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(i.e., a coloring of the vertices with O(q) colors, such that every two nodes that are connected by
a directed edge are assigned different colors). Such a coloring exists since the out-degree of each
node in the graph is upper bounded by ¢ (see Appendix[A]). O

Let k € N\ {0} be a parameter we will set later, satisfying k < n/2¢q. Consider a partition P of
[n] obtained by taking the O(q)-way partition from the previous claim and splitting each part into
subparts of size k (except possibly one smaller subpart per original part). The resulting partition
has at most n/k 4 O(q) = O(n/k) parts. For each part B € P, define Sp = |J;c Si- Note that
|SB| < |B|-max;ep {|Si|} <k-(¢—1), and that B and Sp do not intersect. Then,

> H(II() [TI(S,), T(AD) = > Y H(TI() | TI(S;), T(IT))

i€[n] BePieB

> > > H(I() [T1(Sp), T() (20)

BePieB

> 3" H(I(B) | 1(Sp), T(1T))

BeP

Recall that for any random variables X,Y, Z, it holds that H(X |Y,Z) > H(X |Y) — H(Z) (see
Claim [2.4)). Therefore, for each B € P it holds that

H(II(B) | II(Sp), T(IT)) > H(II(B) | II(Sp)) — H(T'(IT))

> H(II(B) |II(SB)) — ¢ (21)

since |T(IT)| < ¢. To lower bound H(IL(B) | II(Sg)), we use the fact that B and Sp do not intersect:

H(II(B) |T(Sp)) =log | [] (n—1S8l+1-1)
i€(|Bl)

> log ((n — |55| — B))/") (22)
> |B| -log (n — k- q)

=181 (o)~ 0 (£21))

where the last inequality uses log (n — k - ¢) = log (n)+log ( - @>, and — log (1 — @) =0 (%)

n

which relies on % < 3. Combining Eq. 20), 1)) and [22), we get

> H(G) (), 7m) = Y 151+ (log () -0 (£12) ) <17

i€[n] BeP

—n. <log(n)—0<k7;q>> —o(%) e

since |P| = O(n/k). Combining this with Eq. (I9) and Eq. (I8]), we get that

Z I[(I1(i); T1(S;), T(IT)) = O (k gt %)

i€[n]
Setting k = © (ﬁ), we get that
i€[n]
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cn

as desired. Due to the lemma’s hypothesis that ¢ - ¢ = O(n), by setting k = ~ - Nar with a

sufficiently small constant 7 > 0, we can ensure that k satisfies our requirement that £ <n/2q. R

6.1 Proof of Theorem

Consider an arbitrary computationally sound isolated IPP that has communication complexity
¢ > 0 and uses ¢ > 0 non-adaptive queries. Without loss of generality, we assume that the querying
module does not make the same query more than once.

Let Rg and R; denote the randomness of the querying and interacting modules, respectively.
For each randomness string r of the querying module, let Q(r) be the set of ¢ (non-adaptive) queries
made by the querying module with randomness r. Consider the following set of heavy locations,
denoted

74 9 {z € [n]: Prli € Q(Rq)] > zq/n}

Additionally, denote the complementary set of light locations by £ & [n] \ H. Note that |H| < n/2
since D e Prrgli € Q(RQ)] = ¢.

Let IT be a random permutation over [n] and let F' be a random function from [n] to [n] such
that IT and F' are independent. Let G = G(II, F) be the function that agrees with II on #, and
agrees with F' on £; that is, G(i¢) = I1(¢) for every i € H, and G(i) = F(i) for every i € L. Since
|£] > %, Claim AT implies that for all sufficiently small ¢ > 0 it holds that G is e-far from PERM
with high probability.

Let Qp(r) def Q(r)NH and Q(r) def Q(r) N L denote the heavy and light queries, respectively,
when the querying module uses randomness r. For each permutation m and each randomness string
r of the interacting module, let T'(7, ) denote the transcript of the interaction between the honest
prover and the interacting module with randomness r on input 7. Consider the verifier’s view when
interacting with the honest prover on input II:

X (1, By), R, TI(Q(Rg)), Rg)

23
= (T(H,RI)>RI,H(QH(RQ»aH(QL(RQ))>RQ) ( )

For each fixed permutation 7, define the cheating prover P, that has m hard-wired and emulates
the honest prover with input 7. Consider the verifier’'s view when interacting with P on input
G = G(II, F). Note that the same permutation II is used both in G and in the prover; in other
words, we sample m ~ II and f ~ F, and consider the verifier’s view when interacting with P, on
G(m, f). The view is:

X" €11, Ry), Rr, G(Q(Rg)), Ro)

24
= (T(H, R[),RI,H(QH(RQ))7F(QL(RQ))’RQ) ( )

Since G is e-far from PERM with high probability, the completeness and computational soundness
conditions imply that the verifier must distinguish between X and X’; see Claim for an identical
argument. In contrast, we will show that the views X and X’ are indistinguishable unless ¢ - ¢ =
Q(n). We will establish the indistinguishability claim even for any fixed value of R;.

. . . . . d
Claim 6.3. Let r; be an arbitrary randomness string of the interacting module, and let T(II) Lef
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T(H,T[) LetY and Y’ denote the views X and X' when fizing Ry to ry:

Y & (T(11), H(Qu (Ro)), THQL(R)). Rg)

Y ¥ (1), 1(Qu (Ro)), F(QL(Ra)), Ro)
If g-¢c=0(n), then A(Y,Y') = O((%)lﬂl).

This claim implies that Y and Y’ (and hence X and X’) are indistinguishable unless ¢* - ¢ = Q(n).
To see this: Fix an arbitrary constant v > 0. The claim implies that there exists some constant
7' > 0 such that for any sufficiently large n, if ¢- ¢ < v -n, then A(Y,Y’) <~ - (%)1/4. Thus,
for any (arbitrarily small) constant § > 0, if for infinitely many n’s it holds that ¢> - ¢ < § - n,
then (since ¢-c < ¢®-¢ < §-n < v-n for sufficiently small §) for infinitely many n’s it holds that

A Y <A (‘7 c)1/4 < /-4, meaning that Y and Y’ are indistinguishable.

Proof: By Pinsker’s inequality it holds that A(Y,Y’) < /3 D(Y'[|Y”), where D is the KL diver-
gence. Therefore, we focus on upper bounding D(Y || Y’). Let Y, and Y, denote the views Y and
Y’ when fixing Rg to r; that is, Y, = (T(I1), II(Qx (r)), I(QL(r))) and similarly for Y;/. Note that

DY ||Y') = Erer, [ DY ]| Y))].
It holds that

D(Y,[|Y)) = D(T(I), I(Qx (r), I(Qr(r)) || T(W), I(Qu(r)), F(QL(r)))
=D(IN(QL(r)) | I(Qu(r)), T(M) || F(QL(r)) | T(Qx(r)), T(IT))
= |QL(r)| - log(n) — HIN(QL(r)) | I(Qs(r)), T(IL)) (25)

where the second equality uses the KL divergence chain rule (see also Claim [2F]), and the third
equality follows since for the uniform distribution U over a set of size N and any random variable X
it holds that D(X ||U) = log(N) — H(X), and F(Q(r)) is uniform over [n]/?¢()I and independent
of (II(Qg(r)), T(IT)). To lower bound the second term in Eq. (25]), observe that from the chain
rule and the fact that conditioning reduces entropy, it holds that

H(T(QL(r) | T(Qu(r), T(AT)) = > H(I(E) | T(Qu(r) UQE(r)), T(ID))
i€Qr(r)

> Y H(I() [ TH(Q(r)\{i}), T(IT))

1€Qr(r)

where Q7"(r) denotes the set of elements in Q,(r) that are smaller than 4. Turning to the first term
of Eq. (3)), notice that |Qr(r)|-log(n) = > icq, () H(II(é)) since for every i € [n] the marginal
distribution of II() is uniform over [n]. Thus,

DY 1Y) < Y- (HIE) - H(IE) [TQM)\{i}), 7(1D)))

1€Qr(r)

= > L@ IMQ)\{i}), T(1D))

i€Qr(r)

(26)

3Note that here T(IT) is a deterministic function of IT, whereas in Lemma the notation T'(II) refers to any
random variable that may depend on II.
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For each i € L, define

d—efar max 1);
5 Earg _ max {1 T(S), T()} (27)
Then,
DY, [|Y)) < > I(I(i); 1(S;), T(IT)) (28)

i€Qr(r)

Note that each term in the summation in Eq. (28)) is independent of r. Taking expectation over r,

we get
D(Y||Y") = Ernrg [D(Y: || Y))]

< Ernrg ieg}(r)l(nu); 11(S;), T(11)) 2
= Prli € Q(Re)] - 1(1(3): 11(S5). 7(11)
€L

By definition of the light locations, for every i € £ we have that Prr,[i € Q(Rq)] < 271—(1. Therefore,

DY 1Y) < 22 S 1(1160): 11(S)), T(D) (30)
€L

Note that the sets {S;}ic satisfy the hypothesis of Lemma Therefore, assuming ¢ - ¢ = O(n),
we can apply Lemma to obtain

> I(T(); TI(S;), TAD)) = O(\/q - ¢~ ).

€L
Combining this with Eq. B0), we get that D(Y || Y') = O( %) Recalling that by Pinsker’s
inequality A(Y,Y”) < /3 D(Y'[|Y”), it follows that A(Y,Y”) = O((%)lﬂl), as claimed. O

Claim implies that unless ¢ - ¢ = (n), it holds that X and X’ are indistinguishable (even for
any fixed value of Ry). Since the verifier must distinguish between X and X', we conclude that
¢ - ¢ = Q(n), completing the proof.

6.2 Alternative proof, achieving a slightly weaker lower bound

This proof follows a similar structure to the previous one, with the main difference being an
alternative definition of the heavy locations. Additionally, in this approach, we will not fix the
randomness of the interacting module R; but rather fix the randomness of the querying module
Rg.

We make the assumption that the interacting module sends its entire randomness at the end of
the interaction, thereby Ry is included in the interaction transcript. The length of the randomness
Ry can be assumed to be at most O(c+log(n)) (see Appendix[Bl), hence modifying a general system
to satisfy this assumption increases its communication complexity (from c) to at most O(c+log (n)).
We will prove that under this assumption ¢3¢ = Q(n), which will establish a slightly weaker bound
of ¢ - (c+ log(n)) = Q(n). We note that in the case of statistical soundness (which we cannot
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assume here), one may assume without loss of generality that the isolated IPP is public-coin, since
any (statistically sound) isolated IPP can be emulated by a public-coin isolated IPP with the same
asymptotic query, communication and round complexities (see Appendix [C]). This means the entire
randomness of the interaction is automatically included in the transcript, and thus the additive
log(n) term can be avoided.
Similarly to Eq. (27)), for each i € [n], denote S; = arg maxgcn)\{},5|<q {1(11(i); 11(S), T(IL, Ry)) }-

That is, S; is the set of ¢ — 1 locations of II (excluding i) that together with T'(II, Ry), provide
maximal information about II(7). We change the definition of heavy locations to:

1Y LG e ] T(T(0); TI(S,), T(TT, Ry)) > o)

where « is chosen so as to ensure that there are at most n/2 heavy locations; that is

o % - 1T TI(S)), (I Ry))

i€[n]
Note that by Lemma [62] if ¢ - ¢ = O(n), then we have that Zie[n]I(H(i);H(Si),T(H, Rp)) =
O(\/q - ¢-n). Therefore, if ¢- ¢ = O(n), then a = O (1/%).

We define G = G(I1, F) as in the previous proof, only now with the new definition of the heavy
locations. Note that, since we still have at most n/2 heavy locations, G remains far from PERM
with high probability. Consider again the honest and cheating views from Eq. ([23) and (24]), but
now under the new definition of the heavy locations. Note that since Ry is part of the interaction
transcript, we can simplify the pair (T'(II, Ry), Rr) to T'(II, Ry). Hence, we have

X € (T(IL, R;), I(Q(Rq)), Rq)

X" (111, Ry), G(Q(Rg)), Rq)

(T(Hv Rf)a H(QH(RQ))a H(QL(RQ))7 RQ)
(T(H7 Rf)v H(QH(RQ))7 F(QL(RQ))7 RQ)

Since G remains far from PERM with high probability, the verifier still must distinguish between
the views X and X’. On the other hand, we will show that the views X and X' are indistinguishable
unless ¢ - ¢ = Q(n). We will establish the indistinguishability claim even for any fixed value of
Rg. The following claim is analogous to Claim [6.3] with the only difference being the underlying
definition of the heavy locations and the fact that we consider the views when fixing Rg rather
than when fixing R;.

Claim 6.4. Let r be an arbitrary randomness string of the querying module. Let Z and Z' denote
the views X and X' when fizing Rq to r:

Z2 Y (10, Ry), T1(Qu(r)), THQL(r)))

7' (T, Ry), H(Qu(r)), F(QL(r)))

If g-¢c=0(n), then A(Z,7) = O((&)1/4).

n

Proof: We can bound D(Z || Z’) using the same analysis used to bound D(Y;||Y,) in Claim
from Eq. (29) to Eq. (28], only replacing T'(IT) with T'(IT, R;). Analogously to Eq. (28]), we obtain:

D(Z||Z)< Y I(I(i)I(S;), T(IL, Ry)) (31)
i€Qr(r)
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By our new definition of the heavy locations, each term in the summation in Eq. (BI) is smaller
than «, since we sum over light locations only. If ¢ - ¢ = O(n) we have that « = O (, / %) Thus,

we have

n

D<z|rz’><q.a:o< q”)

Since A(Z,Z') < \/3D(Z|| Z'), the claim follows. O

Claim implies that X and X’ are indistinguishable unless ¢ - ¢ = Q(n), completing the proof.
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Appendices

A Coloring a directed graph with bounded out-degree

Claim A.1. Let k € N. If G is a directed graph where each node has out-degree at most k, then G
is (2k + 1)-colorable.

Proof: Let n be the number of nodes in G. Since each node has at most k& outgoing edges, the
total number of edges in G is at most n - k. Therefore, there must be some node v that has at
most k incoming edges. Hence, v shares an edge with at most 2k nodes. By induction, the graph
obtained by removing v from G is (2k + 1)-colorable. The nodes that share an edge with v use at
most 2k colors, so there is a free color available for v among the 2k + 1 colors. |

Note that the 2k + 1 bound in Claim [A1]is tight: Consider a clique of 2k + 1 nodes, where the
nodes are ordered in a cycle such that each node has outgoing edges to the k£ nodes following it
clockwise, and incoming edges from the k£ nodes preceding it anticlockwise.

B Reducing the amount of randomness in the isolated model

Claim B.1 (on the randomness complexity of c¢s-IPPs in the isolated model). Let II = U,enIl,
be a property such that 11, is a set of functions from [n] to ¥, where |X| = poly(n). If I has
a computationally-sound IPP in the isolated model with communication complexity c(n), then it
has a computationally-sound IPP in the isolated model with the same order of communication,
query, and round complexities, in which the randommness complexity of the interacting module is
O(c(n) + log(n)). Furthermore, if the original IPP uses non-adaptive queries, then so does the
resulting IPP. Additionally, perfect completeness is preserved.

Proof: The proof follows the standard argument for randomness reduction (see, for example, |7,
Thm. 3], [8, Apdx. A], and [11, Lem. 4.8]). We detail only the modifications needed for the current
setting (i.e., computationally-sound isolated IPPs).

Consider a matrix in which each column corresponds to a possible pair of prover strategy
and input function, and each row corresponds to a possible randomness string of the interacting
module. Each entry contains the probability (over the randomness of the querying module) that
the verifier accepts, given the corresponding prover strategy, input function, and interacting module
randomness. There are at most 22" prover strategies, and poly(n)" input functions, therefore the
matrix has at most 22°" -poly(n)" columns. Proceeding in the standard argument of randomness
reduction, there exists a multi-set of size @(log(QQC(m -poly(n)™)) of the matrix’s rows that preserves
the average of all columns up to an additive deviation of 1/7. This implies an isolated IPP for which
the randomness complexity of the interacting module is O(log(log(22c(n> -poly(n)™))) = O(c(n) +
log(n)), and the computational-soundness and completeness errors are 1/3 + 1/7. We reduce the
error via O(1) sequential repetitions of the entire system, which increases the communication, query,
and round complexities by a constant factor. |

Note that the resulting interacting module explicitly stores a multi-set of size Q(ZC(”)) for each
input size n. Therefore, the resulting interacting module is non-uniform, and if ¢(n) is super-
logarithmic it requires a super-polynomial circuit size.
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C Emulation of the isolated model with public coins

In this section we show that any IPP in the isolated model can be emulated by a public-coin IPP
in the isolated model with the same query, communication, and round complexities (up to constant
factors). We stress that this only applies to statistically sound IPPs, since the emulation does not
preserve the computational complexity of the honest prover.

Theorem C.1. Suppose that a property Il has an r-round IPP in the isolated model with com-
munication complexity ¢ and query complexity q. Then, II has an r-round public-coin IPP in the
isolated model with communication complexity O(c) and query complexity O(q). Furthermore, if
the original IPP uses non-adaptive queries, then so does the resulting IPP. In addition, perfect
completeness is preserved.

The basic idea of the emulation. In each interaction round, we consider the distribution of
the next message of the original verifier given the interaction transcript up to that round. Instead
of directly sending a message according to this distribution, we send coins that are used to sample
from this distribution (according to a predetermined sampling process).

Note that this emulation requires both the verifier and the honest prover of the resulting system
to know the distributions of the original verifier’s messages, and hence, in general, both will be
inefficient. Furthermore, in a general IPP, these distributions may depend on the full input, since
the verifier’s messages can depend on the query answers. Hence, we rely on the fact that the
original IPP is in the isolated model, where the verifier messages are oblivious of the input, to
ensure that the new verifier can know these distributions without explicit access to the input. A
similar approach can be used to transform any IPP in which the communication with the prover is
oblivious of the input to a public-coin IPP, see Remark We note that this emulation strategy
is folklore in the case of IPs, where there is free access to the input.

C.1 Preliminaries

Sampling from an arbitrary distribution. We will need the following well-known fact, which
bounds the number of coins needed in order to sample from an arbitrary distribution.

Lemma C.2 (sampling from an arbitrary distribution using only fair coins [10]). For any discrete
random variable X, there exist an (unbounded time) algorithm that samples from X (i.e., for every
x in the range of X the algorithm outputs x with probability Pr[X = z|), such that the expected
number of fair coin tosses required by the algorithm is at most H(X) + 2.

We note that the reason that we are using the sampler of Lemma [C.2] rather than a more
straightforward approzrimate sampler that has a worst-case guarantee on the number of coins used,
is that it is needed in order to preserve the communication complexity up to constant factors

Game tree and value. The proof of Theorem uses the formulation of game trees for inter-
active proof systems (cf. [1, Sec. 4] and [4, Apdx. C.1]). For a fixed input f, the game tree captures
all possible executions of the interactive protocol. Each path from the root to a leaf represents a
possible interaction transcript. The root corresponds to the empty transcript, and each subsequent

1 Specifically, the issue with using an approximate sampler is that in order to maintain an overall constant error,
we will need the sampling error at each interaction round to be inversely proportional to the number of rounds r.
On the other hand, the straightforward approximator of a distribution over N values, uses log,(NN/¢€) coins in order
to get a distribution that is e-close to the original one.
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level alternates between prover and verifier messages. Each internal node represents a partial tran-
script and branches according to the possible next messages: If the transcript ends with a prover
message, then the node’s children represent all the possibilities for the verifier’s next message, and
if it ends with a verifier message, the node’s children represent all the possibilities for the prover’s
next message.

We associate each node in the game tree with a value. The value of an internal node correspond-
ing to partial transcript 7/ is the maximum probability over all prover strategies that the verifier
accepts f, conditioned on the corresponding sequence of messages sent during the execution equal-
ing 7/. The value can be computed recursively: If the node is associated with the verifier, then its
value is the expected value of its children, where the expectation is according to the distribution
of the next verifier message, conditioned on the previous sequence of messages equaling 7/. If the
node is associated with the prover, then its value is the maximal value among its children. Note
that the value of the root of the game tree (corresponding to the empty transcript \) represents
the maximum probability over all prover strategies that the verifier accepts f. This value should
be at least 2/3 if f is a YES-instance, and at most 1/3 otherwise.

Value in the isolated model. We next present in more detail the recursive computation of the
value, focusing on the isolated model. Fix an arbitrary isolated IPP and an arbitrary input f. Let
Q, T and D denote the querying, interacting, and deciding modules of the IPP, respectively, and
let Rr and R denote the randomness of the interacting and querying modules, respectively. For
any partial transcript 7/, let Z(r,7") denote the next message sent by the interacting module on
partial transcript 7/ when using randomness r. Let RT be a random variable that is uniform over
all randomness strings of the interacting module that are consistent with the partial transcript 7/ [
As was observed by [6], in the isolated model the value of a leaf corresponding to a (full) transcript
T equals:

f def p. [ (1, R}, Qf(RQ)) = 1]

The value of a node that corresponds to partial transcript 7 ending with a prover message equals:

fdef f
pT’ - [EO(NI(R}J,T/) |:p7—l’a:|

The value of a node that corresponds to partial transcript 7/ ending with a verifier message equals:

[ def f
P = max {rl.s}

Communication value (in the isolated model). For the purpose of our proof, we will define
for each node in the game tree an additional value, which we will call the communication value. The
communication value of a node corresponding to partial transcript 7’ is the expected communication
complexity of the remaining interaction from that point, assuming the prover uses the strategy that
maximizes expected communication complexity. The expectation is over the distribution of the
subsequent messages conditioned on the previous sequence of messages equaling 7/. For the root
of the game tree, this represents the overall expected communication complexity when interacting
with the worst-case prover strategy. Note that, since we are in the isolated model, where the
verifier’s messages are independent of the input f, the communication value is the same for all f.

5More explicitly, 7 is consistent with a partial transcript 7’ if for every prefix of 7’ of the form (7", a), where o
represents a verifier message, it holds that Z(r, ") = a.
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The communication value can be computed recursively: The communication value of a leaf is 0.
For a partial transcript 7/ that ends with a prover message, the communication value equals:

def
Cr = By oy [0 + Crra]

For a partial transcript 7/ that ends with a verifier message, the communication value equals:

Cr & max {|5] + Cr 5}

where the maximum is taken over all the possible prover messages 8 € {0,1}! such that [ is the
maximum number of bits that the verifier will read from the message that follows the partial
transcript 7’

C.2 Proof of Theorem

The emulation. Given a general isolated IPP for a property II, our aim is to construct a public-
coin isolated IPP for II that preserves the complexities of the original IPP up to constant factors.
The IPP that we will construct will not preserve the worst-case communication complexity ¢ of
the original IPP, but its communication value (i.e., its ezpected communication when interacting
with the worst-case prover) will be bounded by O(c). This IPP can easily be modified to have
O(c) worst-case communication complexity. Specifically, we can modify the IPP to halt and accept
if the communication exceeds 10 times its expectation, which by Markov’s inequality occurs with
probability at most 0.1. This will increase the soundness error by at most 0.1, which can be reduced
back down via O(1) parallel repetitions.

We begin by establishing notation for the original IPP (which will be identical to the notation
used in the preliminaries). Let Q, Z and D denote the querying, interacting, and deciding modules
of the original IPP, and let R; and Rg denote the randomness of the interacting and querying
modules, respectively. Let Z(r,7’") denote the next message sent by the interacting module on
partial transcript 7/ when using randomness r, and let R}/ denote the random variable that is
uniform over all randomness strings of the interacting module that are consistent with the partial
transcript 7’.

Additionally, for any partial transcript 7/, let S;» be the procedure guaranteed by Lemma
that samples from the distribution of Z( }/, 7'). Let W,/ be the random variable representing the
coins used by S,/. Note that by Lemma[C.2l the expected length of W, is at most H(Z( }l, 7))+ 2.

We construct new interacting and deciding modules, denoted Z and D, respectively, that to-
gether with Q will constitute the claimed public-coin IPP. At a high level, the new interacting
module Z simulates the original interaction, such that at each round, if the original verifier would
have sent a message « distributed according to Z( }/,7" ), the new interacting module will send
coins w distributed according to W/, such that the message w will correspond to the original
message « = Sp(w). Note that the corresponding message « has the original distribution since
S;/(Wy) ~ Z(RY ,7') by definition of S,.

More concretely, for any partial transcript of the new system 7 = (w1, 81, ..., w;, 5;), we define
the corresponding original transcript 7/ = (a4, 81,...,®;, 3;), where, for each j € [i], it holds
that a; = Sa.81,...,0;_1,8;_1(w;). At each interaction round, given partial transcript 7 the new
interacting module 7 samples w ~ W,s, and sends w to the prover. The new deciding module
D receives the full interaction transcript 7 from the interacting module, and translates it to the
corresponding view of the original interacting module: (7,7), where it samples r ~ R7. It then
emulates the original deciding module D on the view (7,7) along with the view from the querying
module O.
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Correctness. To show that the resulting system is complete and sound, we show that for every
input f, the value of the game tree of the new system equals to that of the original system.

Let f be an arbitrary input. Let p{, denote the value of the game tree of the original system at
the node corresponding to partial transcript 7/. Similarly, let 13;, denote the value of the game tree
of the new system at the node corresponding to partial transcript 7/. We show by reverse induction
on the round number that for any partial transcript 7/ it holds that ]5];, = pf,. The base case, where
we have a full transcript 7, follows immediately from the construction of the new deciding module:

p. = Pr|D(7, @/ (Rq)) = 1] = Pr |D(r. B}, @/ (Rq)) = 1] = »/

For the inductive step, we first consider a partial transcript 7/ that ends with a verifier message.
We have:

]5];, = mﬁax {ﬁg,ﬁ} = mBaX {pilﬁ} = PJ;/

where the second equality is by the induction hypothesis. Now, for an interaction transcript 7’ that
ends with a prover message, we have:

=f _ ~f _ f _ f _f
Pz = [EU’NWT’ [pi'/,w] - [EwNWr’ |:pT’,ST/(w):| - [EaNI(R'IFI,T/) |:p1",a:| =P

where the second equality follows from the preceding inductive case (for transcripts ending with a
verifier message), and the third equality follows because S,(W,/) ~ Z(R} ,7') by definition of S,..
This completes the inductive claim. We conclude that ]5{ = pf\, establishing the completeness and

soundness of the resulting system.

Complexities. Clearly, the emulation preserves the round and query complexities. We are left to
verify the communication complexity. Let ¢ denote the communication complexity of the original
system. Recall that we only need to show that the communication value of the resulting system is
bounded by O(c). Let C: denote the communication value of the game tree of the resulting system
at the node corresponding to partial transcript 7/, and similarly, let C» denote the communication
value of the game tree of the original system at the node corresponding to partial transcript 7’.
Let m be the number of messages the verifier sends in the original protocol (and hence also in the
resulting protocol). We will show that:

C\ < O\ +2m (32)

Note that C\ < ¢ (because c is the worst case communication complexity, whereas C), is the expected
communication complexity (when interacting with the worst-case prover)) and that m < ¢ (because
in each message at least 1 bit is exchanged). Hence, this will establish that Cy = O(c), as claimed.
We establish Eq. (32)) by showing that for any partial transcript 7’ it holds that

C;ISCT/+2-(m—i)

where ¢ is the number of verifier messages in 7. We show this by reverse induction on the round
number. For the base case, where we have a full transcript 7, we simply have C> = 0 = C;. Now,
for a partial transcript 7/ that ends with a verifier message, we have

Co = mﬂax{‘ﬁ‘ +é;,ﬁ} < mﬁax{\m +Crpt+2-(m—i)=Crp+2-(m—1)
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where the inequality is since, by the induction hypothesis, CN’;/,ﬂ <Crpg+2-(m—i). We turn to
the case where the partial transcript 7/ ends with a prover message. By the definition of C;/, we
have that

Crr = By, [[0]] + Evpw, [é;,,w] (33)
For the first term of Eq. (33]), we have:
Eww,, [[w]] <HEZ(RY 7)) +2 <E,_zpe o llol] +2 (34)

where the first inequality is by the guarantee of Lemma [C.2] and second inequality is since for
any random variable X over {0,1}* it holds that H(X) < E[|X|]. We turn to the second term of
Eq. (33). By the preceding inductive case (for transcripts ending with a verifier message), we have
that

Cirw < Cris (w) 2 (m—(i+1))

Hence,
[EwNW-r’ [éf",w] < [EwNWT/ [CT/,ST/(’U})] +2-(m—(i+1))

. (35)
= [EQNZ(R}/,T’) [07/704} +2- (m - (Z + 1))

where the equality is since S,(W,/) ~ Z(R} ,7’) by definition of S,/. Combining Eq. (34) and (35)
with Eq. (33]), we get that

C'%’ < [EQNI(R}'/,T’) HaH +2+ I}:OCNI(R}J,T/) [CT’,a] +2- (m - (Z + 1))
:CT/+2-(m—i)

where the equality follows since Crv = E, 7 RY 1) [|o|] + Eoz RY ) [Crr o] by definition. This
completes the inductive claim, establishing that C'\ < C) + 2m, as desired. |

Remark C.3 (public-coin emulation of IPPs in which the interaction is oblivious of the input).
Consider IPPs where there is no information flow from the querying module to the interacting
module, i.e., where the decision can be written as D(QT((P(f),Z(Ry)))). Any such IPP can be
transformed to a public-coin IPP by a similar emulation to that of Theorem [C 1. The only mod-
ification needed is that, at the end of the interaction, the new interacting module T passes the
interaction transcript T to a new querying module Q, which emulates the original querying module
Q on (7,7) where r ~ R}. The deciding module remains identical to the original system. The
analysis is the same as that of Theorem [C 1, with the only difference being that the value of a leaf
is replaced with: pl = Pr [D(Qf(T, R7)) =1].

D MAPs and the hybrid model

The purpose of this appendix is to shed some light on why the lower bound technique of [6,
Apdx. A.4], which was used in the setting of MAPs, could be adapted to our isolated model setting.
We start by showing that our technique for proving the non-adaptive lower bound for isolated IPPs
for PERM (Theorem [6.]]) can be adapted to obtain an analogous lower bound on MAPs for PERM.
We complement this by showing a corresponding upper bound on MAPs for PERM, exemplifying
a general tradeoff between the query complexity and the proof length, analogous to the tradeoff
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between the query and communication complexities we showed for isolated IPPs in Theorem [3.11
Then, in Section [D.3] we show that the lower bounds on non-adaptive MAPs and isolated IPPs for
PERM can be extended to a hybrid model that extends both MAPs and isolated IPPs. Finally, in
Section we establish a more general connection between the two settings (beyond just PERM),
by showing that, similarly to the emulation of the isolated model by testers shown in [6, Thm. 1.2],
our hybrid model can be efficiently emulated by MAPs.

We begin with the upper bound for MAPs.

D.1 An upper bound on MAPs for PERM

In this section we present a MAP for PERM that demonstrates a general tradeoff between the query
complexity and proof length, analogous to the tradeoff between the query and communication
complexities we showed for isolated IPPs in Theorem [B.11

Theorem D.1. For every q > 0, there exists a MAP for PERM with query complezity q, proof length
(0] (% . log(n)) , soundness Q(€), and perfect completeness.

Proof idea. Note that a permutation can be viewed as a collection of directed cycles. Hence, if
we aim to find a pre-image of some point ¢ € [n] in a permutation m, one approach is to start by
querying the permutation at position 4, obtaining its value v := 7 (i), then querying position v, and
so on, each step querying the answer from the last step, until completing the cycle by reaching the
value 7. This approach is only effective if the cycle that ¢ resides on is small. Thus, we use the
MAP-proof to specify O(n/q) cutting points across the cycles that break each cycle into segments
of length at most q. With these cutting points, we can avoid traversing the entire cycle and instead
traverse only the segment containing i: when we reach the cutting point at the end of the segment,
we jump to the previous cutting point (i.e., the cutting point at the start of the segment).

Proof: The honest prover partitions each cycle of the permutation into segments of length at most
q by selecting cutting points among the nodes such that in total there are at most 2n/q cutting
points. The MAP-proof consists of a list of cutting points for each cycle, ordered as they appear
when traversing the cycle.

The verifier samples a random point ¢ € [n] and makes at most ¢ steps, starting at position i.
At each step, it queries the input function at the position equal to its previous answer (or ¢ for the
first step), unless that position is a cutting point that appears in the proof - in which case it jumps
to (i.e., queries) the previous cutting point in that cycle’s list, and continues the process from that
new position. (Note that if the sampled point is a cutting point, the verifier will immediately jump
to the previous cutting point.) The verifier continues this process until either it finds a pre-image
of i (i.e., one of its queries returns the value i) and accepts, or it reaches ¢ queries without finding
such a pre-image and rejects.

Completeness follows from the fact that the verifier traverses a segment of length at most ¢
that contains i. For soundness, if f is e-far from PERM, then at least € - n points in [n] have no pre-
image under f. The verifier will sample such a point with probability at least ¢ and will certainly
reject. |

D.2 A lower bound on MAPs with non-adaptive queries for PERM

In this section we show that our technique for proving the non-adaptive lower bound for isolated
IPPs for PERM (Theorem [6.1]) can be adapted to obtain an analogous lower bound on MAPs for PERM.
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Unlike the lower bound we showed for the isolated model, we now consider statistical soundness
rather than computational soundness. The reason is that in the context of MAPs, there is no
distinction between statistical and computational soundness when considering non-uniform cheating
provers. This is since the optimal strategy in a MAP is simply to produce the best possible proof
string, which a non-uniform polynomial-size cheating prover can always explicitly store.

Theorem D.2. If PERM can be verified by a MAP that uses non-adaptive queries and has query
complexity q and proof length c, then ¢ - ¢ = Q(n).

We note that in [8, Lem. 4.3] it was shown that any (possibly adaptive) MAP for PERM with
query complexity ¢ > 0 and proof length ¢ > 0 must satisfy ¢ - ¢ = Q(y/n). Theorem [D.2] provides
a tighter bound on ¢ when g = o(nl/ 4), when restricting to non-adaptive queries.

Notation. For random variables X, X', Y and Z, and an element z in the range of Z, we denote:

def
HX|Y,Z=2z2) = IEyN(Y\Z:z) HX|Y =y, Z = z)]

def
DX |Y,Z = 2| X'|V,Z = 2) 2 By iyizmn) DX |Y =, Z = 2[| X' |V = 9, Z = 2)]

Proof overview. We follow an approach similar to the isolated model lower bound. We show
indistinguishability between the verifier’s view when querying a random permutation (with an
honest proof) and its view when querying a random function that behaves like a permutation on
a small set of “heavy” locations while receiving an honest proof of the same permutation. More
specifically, we consider a random permutation IT and a random function F'. We sample 7 ~ II and
f ~ F, and construct the function G = G(, f) that equals 7 on selected “heavy” locations and
equals f on the remaining locations. We then consider the verifier’s view when querying G = G(m, f)
while receiving an honest proof for 7, denoted W(r). The key difference from the isolated model is
that here the verifier can choose its queries based on the proof it receives. However, we can also be
adaptive in where we place 7, choosing different heavy locations according to its proof W(x). This
is possible because the proof depends only on 7, unlike a general interaction transcript which also
depends on the verifier’s randomness. Thus, rather than having a single set of heavy locations, we
will define for each possible proof string w a corresponding set of w-heavy locations.

For each possible proof w, we think of each location i € [n] as having an associated “w-
information-weight”. Recall that in the isolated model, the information-weight of i was:

Sg[n]\r%?}}iSKq {I(H(i); I1(S), T(H)) }

or equivalently,

SCIl\hIS1<q {H(11(i)) — H(II() | TI(S), T(11)) }

In the current case, the w-information-weight of 7 is:

SCiM{ih1sl<q {H(11() - H(11() | TI(S), W(IT) = w) }.

Unlike the expression for information-wight we had in the isolated model, the expression H(H(z)) —
H(II(4) | TI(S), W(IT) = w) does not directly correspond to the standard definition of mutual in-
formation. However, when taking the expectation of this expression over w ~ W(II) we get the
mutual information between II(z) and (II(S), W(II)); that is,

Fuwqn | H(TIG)) = H(TI() [TI(S), WD) = w) | = I(IT();TI(S), W(I)).
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We show that in expectation over w ~ W(II), we can bound the total w-information weight of
all locations (see Lemma [D.3)). This in turn bounds the number of information-heavy locations of
a typical proof w ~ W(II).

Similarly to the isolated model case, we can effectively think of the verifier as getting a proof w
and aiming to maximize the expected total w-information-weight of the locations it queries. On the
other hand, we can view designating locations as w-heavy as preventing the verifier from gaining
the weight of these locations. Our aim is to choose these locations such that in expectation over
the proof w ~ W(II), the verifier cannot gain much w-information-weight (in expectation over its
randomness).

Since a typical proof has only a small number of information-heavy locations, we can use our
strategies from the isolated model per each proof. In the first approach, we define the w-heavy
locations to be the locations that the verifier queries with high probability when receiving the
proof w, and in the second approach, we define the w-heavy locations to be the information-heavy
locations of w. Note that in the second approach, the number of w-heavy locations is bounded only
in expectation (over w ~ W(II)). We show that this is sufficient to ensure that the constructed
input is far from PERM with high probability. A proof of Theorem following the first approach
is presented in Section [D.2.2], and an alternative proof following the second approach is presented

in Section [D-2.3

D.2.1 Preliminaries

Before proceeding to the proof of Theorem [D.2] we state a generalization of Lemma that allows
the sets S; (representing the verifier’s possible queries) to depend on the given proof.

Lemma D.3. Let n € N, and let ¢,c € N\ {0} such that ¢ - ¢ = O(n). Let II be a random
permutation over [n]. Let W(II) be any random variable over {0,1}¢ that may depend on II. For
each w € {0,1}¢, for each i € [n], let SY be any subset of [n]\ {i} such that |S¥| < q. Then,

S 1) (s ™), wa) = 0 (v e n)

1€[n]

This lemma differs from Lemma in two ways. First, W(II) appears instead of T'(II), but
this difference is immaterial as both are treated as general random variables. Second, and more
importantly, the sets S; now depend on W(II). This dependency makes the concrete steps of the
proof more complex, but the overall proof follows similar lines to that of Lemma The proof is
therefore deferred to Appendix [El

Note that while in the current setting W(II) is a deterministic function of II (representing
II’s proof), Lemma allows W(II) to be any random variable. We will use the more general
statement later in the proof of Theorem [D.8

D.2.2 Proof of Theorem [D.2

The proof closely resembles that of Theorem [6.1] presented in Section The main difference is
that here the queries depend on the proof string, which requires more careful handling.
Consider an arbitrary MAP that has proof length ¢ > 0 and uses ¢ > 0 non-adaptive queries.
Without loss of generality, we assume the verifier does not make the same query more than once.
Let R denote the randomness of the verifier. For each proof string w € {0,1}¢ and each
randomness string r, let Q(w, ) be the set of ¢ (non-adaptive) queries made by the verifier given
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proof w and randomness r. For each proof string w € {0, 1}¢, consider the following set of w-heavy

locations, denoted

def

M, X {z € [n] : Prli € Q. B)) = 2q/n}

Additionally, denote the complementary set of w-light locations by L, def [n] \ Hw. Note that for
every w we have that [H,| < n/2 since 3 ;cp, Prrli € Q(w, R)] =q.

For each permutation 7, let W(7) be an honest proof for 7. Let IT be a random permutation
over [n] and let F' be a random function from [n] to [n] such that IT and F are independent. Let
G = G(I1, F) be the function that agrees with II on Hywar), and agrees with F' on Lyy); that is,
G(i) = (7) for every i € Hyy (), and G(i) = F(i) for every i € Lyy ). Let € > 0 be a sufficiently
small proximity parameter. For each fixed permutation 7, since |Lyy(r)| > n/2, Claim A1l implies
that G(m, F') is e-far from PERM with high probability. Hence, G is e-far from PERM with high
probability.

Let Qp(w,r) def Q(w, ) NH,y and Qr(w,r) def Q(w,r) N L, denote the heavy and light queries
given proof w and randomness r, respectively. Consider the verifier’s view given input II and the
honest proof W(II):

X € (W), I(QW(M), R)), R) (36)
= (W), I(Qr(W(IL), R)), TI(Q(W(IL), R)), R)
Similarly, consider the verifier’s view given input G = G(II, F') and proof W(II):
X' (W(I), G (QOW(I), R)), R) (37)

= (W), I(Qr(W(II), R)), F(Qr(W(II), R)), R)

Since G is e-far from PERM with high probability, the completeness and soundness conditions imply
that the verifier must distinguish between X and X’ (cf. Claim [£.2]). However, we will show that
these views are indistinguishable unless ¢ - ¢ = Q(n).

Claim D.4. If q- ¢ = O(n), then A(X,X') = 0((%)1/4)

Proof: As in Claim we focus on bounding D(X || X'). For every w € {0,1}¢, let X,, and
X/, denote the views X and X’ conditioned on W(II) equaling w; that is, X, = (II(Qx(w, R)),
I(Qr(w, R)), R|W(I) = w) and similarly for X/ . Note that

D(X || XI) = [EwNW(H) [D(Xw || Xci;)]

Consider an arbitrary proof string w. We can bound D(X, || X/,) analogously to the way we have
bounded D(Y || Y”) in Claim up to Eq. (B0). The only difference is that: (1) instead of a
“general” condition on T'(II) (i.e., an expectation over all possible fixed values for T'(II)), we have
a specific condition on W(II) = w, and (2) the queries and the light locations now depend on this
fixed w. In more detail, letting X,, - and X/, , denote the views X, and X/, when fixing R to r and
following analogously to the analysis in Eq. (25]) through (28]), we get

DX, X)€Y (HIG) — BT QU )\ W =w)) ()
1€Qr (w,r)

For each i € [n], we define

se oy {H(I1(3)) — H(TI(3) | TI(S), W(IT) = w) } (39)

g max
SCn]\{i},|5]<q
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and get
DX 12,0 < 30 (H(1) — H(IG) [1(59), W) = w)) (10)
1€Qr (w,r)
Analogously to Eq. (29), we have
D(Xw H Xci)) = [ETNR [D(Xw,r H ch.),r)]
< Y Prli€ Q. R))- (H(H(i)) — H(I() | TI(S), W(IT) = w))

1€Lw

By the definition of L, for each i € £, we have that Prg[i € Q(w, R)] < Qn—q. Therefore, analogously
to Eq. (B0), we have

2q ) ) w
D(X, || X0) < =2+ 37 (H(1I() - H(IG) [T(s?), WD) = w))
1€[n]
At this point, we take expectation over w ~ W(II):
D(X || X') = By [D(Xe || X5)]

<2 |3 (utn) - ey (nspowa )]

_ 27;1 ST (TG (s M), W)

i€[n]

Assuming that ¢ - ¢ = O(n), we can apply the generalized Lemma to obtain

S 1) (s ), wn) = 0(y/g-e ).
i€[n]
.. . . B .
Combining this with Eq. [Il) we get that D(X || X') = O(\/qT). Recalling that A(X, X') <
LD(X || X7), it follows that A(X, X') = O((2)""), as claimed. 0

D.2.3 Alternative proof

We present an alternative proof of Theorem [D.2 that follows a similar approach to the alternative
proof of Theorem (which was presented in Section [6.2]). Similarly to Eq. ([89]), for each w €
{0,1}¢, for each i € [n], define

Sy = arg Sg[n]\n}{?}}f\SKq {H(1(i)) — H(IL() | TI(S), W(I) = w) }.

Let a > 0 be a parameter we will set shortly. We change the definition of w-heavy locations to:

M, i [n] : H(TI(E)) — H(TI(E) | TI(S;), W(IT) = w) >

'®Note that we also rely on the fact that for each i € [n] the term H(II(¢)) — H(II(%) ’H(Sﬁ’), W(I) = w) is non-
negative, since H(H(z) | II(Sy), W(II) = w) can be at most the entropy of the uniform random variable over support
of size n, i.e., log(n) = H(IL(3)).
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We set a so as to ensure that . yym)[|He|] < n/f, where £ > 0 is a sufficiently large constant (the
reason for not taking [ = 2 will become clear in the proof of Claim [D.g)):

of £ . .
o = Eywan [ S0 (H(TI() — H(IT() | T1(S), W) = w) )|
i€[n]
¢ ,
=~ > L(Es (s ), wa)
1€[n]
Note that by Lemma [D.3] if ¢ - ¢ = O(n), then we have that }7,, I(H(i);H(SZW(H)),W(H)) =
O(y/q-¢c-n). Therefore, if ¢- ¢ = O(n), then o = O ( %)
Claim D.5.  Eopqm[[Hol] < /L.
Proof: For each w € {0,1}¢, it holds that
Hol-a< Y (H(H(i)) — H(II(i) | TI(S¥), W(IT) = w))
1€Hw
<y (H(H(i)) — H(II(3) | TI(S¥), W(IT) = w))
1€[n]
Therefore,
Eurown [Hal] - 0 < By | Y- (H(I6) = H(ILG) [ T(S), WD) = w) )| = 7 -a
i€[n]
by definition of c. The claim follows. O

We define G = G(I1, F) as in the previous proof, only now with the new definition of the heavy
locations. We claim that G is still far from PERM with high probability (assuming ¢ is sufficiently
large).

Claim D.6. For all sufficiently small €, the probability that G is e-close to PERM is at most 2/¢ +
exp(—Q(n)).

Proof: By Claim [D.5] and Markov’s inequality, the probability that [Hyym| > n/2 is at most 2/¢.
On the other hand, by Claim @Il for every fixed permutation 7 for which |Lyy | > n/2 (ie.,
|Hyy(x)| < 1/2), the probability that G(m, F') is e-close to PERM is at most exp(—{2(n)). Combining
both cases, the claim follows. O]

Consider again the honest and cheating views X and X’ from Equations (36) and (31), but now
under the new definition of the heavy locations. As before, let X,,, and X/, , denote the views X
and X’ when fixing W(II) to w and R to r. Since G remains far from PERM with high probability,
we still have that the verifier must distinguish between X and X’. On the other hand, we will
show that the views X and X’ are indistinguishable unless ¢% - ¢ = (n). We will establish the
indistinguishability claim even for X, and X/, . for any w and 7.

Claim D.7. Let w be an arbitrary proof string, and let r be an arbitrary randomness string. If
q-c=0(n), then A(Xyr, XZM) = O((@)IM).

n
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Proof: Notice that the analysis in Claim [D.4]leading to Eq. ([#0) is independent of the definition of
the heavy locations, hence Eq. (@Q) still holds:

DX, X0 < 3 (B(I) - B [11(5). W) = w)) (42)
1€Qr (w,r)

By our new definition of the heavy locations, each term in the summation in Eq. (42)) is smaller
than «, since we sum over light locations only. If ¢ - ¢ = O(n) we have that « = O (, / %) Thus,

we have

/ ¢ -c
D(XUJJ“ HXw,r) <qg-a=0

n

Since A(Xy,r, X[, ) < \/% D(Xu, || X[,,), the claim follows. O

D.3 A lower bound for a hybrid model

We can extend the non-adaptive lower bounds presented for isolated IPPs and MAPs to a model of
IPPs that extends both MAPs and isolated IPPs under a single model. This model is identical to
the isolated model, except that we assume the prover sends the first message and that the querying
module gets access to this first message. (Except for this message, there is no information flow
between the querying and interacting modules.) We refer to this model as the hybrid model.

Theorem D.8. If PERM can be verified by a computationally-sound IPP in the hybrid model that
uses non-adaptive queries and has query complexity ¢ > 0 and communication complexity ¢ > 0,
then ¢ - c = Q(n).

Proof: Given the separate proofs for the isolated model and for MAPs (i.e., Theorem [61] and
Theorem [D.2)), the proof for the hybrid model follows naturally. We briefly describe how to combine
the previous proofs to get the proof for the hybrid model.

Let Rg and R denote the randomness of the querying and the interacting modules, respectively.
Using the notation T'(II, R;) from the proof of Theorem [6.1] we decompose it to T'(II, R;) =
(W), T'(I1, Ry)), where W(II) is the first prover message and 7"(II, Ry) is the transcript of the
rest of the interaction. We define the w-heavy locations and the function G in the same way as in
the proof of Theorem [D.2], except that R is replaced by Rg. We consider the same cheating provers
{Pr}= as in the proof of Theorem [6.1], and analyze the verifier’s view when interacting with the
honest prover on a random permutation II and its view when interacting with Py on G.

We fix R; to an arbitrary randomness string, and denote the transcript 7”(I1, R;) with this fixed
randomness by 7"(IT). We then apply the analysis from the proof of Theorem as is, except
that we add conditioning on 7”(II) in every place where there is a condition on W(II) = w (i.e., we

condition on (7"(II), W(II) = w)). Consequently, in Eq. [@I]) the term I(H(i);H(SW(H)), w(l)) is

)

replaced with I(II(¢); H(SZV(H)), T'(I1), W(II)), and the proof follows by applying Lemma [D.3] on

S () mes)Y ™), 7 (1), w()

i€[n]

where the pair (77(I1), W(II)) take the place of the term W(II) appearing in the lemma. [ |
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We remark that the alternative proof of Theorem can similarly be adapted to the hybrid
model by adding conditioning on 7"(II, R;) in every place where there is a condition on W(II) = w1

(As in the alternative proof of Theorem [6.1] we need to make the assumption that R; is included
in T'(11, Ry).)

D.4 Emulation of the hybrid model by MAPs

In [6, Thm. 1.2] it was shown that statistically sound IPPs in the isolated model can be efficiently
emulated by testers. In this section we show that the same emulation technique implies that
statistically sound IPPs in the hybrid model can be efficiently emulated by MAPs.

We define an isolated protocol to be a protocol as in an isolated IPP, but lacking the completeness
and soundness conditions (i.e., with no conditions on the acceptance probability of any input). The
value of such a protocol on input f is defined to be the probability that the verifier accepts f when
interacting with the optimal prover (i.e., the one that maximizes the acceptance probability of f).
The following theorem follows immediately from the proof of |6, Thm. 1.2].

Theorem D.9 (implicit in the proof of |6, Thm. 1.2]). There exists a constant o« > 0 such that
the value of any isolated protocol that uses q queries and c bits of communication on input f can
be approzimated to within an additive deviation of 1/6 with probability of at least 2/3, using only
«a-q-c queries to f.

As shown in [6, Thm. 1.2], the above theorem leads to an efficient emulation of the isolated model
by testers: For any function f, the value of the isolated IPP protocol on f is at least 2/3 if f is in
the property and at most 1/3 if f is far from the property. An approximation of the value to within
an additive deviation of 1/6 allows for distinguishing these two cases. We use a similar approach
to derive the emulation of the hybrid model by MAPs.

Theorem D.10 (efficient emulation of the hybrid model by MAPs). Suppose that I is a property
that can be verified in the hybrid model with query complexity q, a first message of length cp > 0
and subsequent messages of total length c; > 0. Then, II has a MAP with query complexity O(q-cr)
and proof length cp.

Proof: We construct the MAP as follows: The honest MAP-proof is the first message that the
honest prover sends in the hybrid IPP. Given input f and proof w, the MAP-verifier approximates
the value of the isolated protocol on f that occurs in the hybrid IPP after fixing the first prover
message to w Specifically, the verifier will follow the approximation procedure guaranteed by
Theorem [D.9] where the approximation is within additive deviation of 1/6 with probability of at
least 2/3, and uses « - q - ¢y queries to f (where « is the constant guaranteed by Theorem [D.9)).
The verifier accepts if and only if the resulting approximated value is greater than 1/2.

If f is in I, then the honest proof leads to an isolated protocol on f with a value of at least 2/3.
On the other hand, if f is e-far from II, then any first prover message leads to an isolated protocol
on f with a value of at most 1/3. Thus, a successful approximation to within additive deviation of
1/6 will correctly determine whether f € IT or f is e-far from II. |

'"Here we use Lemma [D.3] with (7”(I1, R;), W(IT)) taking the place of the term W(II) in the lemma. Note that this
relies on the fact that in the lemma the term W(II) is allowed to be any random variable (not only a deterministic
function of II).

8Note that unlike in an isolated IPP (i-e., an isolated protocol with soundness and completeness guarantees), in
this isolated protocol there could be inputs in II for which the value is less than 2/3 (including values between 1/3
and 2/3). While every input in IT must have at least one first prover message that leads to an isolated protocol with
a value of at least 2/3, there could be other messages that lead to an isolated protocol with an arbitrary value.
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Theorem [D.10] implies that, in the case of statistical soundness, we can get a lower bound on
the hybrid model for PERM by first applying the MAP emulation and then applying a known lower
bound on MAPs for PERM. Specifically, by using the lower bound of |8, Lem. 4.3], which states that
any (possibly adaptive) MAP for PERM with query complexity ¢ > 0 and proof length ¢ > 0 must
satisfy ¢ - ¢ = Q(y/n), we get the following corollary:

Corollary D.11. If PERM can be verified by an IPP in the hybrid model that has query complezity
qg > 0, a first message of length cp > 0 and subsequent messages of total length ¢ > 0, then

q-cr-cp=Q(/n).

Note that, as opposed to the lower bound established in Theorem this lower bound holds
also for adaptive queries.

E Proof of Lemma [D.3

In this section we prove Lemma The proof closely follows that of Lemma [6.2] which handles
a special case in which the sets S; are not dependent on the proof/transcript.

We begin with a technical claim that we will need in the proof. This claim generalizes the
property that conditioning reduces entropy.

Claim E.1 (generalized conditioning reduces entropy). For any random variable X and any col-
lection of random variables {Yy}, it holds that

;Pr[X =2,Y, =y log (Pr[X — jcle — y]) < H(X)

Proof: Rearranging, we have

H(X) =) Pr[X =,Y, = y]-log <Pr[X = ;!Yx = y])

i Pri X =2,Yx =
= Pr[X =2,Yx =y]log <PT[X[ — P;[(Yz i]y]>
(Ew,y Pr[X =z,Yx = y])
PriX =2,Yx = -lo
- (Z ronh m) T\ (S Prix =2 Pr(y, = )

:1~10g<i> =0

where the first inequality is by the log sum inequality, and in the last equality we use that
Sy PrX =a] - Pr[Yy =yl =3, (Pr[X =2]- 3 Pr[Yy =y]) =Y, PriX =] = 1. [ |

Proof of Lemma [D.3t First, it holds that

> (e s ™y, wan) = ST H(IE) - Y HIIE) [1s]Y ™), w)

1€[n] 1€[n] i€[n]
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Consider any w € {0,1}¢. Let k be a parameter as in the proof of Lemmal[6.2l Let P, be a partition
of [n] define analogously to the partition P in the proof of Lemma [6.2] such that (1) P, has at
most n/k + O(q) = O(n/k) parts each of size at most k, and (2) for each part B € P, and each
i € B it holds that S;’ does not intersect B. For each B € P, define S% = J;c55;’. Note that
|SE| < |B| - maxiep {|S¥|} < k- (¢ —1), and that B and S% do not intersect. Analogously to
Eq. (20) in Lemma [6:2] we have

> H(II(E) [ TI(SY), W(IT) =w) > Y H(II(B) |TI(SF), W(IT) = w) (44)
i€[n] BeP,

The next steps are analogous to Eq. (2I]) in Lemma [6.2] but are more complex due to the fact that
we condition on a specific proof string W(II) = w. For each part B € P,, it holds that

H(II(B) [ II(S), W(II) = w)

WY =wl| - lo :
- aZbPr[H(B) = a,II(Sp) = b{W(I) = w] - log <Pr[H(B) = a|lI(S%) = b, W(II) = w])
[

JII(B) = a, TI(5%) = 1o ((PXOVAD) = wlT(SE) = )
Z%P M(B) = a, TI(S5%) = bW(IT) = ] 1g<Pr[H(B)_a|H(S§>_b]>

Wy = w| - lo ! B
- ;Pr[H(B) = a,1I(Sp) = bW(Il) = w] - log (Pr[H(B) = a|lI(S%) = b]) (45)

wy _ 1
3 prts) =) =1 g =g =)
where the inequality uses that Pr[II(B) = a|II(S%) = b, W) = w]| = Pr[Héﬁ;?ﬁ?}_(Elﬁgggﬁ):b] <
= )=
PrifitB)=allS5)=b " onsider the first term of Eq. (@3). Analogously to Eq. (22]) in Lemma [6.2] for

PrW(ID)=w|I1(Sg)=b] "
each a and b we have:

1 y »
log (Pr[H(B) — a|T1(S%) = b]> = log ( H (n—1|Sgl+1 ))

i€[|B]]

> |B|- (]Og (n) =0 <knq>>

Denoting the second term of Eq. (@) by t,,, and combining Equations (44)), (45]) and (44]), we get:

ST H(IG) [ 11(S). W) = w) > 3 [B]- (1og () -0 <’CHQ>> T

1€[n] BeP,
=n- <log(n) -0 <k‘nq>> +O<%) Py

since |F,| = O(n/k). Now, notice that E,.)y () [thw] resembles a conditional entropy of W(II). By
Claim [E-J] similarly to conditional entropy we have that

(46)

Eoowan Y] < HW(D)) < c

48



Hence, we get that

v [ 3 B 1), W) =) 2 0 (10g ) = 0 (22)) = 0 (2) - Euorway 0

i€[n]

Combining this with Eq. (43), we get

> 1IE: 1 ), W) = 0 (kg + ).

i€[n]

Setting £k = © ( ﬁ), the lemma follows. [ |
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