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3-Query RLDCs are Strictly Stronger than 3-Query LDCs
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Abstract

We construct 3-query relaxed locally decodable codes (RLDCs) with constant alphabet size and length O(kQ) for
k-bit messages. Combined with the lower bound of Q(k?’) of [Alrabiah, Guruswami, Kothari, Manohar, STOC 2023]
on the length of locally decodable codes (LDCs) with the same parameters, we obtain a separation between RLDCs
and LDCs, resolving an open problem of [Ben-Sasson, Goldreich, Harsha, Sudan and Vadhan, SICOMP 2006].

Our RLDC construction relies on two components. First, we give a new construction of probabilistically check-
able proofs of proximity (PCPPs) with 3 queries, quasi-linear size, constant alphabet size, perfect completeness, and
small soundness error. This improves upon all previous PCPP constructions, which either had a much higher query
complexity or soundness close to 1. Second, we give a query-preserving transformation from PCPPs to RLDCs.

At the heart of our PCPP construction is a 2-query decodable PCP (dPCP) with matching parameters, and our
construction builds on the HDX-based PCP of [Bafna, Minzer, Vyas, Yun, STOC 2025] and on the efficient compo-
sition framework of [Moshkovitz, Raz, JACM 2010] and [Dinur, Harsha, SICOMP 2013]. More specifically, we first
show how to use the HDX-based construction to get a dPCP with matching parameters but a large alphabet size, and
then prove an appropriate composition theorem (and related transformations) to reduce the alphabet size in dPCPs.

1 Introduction

Probabilistically checkable proofs (PCPs, for short) are a central object of study in theoretical computer science, with
connections to hardness of approximation, cryptography, error-correcting codes, expansion in graphs and hypergraphs,
property testing, analysis of Boolean functions and more. The connection to error-correcting codes, which is the focus
of this paper, runs in both directions. In one direction, arguably all PCP constructions rely on error-correcting codes
(such as the Reed-Solomon, Reed-Muller and Hadamard codes) as building blocks. In the other direction, as we shall
see later on, strong PCPs are often building blocks in error-correcting codes with additional desirable properties. To
discuss PCPs and their parameters, we shift to the perspective of constraint satisfaction problems, defined as follows.

Definition 1.1. An instance ¥ of a constraint satisfaction problem (CSP) consists of a weighted uniform hypergraph
G = (V,E,P), where P: E — (0,00) is a distribution over the edges, as well as an alphabet . and a collection of
constraints {®.: X1 — {0, 1} }ccp, one for each edge.

An assignment T: V' — X is said to satisfy the constraint on e = (v1,...,vq) € Eif ®(T(v1),...,T(vy)) =1,
and the value of T is defined as the total weight of edges e € E that are satisfied. The value of the instance V is the
maximum value obtained by any assignment T'.

The PCP theorem [FGL ™96, [ASO8| IALM™ 98] asserts that there exists € > 0 and a polynomial time reduction f
from 3-SAT to CSP instances on O(1)-uniform hypergraphs with constant alphabet size, such that:

1. Completeness: if ¢ is satisfiable, then f(y) has value 1.

2. Soundness: if ¢ is unsatisfiable, then () has value at most 1 — ¢.
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Since the parameters of PCPs turn out to be of great importance in applications, subsequent research has put significant
effort into optimizing each one of them. These parameters include the blow-up of the reduction f (sometimes called
the length/size of the PCP), the number of queries ¢ (the uniformity of the hypergraph), the structure of the constraints
®., the soundness error, and the alphabet size. Indeed, in applications, one ideally wants a nearly-linear size PCP (as
opposed to a polynomial blow-up as above) with as few queries as possible (optimally ¢ = 2), and with soundness
close to 0 (as opposed to just bounded away from 1 as above).

1.1 PCPs of Proximity, Decodable PCPs and Their Combinatorial Analogs

It turns out that to optimize parameters of PCPs, one needs, as building blocks, PCPs that have more specialized
properties. In this section, we discuss two key such variants.

1.1.1 PCPs of Proximity

PCPs of proximity (PCPPs), also known as assignment testers, were initially introduced by the works [BGHT06),
DROG] to get PCPs of small size (say, nearly linear). They are variants of PCPs with a more subtle notion of soundness.
Whereas a PCP encoding of an assignment to 3-SAT can be used to check whether it is satisfying or not, a PCPP
enables checking if the encoded assignment is close to a satisfying assignment. Here and throughout, the distance
between a string and a language is the normalized Hamming distance, measuring the fraction of coordinates that need
to be changed to get an input in the language. Below is the formal definition of PCPPs.

Definition 1.2. Let ¢ € N and e, > 0. A q-query probabilistically checkable proof of proximity (PCPP) with
proximity parameter 1 and soundness 1 — ¢ for a language L C X consists of a CSP instance ¥ = (X U
V,E, P, 2, {®c}ecr) over a q-uniform hypergraph, where X has size n and is identified with the coordinates of
3§ and Xog C X. Onan input w : X — X it has the following properties:

o Completeness: if w € L, then there exists an assignment A : X UV — ¥ extending w such that

Pr[@c(A(e) = 1] = 1.

* (n,e)-Soundness: if w is n-far from all members of L, then for any A : X UV — X extending w we have

eIN)I;D[CI)e(A(e)) =1]<1-=

We note that in contrast to a standard PCP, where one has full access to the input w, in a PCPP one only has oracle
access to w. In particular, the number of locations read in w is also counted towards the query complexity. Thus, if
the input string is very close to the language, one cannot expect constant soundness to hold in a PCPP with constantly
many queries, and hence PCPPs must give soundness guarantees which are parameterized by the distance of the input
from the language.

The definition of PCPPs was originally motivated by considerations arising from composition of PCPs. In a
sense, a PCPP can be used to ensure that if an assignment A passes almost all of the constraints of a CSP, then it is
associated with some (unique) actual word from £. This assertion is helpful when composing PCPs with soundness
close to 1. In fact, using PCPPs, one can state generic composition theorems in the close-to-1 soundness regime;
see for a more thorough discussion. This feature plays a crucial role in Dinur’s combinatorial proof of the
PCP theorem [BSO08| IDR06, IDin07], which, among other things, is the first PCP construction of quasi-linear length
and soundness bounded away from 1.

Constructing PCPPs. The works [BGH™06, [DR06|] show composition theorems for PCPPs, which, alongside
Dinur’s gap amplification technique [Din07], yield a 2-query PCPP with small (but constant) 7, > 0, see [MieQ9].
As we will see, however, some applications require PCPPs with small soundness. That is, the 1 — ¢ above is re-
placed by a small positive ¢, and intuitively this may be achievable if 7 is close to 1. The composition techniques
of [BGH™ 06, [DR06|| cannot achieve soundness better than 1/2, and we are not aware of any other previous attempts



at establishing a small soundness PCPP with concretely small values of ¢, such as ¢ = 2, 3 (one can always improve
the soundness by increasing the query complexity, of course). While PCPPs seem only slightly stronger than standard
PCPs, we are not aware of any black-box transformation from PCPs to PCPPs. For example, we are not aware of a
PCPP analogous to the construction of [MR10].

1.1.2 Decodable PCPs

The parallel repetition theorem of Raz [Raz98]| is a generic method for improving the soundness of a 2-query PCP. It
is, however, incapable of giving soundness which is vanishing with the instance size. Additionally, it cannot give small
(but constant) soundness PCPs with nearly-linear length. Thus, to achieve such a size-efficient PCPs, one must resort
to other techniques, which all involve the composition of PCPs in one way or another. Unfortunately, composition is
considerably more difficult in the low-soundness regime. The works [RS97, [AS03| IDFK ™11, [DHKT3] show how to
get low-soundness PCPs from a suitable composition theorem, but the number of queries their PCPs make grows as
the soundness decreases. In particular, their approach falls short of giving 2-query PCPs with small soundness.

The work of [MR10]], later abstracted in [DH13|], gives a novel composition technique in the low-soundness regime
that maintains the number of queries being 2. A key concept of that approach is decodable PCPs (dPCPs, for short)
Below is a somewhat simplified definition sufficient for this introductory section, and we refer the reader to
for the more precise definition that we actually use.

Definition 1.3. Let g, L € N and e > 0. A g-query decodable PCP (dPCP) for a language L C X consists of a CSP
instance V = (V, E, P, ¥, {®.}cck), a collection of decoding maps {D;: ¥7 — o U {L}}icpn), and a collection of
decoding distributions {P; }1c[n) over E, one for each coordinate of L. It has the following properties:

e Completeness: for any w € L there exists an assignment A: V — X satisfying that

PriocA@) ==L Pr_[Di(A()=w]=1

In words, there is an assignment to V with value 1 that decodes to w.

* (L,¢e)-List-decoding soundness: for any A : V. — ¥ we may find a list of words of size at most L, say
{v1,---,yr} C L, such that

te[nﬁgNPt[@e(A(e)) =1ADy(A(e) € {(y1)e,-- -, (yr)e}] < e

In words, the probability that a randomly chosen edge e is satisfied by A but decodes to something inconsistent
with the list, is at most €.

The size of U is defined to be |V| + |E|.

Intuitively, in the low-soundness regime, there is no hope of associating a single word from £ with an assignment
A that satisfies a non-negligible fraction of the constraints, so one must resort to a list-decoding notion of soundness.
It turns out that requiring the local decoding feature is the crucial additional feature that enables generic composition
theorems, and we elaborate on this in|Section 1.3

Constructing dPCPs. Most known dPCP constructions are based on some variant of the manifold-versus-point test
(arising from Reed-Muller codes and low-degree testing). The only other known dPCP construction is by Dinur and
Meir [DM11, Theorem 1.6], which gives a 2-query dPCP construction with small soundness. Their construction,
though, only achieves polynomial size (as opposed to nearly-linear size), and has super-constant alphabet size. While
the fact that their dPCP is not of nearly-linear size seems inherent to their approach, their alphabet size being super-
constant is due to the lack of composition results for dPCPs.

IThe work [MRI0] uses concrete instantiations of this object and refers to them as locally decode/reject codes. The terminology, which by now
is more standard in the area, is from [DH13].



1.1.3 Relaxed Locally Decodable Codes

The above variants of PCPs have close relations to locally testable codes, locally decodable codes, and relaxed locally
decodable codes, which can all be thought of as combinatorial variants of PCPs. Indeed, composition techniques in
the high-soundness regime often require constructions coming from locally testable codes, and in the low-soundness
regime, they often require constructions coming from locally decodable codes.

In the other direction, Dinur [Din07|] shows how to obtain locally testable codes matching the parameters of her
PCP. The work [BGH™06] shows (and actually, defines) a relaxed variant of locally decodable codes, called relaxed
locally decodable codes (or RLDC in short), which is built upon their PCPP construction. RLDCs will be a central
object in this paper, and roughly speaking, they are codes in which individual message bits can be locally recovered
from a corrupted codeword, with the relaxation that the decoder may output a rejection symbol L upon detecting
corruption. Below is the formal definition.

Definition 1.4. A code C : {0,1}* — X is called q-query RLDC with decoding radius § if there is a randomized
decoding algorithm Dec, which satisfies the following:

s Completeness: for every m € {0,1}* and i € [k], Pr[Dec(C(m),i) = m;] = L.

e Soundness: if w € LU is 6-close to C(m) for some m € {0,1}*, then for every i € [k] we have that
Pr[Dec(w, i) € {m;, L}] > 2.

o Success-rate: if w € X0 is §-close to C(m) for some m € {0,1}¥, then for at least (1 — 165 — o(1))-fraction
of i € [k] we have that Pr[Dec(w,i) = m;] > %

The above relaxation of LDCs allows for constructions with dramatically better parameters compared to their
non-relaxed counterparts, where the decoder is not allowed to output L. In particular, the construction in [BGH™06]
is an O(1)-query RLDC with nearly-linear length, while the best known construction of O(1)-query (non-relaxed)
LDCs has superpolynomial length [YekO8| [Efr12]. These improved parameters, in turn, have led to many applications,
including in property testing lifting lemmas [GR18| (CG18], data structures for code membership and polynomial
evaluation [CGdWO09]], distributions that defy the law of large numbers [BDG16]], constructions of universal locally
testable codes [[GG18]], interactive proofs of proximity [GG21], quantum complexity separations [DGMT22|], and
beyond.

However, despite the great attention that RLDCs have received (cf. [GGKI9, [GRR20, [GL21], [AS21], BBC™22,
CGS22, ICY22, |Gol24, [IKM24! |CY?24]), prior to this work, no separation result was known between RLDCs and
LDCs. This is since, other than the recent lower bound of Q(k‘3) of [AGKM23]] for 3-query LDCs, the known lower
bounds for RLDCs [GL21} IDGL23| IGGS25]] nearly match the state-of-the-art lower bounds for non-relaxed LDCs
[KT00, WDWO5].

Constructing RLDCs. There are two main paradigms for constructing RLDCs. In the low-query regime, construc-
tions start with a base code and augment each bit of the message with a PCPP that certifies consistency of the (relevant
local view of the) codeword with that bit. In the high-rate regime, constructions are closer to those for high-rate lo-
cally testable codes. Namely, they are obtained by iteratively alternating between transformations that reduce query
complexity at the expense of distance, and transformations that increase distance while only mildly worsening locality
(in the spirit of Dinur’s gap-amplification proof of the PCP theorem).

1.2 Main Results

In this section, we state our main results, which will be convenient to express in terms of the Circuit-SAT problem.
Definition 1.5. For a circuit ¢ : ¥f — {0, 1} we define the language SAT (p) := x € X7 | p(z) = 1.

We will also discuss the size of a circuit ¢ : 3§ — {0, 1}, which is defined in the standard way. A circuit is a
directed acyclic graph with a single vertex of out-degree 0 called the output. Each node has fan-in 0 or 2, and is labeled
either by an input variable if its fan-in is 0, or else by an arbitrary function from .2 to . The size of a circuit is the
sum of the number of nodes and the number of edges in the graph, and we say it computes ¢ if for any input z € 37,
the value of the output node is ().



1.2.1 Quasi-linear, Low-soundness 2-Query dPCPs and 3-Query PCPPs
Our first result is a new dPCP construction for SAT () for any circuit ¢, improving upon all previous constructions.

Theorem 1.6. For all ¢ > 0 there exists L € N, such that for all g there is C' € N such that the following holds. If
©: X1 — {0,1} is a circuit of size N, then the language SAT () has a 2-query dPCP with size N 1og® N that has
(L, e)-list-decoding soundness and O, |5, (1) alphabet size.

It is clear that any dPCP must make at least 2 queries, so{Theorem 1.6|achieves the best parameters possible, up to
the logarithmic factor in the size and the implicit dependency between L and ¢ (which for us is L = (1/£)°(M),

Using a straightforward transformation from dPCPs to PCPPs, we use to conclude a 3-query PCPP
construction with small soundness.

Theorem 1.7. For all ¢ > 0 there is 1 > 0, such that for all ¥ there is C > 0, such that the following holds. If
@: 1 — {0,1} is a circuit of size N, then the language SAT () has a 3-query PCPP with size N log® N that has
(1 =n,1 — ¢)-soundness and O |5, (1) alphabet size.

Intuitively, the construction in[Theorem 1.7|is the same as the construction in [Theorem 1.6} except that we query

a random index ¢ of the supposed word w from L, decode it using the dPCP, and compare to w;. In other words, we
“spend” one query to check if the assignment to the CSP decodes to w. As long as one sticks to such a recipe, it seems
impossible to achieve query complexity smaller than 3. As far as we know, though, it may be possible to achieve a
small soundness, 2-query PCPP for certain languages of interest.

At the cost of paying one additional query, we can get a tight relationship between ¢ and 7, which is important in
some applications. The statement below is meaningful when £ > 0 is thought of as small, and 7 can be taken to be
any value between 0 and 1.

Theorem 1.8. Foralle > 0,0 < n < 1 and %y, there is C > 0 such that the following holds. If ¢: ¥ — {0,1} is
a circuit of size N, then the language SAT (@) has a 4-query PCPP with size N 1og® N that has (1,1 + €)-soundness
and O, ;5| (1) alphabet size.

1.2.2  3-Query RLDC:s are Strictly Stronger than 3-Query LDCs

We provide a new black-box transformation of PCPPs into RLDCs, which preserves query complexity. All prior
similar transformations led to an increase in the query complexity, and in particular, they cannot be used to get a 3-
query RLDC. Combining our transformation with|[Theorem 1.7] we construct RLDCs with 3 queries. More precisely,
we show the following.

Theorem 1.9. There are £,0 > 0, constant C, and alphabet ¥ such that for sufficiently large k, there is a 3-query
relaxed locally decodable code C: {0,1}* — X1 with decoding radius 6, distance € and n < k? logc k.

In words, [Theorem 1.9 establishes the existence of a 3-query RLDC with constant decoding radius and dis-
tance, and roughly quadratic blow-up in the message length. All previous O(1)-query RLDC constructions (such
as in [BGH™06, [GGK19, [GRR20, [AS21], [CGS22]) require more than 3 queries. The significance of
achieving 3 queries is more apparent once it is compared to the lower bounds for LDCs of [AGKM23|:

Theorem 1.10 (Theorem A.2 in [AGKM23]). Suppose C : {0,1}* — X2 is a 3-query locally decodable code with
decoding radius Q(1), distance Q(1) and alphabet |$o| = O(1). Thenn > Q(k*/ log® k).

In particular, combining [Theorems 1.9]and [T.10] gives the following corollary, which asserts that 3-query RLDCs
achieve strictly stronger parameters than 3-query LDCs. This provides a separation between RLDCs and LDCs,
resolving an open problem due to Ben-Sasson, Goldreich, Harsha, Sudan, and Vadhan [BGH™06] (see also Goldreich’s
textbook [Gol10, Chapter 13.4.4] and recent surveys [Gol24, |Gas24]).

Corollary 1.11. There is a family of 3-query RLDCs with constant decoding radius, distance, and alphabet size that
achieves polynomially better length than any family of 3-query LDCs with constant decoding radius, distance, and
alphabet size.



Remark 1.12. The recent work [|[GKMM25|] showed that linear 3-query RLDCs with a binary alphabet imply non-
relaxed LDCs with similar parameters. While our construction is not linear, this barrier suggests that a non-binary
alphabet is likely a prerequisite for achieving such polynomial separation.

Other Implications. Our results have a few direct implications using existing results in the literature, and we men-
tion one of them.

Using the connection between gaps of PSPACE-hardness for the ¢-CSP reconfiguration problem and parameters
of PCPPs established by [GRW25]], we get the following two corollaries:

Corollary 1.13. For any constant n) > 0 there is an alphabet 3 of size Oy (1), such that Gapléﬁl 5-CSPyx; Reconfig-
uration is PSPACE-hard.

Corollary 1.14. For any constant 1 > 0 there is an alphabet ¥ of size Oy (1), such that Gap, g g, 2-CSPx. Recon-
figuration is PSPACE-hard.

These results improve upon [HO24, GRW25], who proved that Gap, 9942, 2-CSPs; is PSPACE-hard for some
¥ of size O,,(1). We remark that for both of them, it is important that we use [Theorem 1.8 which has a near-tight
relationship between the distance and rejection parameters.

1.3 Techniques in our PCP Constructions

In this section, we discuss the techniques in the proofs of and We begin with a general discussion
about how PCPs are constructed.

1.3.1 The General PCP Recipe

Essentially all known PCP constructions can be viewed as using the following high-level recipe. Starting with a
language £ C X}, they consist of:

1. Outer PCP: is a fairly good PCP construction for the language £, except that its alphabet X is too large (being
either polynomial in n or sometimes even quasi-polynomial in n, provided it has small “decision complexity”,
a notion we will define shortly).

2. Inner PCP: is a PCP construction for a language £’ C (X)) that arises from the constraint structure or
the alphabet structure of the outer PCP. The key additional features of the inner PCP construction are that its
alphabet size is much smaller than that of the outer PCP, and that it satisfies a stronger notion of soundness
as discussed above. The inner PCP could be fairly “lossy” with respect to other parameters, such as its length
relative to n’. This is because the n’ we take is typically much smaller than the above n, as the intention here is
to encode an alphabet symbol of the outer PCP.

3. A composition procedure: this is a technique that combines the outer PCP and the inner PCP constructions to
yield a composed PCP. Roughly speaking, the soundness and completeness of the composed PCP are governed
by the soundness and completeness of the two components, the alphabet size of the composed PCP is inherited
from the inner PCP construction, and the size is the product of the sizes.

To illustrate this recipe, we define a special class of CSPs, which goes by the name Label-Cover.

Definition 1.15. An instance VU of Label-Cover consists of a weighted bipartite graph G = (AU B, E, P), where
P: E — (0,00) is a distribution over the edges, alphabets ¥ 4, ¥ and constraints {®.: ¥4 x X5 — {0,1}}ccr.

1. The value of a pair of assignments Ta: A — X4, Tp: B — X g is the sum of weights of constraints they satisfy,
and the value of V is the maximum weight of constraints satisfied by any T4, Tp.

2. We say V is a projection Label-Cover instance if for each edge e € FE, the constraint ®. is projection from X 4
to X.g. Namely, there exists a map ¢.: Yo — X such that ®.(o,7) = 1 ifand only if T = ¢e(0).ﬂ

2The notion of projection Label-Cover is essentially equivalent to the notion of robust PCPs, which is sometimes used in the literature.



Suppose we have an outer PCP construction ¥ = (G = (V, E, P), £, {®. }cck) as inDefinition 1.1|which is good
(in the sense that € > 0 and q are absolute constants), but its alphabet X is too large. To discuss composition, it is first
convenient to convert ¥ into a Label-Cover instance ¥’.

The instance ¥’ is defined over the graph H = (AU B, E’, P’) whose sides A and B are the edge set E and the
vertex set V of U respectively, its weight function P’ is naturally derived from P by: sample e ~ P, sample a vertex
v from e uniformly and output (e, v). For e = (v1,...,vq) € A, we interpret the alphabet X 4 as an assignment of ¥
symbols to the variables vy, ..., v, that satisfies the constraint ®.; for v € B, we interpret the alphabet > 5 simply as
3. Finally, the constraint on (e,v) € E’ is that the symbol assignment to e and the symbol assigned to v are consistent
with respect to the value given to v. Using error-correcting codes, the instance ¥’ can be transformed into an instance
U" over a similar graph (AU C, E”,P"") with similar constraints and alphabets, except that the alphabet ¥ now has
constant size, and for the sake of this introduction, we just take X = {0, 1}.

Suppose for the sake of simplicity that the constraint ®. is the same for all edges e € E. In this case, to reduce
the alphabet size of ¥/, we would like to be able to encode assignments to H, so that we can check: (1) the hardcoded
condition in X 4, which is morally how the constraint ®. is manifested, (2) the consistency between the assignment to
A and B, which ultimately ensures that the local assignments to the A side come from a legitimate assignment to V.
Towards this end, we may think of symbols in X 4 as strings of length n’, say X4 C {0, 1}”/, and take an inner PCP
construction suitable for the language

£ ={ze{0,1}" |zeT4}.

At this point, it becomes clear that we care about the complexity of the language L', otherwise there is no reason
we would have a decent PCP construction for it. This is the motivation for the notion of decision complexity, which
captures the circuit complexity of the constraints (in the context of CSP instances) or alphabet membership checks (in
the context of Label-Cover), and we define it formally later. In our applications, n’ and the circuit complexity of £’
will both be poly-logarithmic in n, and in particular much smaller than n.

In the high-soundness regime, the composition can now be performed by replacing a vertex in the A-side of ¥”
with a copy of the inner PCP of £’. Morally, this automatically takes care of issue (1) above, namely the hardcoded
condition in the alphabet 3 4. To address issue (2), namely the consistency between A and C', we require the inner
PCP to be a PCP of proximity for £’. In that case, we could actually reliably read off coordinates of the PCPP
corresponding to the coordinates in £’ and compare them to what they are supposed to be from the assignment to
the C' side. This composed PCP can be either thought of as having more than 2 queries, or equivalently, as having 2
queries but soundness close to 1 (by simply running each one of the above-mentioned tests with probability 1/2).

Composing in the low-soundness regime is more challenging, since the two tests above need to be combined into
a single test in a way that preserves soundness. This is precisely where the notion of decodable PCPs comes in handy.
By definition, by reading off the locations corresponding to a constraint in a dPCP, we can — at the same time — check
a constraint and decode a coordinate from the supposed word of the language. With this description in mind, the main

challenges in proving are as follows.

1. Starting point: no prior dPCP constructions achieve the parameters of even if we relax the
requirement on the alphabet size and allow it to be somewhat large (so as to serve as the outer PCP in the above
recipe). The closest result in the literature is due to Dinur and Meir [DM11]], but its length is significantly bigger
than quasi-linear.

2. Composition theorem: we are not aware of any prior composition results that yield a composed dPCP. As a
matter of fact, in the low-soundness regime, we are only aware of a single query-efficient composition result for
any variant of PCPs, namely the one in [MR10}, [DH13]].

In the rest of this section we discuss the way we overcome both of these challenges.

1.3.2 OQOur Starting Point

Our starting point is the recent PCP construction of [BMVY235], which is based on high-dimensional expanders.
Roughly speaking, the bulk of their work goes into showing the existence of a quasi-linear, low-soundness PCP for



NP, with a quasi-polynomial alphabet and poly-logarithmic decision complexity. They then reduce its alphabet using
the techniques from [MR 10, [DH13]].

We show that, after appropriate modifications, applying their construction on the PCPP of Mie [Mie(09] gives a
decodable 2-query PCP (as opposed to just a normal PCP) with similar parameters. Since we are not aware of any
black-box transformation, our argument has to carefully go through the steps of their construction and show that they
all preserve the stronger notion of soundness. These steps include:

1. Embedding a given PCPP into an HDX: we use the same link-to-link routing protocol to transform a given
2-query dPCP to a 2-query dPCP over the base graph of a high-dimensional expander X, provided the latter
satisfies sufficiently good expansion properties.

2. Amplification via direct product testing: we show that the sparse direct product testing results in the low-
soundness regime of [BM24, BLM?24, |[DD24al IDD24c| IDD24b]| as used in [BMVY235], can also be used in the
context of decodable PCPs to decrease the soundness of our HDX-based 2-query dPCPs.

Combining these two components gives a version of the 2-query dPCP of Dinur and Meir [DM11] with only quasi-
linear size. The next step in our argument is to show a way of reducing the alphabet size.
1.3.3 Our Composition Theorem

To reduce the alphabet size of our HDX-based dPCP, we also use a composition theorem, except that we have to prove
versions that yield dPCPs. To discuss our composition theorems we have to define a few additional parameters of
interest of dPCPs, and to do so we first give the appropriate definition of label-cover dPCPs.

Definition 1.16. Let £ C X be a language. A label-cover, decodable PCP for L is a tuple

D= ((A U B7 E)a {Pt}te[n]a EA7 237 {(I)e}eeEv {Dt}te[n])a

where (AU B, E) is graph, {®.: ¥4 x Xg — {0,1}}eck is a collection of constraints, Py is a distribution over E
foreacht € [n] and Dy: A X ¥4 — X is a decoding map for each t € [n]. We say that D is a projection dPCP if for
each e € E, @, is a projection constraint.

There are several differences between [Definition 1.16|and [Definition 1.3] First, the former uses bipartite graphs,
whereas the latter uses hypergraphs. Second, in the former, the decoding maps only read the left vertex and an
assignment to it, whereas in the latter, they read an assignment to an edge. These two differences are relatively minor
and are very natural in light of the transformation discussed in[Section 1.3.1]

Besides the obvious PCP-related parameters (such as completeness and soundness, which are defined analogously),
we will also care about graph-theoretic parameters, such as left and right degrees of vertices. A somewhat less standard
parameter that will be important for us is the decoding degree:

Definition 1.17. Let D be a label-cover decodable PCP as in The decoding-degree of a vertex
a € A, denoted by ddeg(a), is the number of indices it is in charge of decoding, namely |{t € [n] | 3b € B, (a,b) €
supp(Py) }|- The decoding-degree of D is defined as max,e s ddeg(a).

With this notion in place, we now discuss our composition theorem.

Composition when the decoding-degree is constant: our composition theorem applies in the case we have a pro-
jection label-cover dPCP D with constant decoding-degree. In this case, we show how to combine two copies of it,
one of the scale of n as an outer PCP and one at the scale of a much smaller " as an inner PCP, to get a projection
label-cover dPCP with similar parameters, except that its alphabet size is much smaller.

This construction is a natural extension of the abstract composition theorem of Dinur and Harsha [DH13], and
morally proceeds as follows. First, we use the standard right-alphabet reduction technique from [MR10, [DH13]|| to
ensure that X is constant. Next, in the context of standard PCPs, the alphabet ¥ 4 is replaced by ¥/, C E%eg(a)
reflecting the supposed assignments of all neighbors b € B of A; only strings that are fully consistent with some
symbol in ¥ 4 are allowed. This change in the alphabet of A is not quite valid in our setting of dPCPs since it is not



clear how to use the decoders of D to construct decoders for the new construction. To remedy that, we actually replace
the alphabet X 4 with ¥/, C Z?;g(a) X ngeg(a), which is thought of as a string reflecting the assignments of all of the
neighbors b € B of a, as well as of all of the ¢ € [n] that a is in charge of. Once again, in ¥/, we only allow strings
that are fully consistent with some label o to a from the original alphabet X 4, which additionally decodes correctly
(under the decoding map D;(a, -)) on all ¢ that a is in charge of.

In the simplified setting, all constraints ®. are the same, and a similar analysis as in [DH13] can be carried out. The
case that . may be different introduces several technical difficulties, stemming from the following technical issue.
In the composed PCP, a left vertex corresponds to a right vertex b in the outer PCP, and to the invocation of all of the
inner PCPs of neighbors a of b with a certain seed of randomness. Thus, we need the inner PCPs neighbors a of b to
be “aligned”; for example, it would be nice if they use the same seed of randomness. We show how to accomplish this,
and this requires a few fairly technical transformations of dPCP that manipulate its size while retaining its parameters.

Unfortunately, this composition result alone is insufficient for our purposes. As is clear from the above description,
the alphabet size of the composed PCP is at least exponential in the decoding degree of the outer PCP. With that in
mind, our HDX-based 2-query dPCP construction has poly-logarithmic decoding degree, so if we plainly apply the
aforementioned composition theorem, the alphabet size of the composed PCP will be (at the very least) 2p(1og7) [n
other words, nothing was gained from the composition. Having a poly-logarithmic decoding degree seems inherent in
the HDX construction (due to the use of routing protocols). In particular, it is not clear how to use the composition
theorem we have just described to get a better dPCP.

Decoding-degree reduction: in light of the above, it makes sense to ask if there is a transformation that reduces the
decoding degree of a given dPCP without hurting the other parameters too much. Such transformations do exist for
more combinatorial notions, such as right degree and right alphabet size. While we do not have a generic result of
this form, we give a transformation that works provided that the dPCP satisfies an additional property called agnos-
ticism, which our HDX-based construction luckily possesses. To present it, we first introduce the complete decoding
distribution.

Definition 1.18 (Complete Decoding Distribution). Let D be a decodable PCP as in The complete
decoding distribution of D is the distribution Q over [n] x A x B, in which a sample is drawn by taking t € [n]
uniformly, (a,b) ~ Py, and outputting (t, a, b).

Letting Q be the complete decoding distribution of a dPCP D, we denote by Q(¢, -, b) the marginal distribution of
a conditioned on ¢ and b, and by Q(+, -, b) the marginal distribution of (¢, a) conditioned on b.

Definition 1.19. We say a dPCP D has agnostic decoding distributions if for all t and b, the marginal distribution of
Q(+,-,b) on a is identical to Q(t, -, b).

With this notion in mind, we can now describe our decoding-degree reduction transformation. Given a dPCP D
with an agnostic complete decoding distribution, we construct a new dPCP D, as follows. We first replace a right-
vertex b € B with copies (b, t) of it for ¢t € [n] such that there is a neighbour a of b such that (a,b) € supp(Py),
and modify the alphabets and constraints appropriately. Namely, denoting the right degree of D by d, the alphabet of
the right is now a subset of Effl x Xo. Thinking of a right vertex b € B and its neighbors ay,...,aq, a symbol
(T1,...,7a,s) for (b,t) is allowed if all the projections ¢4, ) (0;) are the same, and for any ¢ such that ¢ is in
the decoding neighbourhood of a; we have that D;(a;, ;) = s. The constraint on the edge (a;, (b,t)) is that the
assignments o to a and (71, . .., 74, 8) to (b, t) satisfy that 0 = 7;. The complete decoding distribution of D5 is defined
by choosing ¢ € [n] uniformly, then (a,b) ~ P; and output (¢, (b,t), a). In particular, the side A of D is the right side
of Dy, and the pairs (b, r) are the left side of Ds. As per the new decoder, when Dy is run on ((b, ), (71,...,74,$)),
the output is simply s.

In a sense, in this transformation we have created copies of b according to which ¢ we want it to be able to decode,
and also we “flipped” the sides of the projections (by making the alphabet of (b, t) include an opinion for the label of
each neighbour of b). The latter step is similar to the flipping-of-sides transformation in [MR10, [DH13]].

Most of the features of the new dPCP construction, such as decoding degree (which is 1 in Ds), alphabet size, and
so on, are rather immediate to analyze, and the key challenge is the soundness. If D were an arbitrary PCP, because



we have split a vertex b into several copies depending on ¢, the extra knowledge of both b and ¢t immediately reveals
from which decoding distribution P; the constraint was sampled. When designing an assignment for (b, t), this gives
extra information about which vertex a is chosen to test the constraint, which breaks the soundness guarantee of D.
This is precisely where the fact that D has agnostic decoding distribution comes in handy, since in that case no extra
information about a is gained, and the soundness guarantee of D persists.

Remark 1.20. Our actual decoding-degree procedure in has one minor difference, which is that we may
create several copies of each (b, t). This is related to the fact that we want to “align” the size of the inner PCPs as per
our earlier discussion.

1.4 Techniques in our RLDC Construction

We obtain our 3-query RLDC via a new query-preserving black box transformation from PCPPs to RLDCs.

While many RLDC constructions invoke PCPPs as a subroutine, prior approaches either employ multiple invoca-
tions of PCPP verifiers or introduce additional queries beyond those of the underlying PCPP.

Our starting point is the quadratic-length, O(1)-query construction in [BGH™06], which uses a PCP of proximity
to construct an RLDC as follows. Let Cy: {0,1}* — {0,1}" be a linear-time encodable code with constant distance
rate and distance, and let 7;(-) be a PCP of proximity encoding for the language £; = {(z,y) | 3= € {0,1}*, y =
Co(z),z = (x;)™}. The code C constructed by [BGHT06] is given as:

C(x) = (Co(@))" o (2)" o m(a},C(x)) o -~ 0 m(af,C(x)), (1)

namely, the first part is ¢ repetitions of the encoding of 2 under Cy, the second part is ¢’ repetitions of x itself, and
the last part consists of a PCP of proximity for each bit in x. Here, the purpose of ,t’ is to balance the length of
the different parts, so that the code C has a constant distance. On input word w and index i € [k], the basic decoder
of [BGH™06] proceeds by running the PCP of proximity on the oracle ((z,y), ), where (1) z is taken to be z = o"
where o is the symbol appearing in a random place in the received word w that is supposed to be x;, (2) y is taken to
be a supposed random copy of Cy(x), (3) 7 is taken to be the supposed PCPP encoding of £;. The query complexity
of this basic decoder is the same as that of the PCPP, and [BGH™06] show that it works provided that the PCPP for £;
has sufficiently small decoding radius 7. This already implies that the PCPP must make Q(1/7)-queries, which means
the RLDC construction above must make some unspecified, likely not-too-small, number of queries.

Our construction is syntactically similar, but with a few important distinctions. Since we wish to use
whenever we apply a PCPP decode, we want it to be in the case that the word is very far from the relevant language.
In particular, we must take the code Co: {0, 1}* — X2 to have distance close to 1, and (more importantly) we cannot
afford to have the “z-part” as in the encoding in (I). We thus use the following variant:

C(x) = (Co(@))" o7 4, (C(x)) 0+ o) 4, (C(2)), 2)

where again ¢ is a suitable repetition parameter, and the PCPP part of the encoding is a bit different. To define 7r; p We
first take 7; , to be the PCPP encoding for the language

Lip={we Xy |3z e{0,1}* Co(x) = w,z; = b}.

Denoting the alphabet of ; , by X, the alphabet of 7}, is now X x {0, 1}, and the jth symbol in 7} ,(w) is the jth
symbol in 7; ,,(w) with b appended to it.
The reason we need to use 7T2’ , in place of m; 4, is that, for a fixed 4, upon reading a single symbol from 7; ;(w), we
may not know whether we need to run the verifier of £, o or of £; ;. Appending b to each symbol resolves this issue.
With this construction in mind, when run on a word w and an index ¢ € [k], the RLDC decoder looks at ith part in
the PCPP part of (2)) and invokes it on a randomly chosen copy of Cy(z) from the first part of (2)). Indeed, we show that
this decoder works (provided that the PCPP decoder has a few additional technical features, which hold in our case).
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1.5 Discussion and Open Problems

While gives dPCPs with essentially the best possible query complexity, size, and soundness, the same
cannot be said about[Theorem 1.7] Existing lower bounds for PCPPs [BHLM09] do not rule out quasi-linear 2-query
PCPPs with constant (but not Boolean) alphabet size that have small soundness, and we leave the problems of giving
better 2-query PCPP constructions or lower bounds to future research. We remark that in some applications, there may
be more context-dependent reductions that use our dPCP (instead of our PCPP) directly and thus do not suffer the loss
incurred from the additional query.

Another interesting question is whether one can establish a PCPP with a tight relationship between the proximity
parameter and the soundness, as in[Theorem 1.8] but with a smaller number of queries. This will yield direct improve-
ments in some applications, such as better hardness gap in[Corollary T.14] Lastly, it would be interesting to come up
with a variant of our RLDC construction that is additionally locally testable (we suspect our code is locally testable,
but investigating it seems to require uniqueness properties from our PCP constructions, which go beyond the scope of
this work).

Lastly, our codes from[Theorem 1.9have 3 queries and nearly quadratic length, and in a companion paper we show
how to generalize these codes for any odd number of queries ¢ > 3. We do not know if better 3-query RLDCs exist,
and it would be interesting to either prove lower bounds that match the performance of our codes, or come up with
sub-quadratic 3-query RLDCs.

2 Preliminaries

In this section we introduce several basic notions and tools that will be used in our arguments.

Notations. Throughout the paper, for n € N we denote [n] = {1,...,n} and use ¢t € [n] to denote a uniformly
chosen element in [n]. Given a distribution Q over a finite set S, we write s ~ Q to denote a random sample
distributed according to Q. For a subset U C S, Q(U) = > scU Q(s) is the measure of U under Q. The total
variation distance between two distributions, Q, Q' is defined as

™V, Q) = %Z 1Q(s) — Q'(s)| = max[Q(U) — Q' (V).

UCS
ses

We say that Q is M-discrete if for every s € .S, there is w(s) € N such that Q(s) = w]&;).

When Q is a multivariate distribution, say m-variate, we denote by Q(ay,...,a;,-,... ) the distribution of
@it1,---,0n, conditioned on ay,...,a;. We use a similar notation when the coordinates we condition on are not
consecutive. We use the notation Q(ay,...,a;,o0,...,0) to denote > (a1, ..., ai,Qi41,- -, am), i.€., the

Qid150-0,Am
marginal distribution of Q on the first ¢ coordinates.

Given a length n vector v, we write v; to denote the 7th coordinate of v. Given a function F' over a domain X and
asubset Y C X, we denote by F'|y the restriction of F'to Y.

We use standard big-O notation: for functions f,g: N — [0, 00), the notation f = O(g) means that there is an
absolute constant C' such that f(n) < Cg(n) for all n € N, and the notation f = (g) means that there is an absolute
constant C' > 0 such that f(n) > Cg(n) for all n € N. Often we will have dependency on auxiliary parameters, and
we write f = O.(g) or f = Q.(g) if the constant C' depends on . When we write poly_(NN) we mean a polynomial
in N whose degree and coefficients may be increasing in 1/¢.

2.1 Error-Correcting Codes

An error-correcting code over an alphabet 3 is a map C : {0, 1}*¥ — X", We refer to k as the message length and to
n as the blocklength of the code. Abusing notation, we will often use C to refer to both the map and its image, and it
will always be clear from context which we are referring to. We refer to the strings in C as codewords. The distance
between w, w’ € X™ is the relative Hamming distance between them, namely

dist(w,w’) = _P[r][wi # wj).
1€(n
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The relative distance of a set C is defined as

. . . /
dist(C) = w,w’rencl,rilv;éw’ dist(w, w").
Informally, when discussing error-correcting codes we will deal with sets C that have (1) relative distance.

We will require an error-correcting code with message length k, quasi-linear time encoding, quasi-linear time
decoding, constant alphabet size, relative distance arbitrarily close to 1 and blocklength n = O(k). By quasi-linear
time encoding, we mean that there is a circuit of size O(k:) that on input z € {0, 1}* computes its encoding, and
similarly for decoding. There are multiple examples of such codes throughout the literature [Sp196} |GI0S, [RS06]], and
we use the following formulation from [GIOS| Theorem 3].

Lemma 2.1. Forevery e > 0, k € N, sufficiently large alphabet ¥ relative to 1/¢, and blocklength n = O, (k) there
exists a quasi-linear time encodable/decodable code C : {0, 1}* — X" with distance 1 — . Furthermore, given k one
can construct in time k9= a circuit of size O. (k) computing C.

We will also require the well-known Johnson Bound, which bounds the number of codewords in C C " that lie
within proximity of a given string w € X". We refer to [DH13| Fact 5.3] for a proof.

Fact 2.2. Let C C X" be a code with minimum distance 1 — 5. Then, for any w € X" and n > 2v/3, the number of
w’ € C such that dist(w,w’) < 1 — n is at most %

2.2 Expanders and Bipartite Expanders

Our arguments will use bipartite expander graphs and the bipartite expander mixing lemma, and we introduce these
notions in this section. Let G be a weighted bipartite graph with sides U, V, and let w : £ — R>( be the weight
function. The weighted adjacency matrix of G is M € RWUYVI*X(WUY) defined as M = D~'/2WD~'/2, where
W(u,v) = w(u,v) and the degree matrix D is a diagonal matrix with the entries D(u,u) = > w(u,v). The
transition matrix of G is defined as P = D~ My v/, where My € RUXV is the matrix with My v (u, v) = w(u, v).
It is well known that the largest singular of P is 1, and is given by the vectors z € RY where z(u) = D(u,u).
Therefore, the stationary distribution of G on each side is proportional to the weighted-degrees given in D. We denote
samples according to the stationary on U and V' by u ~ U and v ~ V respectively. It is well known that the second
largest eigenvalue of M is the same as the second largest singular value of P, and we often refer to it as the second
singular value of G.

Lemma 2.3. Let G = (U,V, E) be a weighted bipartite graph whose second singular value is at most \. Then for
any functions F' : U — [0,1],G : V — [0, 1] we have

BP0 6] - pu (P (©)| < AWl G).

where py = Eu~uv [F(u)], piv (G) = Eonv [G(0)].
In the special case where I and G are indicator functions of sets, say of A C U and B C V, we get

(u,v)~E

Pr [ucAveB] - uU<A>uv<B>\ < MW (A (B).

2.2.1 Constructions of Expanders and Bipartite Expanders
We will require the fact that expanders of arbitrary degree and size can be constructed efficiently.

Lemma 2.4. For integers n > d there is a polynomial time algorithm which constructs an (unweighted) d-regular
graph with n vertices and second singular value O(d~"/ ).

Proof. The algorithm is by [Alo21] if n is sufficiently large and by brute force otherwise. O
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We also require a version of the above lemma for bipartite, bi-regular expanders.

Lemma 2.5. For integers ni,ns,dy, ds such that nq - dy = no - do and either ny divides no or no divides nq, there
is a polyy, 4,(n1,n2)-time algorithm which constructs an (unweighted) (dy, d2)-bi-regular bipartite graph with n,

vertices on the left and ny vertices on the right and second singular value O ((min{d,, dg})fl/ 2.

Proof. The algorithm is by [GM21]] if n;, no are sufficiently large and by brute force otherwise. O

2.3 High-Dimensional Expanders

In this section, we give some necessary background on high-dimensional expanders (HDXs).

2.3.1 Simplicial Complexes

A d-dimensional high-dimensional expander (HDX) on a ground set U/ is a downward closed collection of subsets
of U, typically denoted by X = (X(1),...,X(d)), where X (1) = U and X (¢) consists of size i subsets of U{. By
downwards closed we mean that for 1 < @ < j < d, if I C J have sizes ¢ and j respectively and J € X (j), then
I € X (7). We refer to X (1) as the vertices of the complex, and to X (k) as the k-faces of X.

For any I C U, one may consider the sets in X containing I. These form a smaller, (d —|I|)-dimensional complex,
which goes by the name the link of 1.

Definition 2.6. Given a set I € X (i) for 0 < i < d — 2, the link of I is the (d — i)-dimensional complex X whose
k-faces are
Xik)y={J\I|JeX(k+1i),J DI}

2.3.2 Measures and Walks on Complexes

A complex X = (X (1),...,X(d)) is equipped with a natural measure arising as the “push down” measure of the
uniform measure over X (d). More precisely, for each i € [d], let p; denote the measure over X (i) obtained by
choosing U € X (d) uniformly and then outputting a uniformly chosen A C U of size i. At times, when i is clear
from context, we drop ¢ from the subscript and simply write u to be the appropriate measure over X (7). We will write
U ~ X (i) to denote a random U chosen according to the measure f;.

We also consider the above measure when restricted to a link of X. Specifically, for a set I € X (i) where
0 < i < d— 2, we define the measure /7 j; over X (j — ¢) to be the measure obtained by choosing J ~ X (j)
conditioned on J D I, and then outputting J \ I. At times, if the parameter j — 7 is clear from context, we drop it from
the subscript and simply write p.

These measures also induce weighted graphs between layers of the complex. Throughout the paper we will con-
sider two graphs derived from a complex X = (X (1),..., X(d)).

The Base Graph. This is the graph with vertex set X (1) and edge set X (2). The edges are weighted by the measure
2 over X (2) and the stationary distribution of this graph is given the measure 11 over X (1).

Inclusion Graphs. For two levels j < k, the inclusion graph between X () and X (k) is a bipartite graph with parts
X (j) and X (k). The edges of this graph are all pairs (V,U) € X(j) x X (k) such that V' C U and are weighted
according to the following natural distribution derived from X: choose U ~ X (k), V' C U uniformly of size j, and
output (V, U).

2.3.3 Direct Product Testing on HDX

We will need direct product testers over HDXs. Fix a complex X = (X(1),..., X (d)) and suppose that for k& € [d]
(thought of as a large constant but much smaller than d) there is a table 7' : X (k) — X¥ assigning local functions
on each U € X (k). We wish to determine if these individual functions assigned to each set of the complex actually
correspond to some global function, F' : X (1) — ¥, meaning T'[U] = F|y. We will consider a natural 2-query tester,
given by the following definition.
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Definition 2.7. Let X be a d-dimensional complex and let k < d. Given a table T : X (k) — Y¥, the (k,V'k)-direct
product test can be described as follows.

* Sample D € X (d) uniformly.

e Sample B C D of size \/k uniformly.

» Sample A, A independently and uniformly at random conditioned on B C A, A’ C D.
* The test passes if and only if T[A]|p = T[A']| 5.

Definition 2.8. We say that the (k, \/E) -direct product test on X has soundness ¢ if the following holds. Let T be any
table that passes the (k,\/k)-direct product test with probability at least 6. Then there exists a function F : X (1) — %
such that
Pr [dist(T[A], F|a) < 6] > poly(6).
A~§(k)[ ist(T[A], Fla) < 6] = poly(d)
In words, if a table passes the (k, \/E)-direct product test on X with probability at least d, then it almost agrees with
a global direct product function on a sizable weight of the k-faces.

2.3.4 An Algebraic HDX Construction

We will require an HDX construction X as in [BMVY25]], which is a variant of the constructions in [DD24b|, [ BLM24].
Some key features of this construction that are important for us include the fact they have poly-logarithmic degree,
good expansion properties, and that the (&, \/E)—direct product test on X has arbitrarily small soundness.

Theorem 2.9. [BMVY25| Theorem 2.13] Forall § € (0,1), C € N, for sufficiently large k € N and sufficiently large
d € N the following holds. For any sufficiently large n € N and q = @(logc(n)), there is an algorithm which takes
as input 0, C, d, k,n, q, and outputs in poly(n)-time, a d-dimensional complex X = (X (1), ..., X (d)) which satisfies
the properties in [BMVY25| Theorem 2.13], as well as the following properties.

1. n < |X(1)] < O4(n).
2. Every vertex is contained in at most qo(d2) d-faces.

3. Forany 1 < i < d, the second singular value of the weighted bipartite inclusion graph between (X (1), X (7))
.1 ;0
s -+ =

i

4. For any vertex v € X (1), the second eigenvalue of the graph (X, (1), X,(2)) is at most O(1/,/q).

5. The (k,/k)-direct product test on X has soundness 9.

We think of 0,C, d, k,n, q as inputs to this algorithm and refer to § as the direct-product soundness parameter, C as
the exponent, d as the dimension parameter, k as the direct-product dimension parameter, n as the target number of
vertices, and q as the prime.

Proof. All items, except for the third and fourth, follow from the statement of [BMV Y25, Theorem 2.13]. The fourth
item follows from the proof in [BMVY25, Theorem 2.13], and more precisely from the paragraph “Local spectral
expansion of X in the proof. The third item follows from [BMVY25| Lemma 2.8]. O

Since our arguments use several results from [BMVY25] in a black-box way, we make an implicit use of the
properties of X outlined in [BMVY25, Theorem 2.13]. We thus omit a detailed description of them (as well as the
set-up they require). The properties we mention in[Theorem 2.9|will be used explicitly in our arguments.

We need the following (rather standard) sampling bound.

Lemma 2.10. [BMVY25| Claim 4.7] Let X be a d-dimensional complex satisfying with prime q, and let
E C X(2) be a set of edges with measure 112(E) > € for some € > 0. Then,

poly(d)
P w2(&) = < —.
uexfu)[ﬂ 2(&) > Vel g€
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3 Decodable PCPs and Uniquely-Decodable PCPs

In this section we formally define dPCPs, their unique-decoding analog called uniquely-decodable PCPs, and give a

more precise version of [Theorem 1.6, which is|{Theorem 3.12|below.

31

Decodable PCPs

The definition of dPCPs below expands[Definition 1.3]as it includes the definitions of additional parameters of interest.

Definition 3.1 (Decodable PCP). Let ¥ be an alphabet and let L C X be a language. A decodable PCP (dPCP)
for L is a tuple

D= (AUB,E, %A, %5,{®}eck, {Pi}iem)s {Di}eepn))

where:

Constraint Graph. (AU B, F) is a bipartite graph with parts A, B and edge set E.

Left Alphabet. 3 4 is the alphabet of the vertices in A. We allow each individual vertex a € A to have a
constrained alphabet, which is a subset of 3 .

Right Alphabet. X is the alphabet of the vertices in B. We allow each individual vertex b € B to have a
constrained alphabet, which is a subset of ¥ .

Constraints. For each e = (a,b) € E, . : ¥4 x ¥ — {0,1} is a constraint on the edge e. We say that
an input satisfies it if it evaluates to 1 and unsatisfied if it evaluates to 0. If either input to the constraint is an
invalid alphabet symbol for a or b, then the constraint outputs 0.

Projection Constraints. We say a constraint @ is a projection constraint if for every o € X 4, there is a unique
o' € ¥p such that ®.(o,0’) = 1. We say D is a projection dPCP if all of its constraints are projections.

Decoding Distribution. For each t € [n], Py is a distribution over E.

Decoder. For eacht € [n], the decoder Dy: A X ¥4 — X receives the left vertex of a constraint along with a
symbol for it, and outputs a decoding for t.

We also define the following parameters related to dPCPs:

Length. The number of vertices in the constraint graph.

Alphabet Size. max(|X 4|, |Zp

), and typically this will be |2 4|.

Decision Complexity. Viewing ¥4 = {0,1}°81%4l ¥ = {0, 1}1°81=8| the decision complexity is the maxi-
mum over all constraints (a,b) of the size of the circuit with inputs {0, 1}1°8 12414108 1251 that outputs 1 if the
constraint on (a,b) is satisfied and both alphabet symbols are valid and 0 otherwise.

Projection Decision Complexity. In the case that the dPCP is a projection dPCP, its projection decision com-
plexity is the maximum over all constraints (a,b) of the size of the circuit with input o € ¥ 4 thought of as an
element in {0, 1}1°81>41 outputs the unique ¥ symbol which satisfies the constraint on (a,b), and outputs |
if o is not a valid a alphabet symbol.

We note that the (standard) decision complexity is at most O(log |X g|) more than the projection decision com-
plexity.

Decoding Complexity. Viewing . 4 = {0,1}°2 1=l the decoding complexity is maximum over all a € A of the
size of the circuit which computes the decoding function Di(a,-) : ¥4 — 2.

Neighborhoods and Degrees. The neighborhood of w € AU B isT'(u) = {v € AUB | (u,v) € E},
and the degree of u is deg(u) = |I'(u)|. The left degree of D is max,ea deg(a) and the right degree of D is
maxpep deg(b).
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* Decoding-Neighborhoods and Decoding-Degrees. The decoding neighborhood of a € A is Tyec(a) = {t €
[n] | a € supp (P:)} and the decoding-degree of a is ddeg(a) = |Tgec(a)|. The decoding degree of D is
max,e 4 ddeg(a).

We next move on to define the completeness and soundness of a dPCP. We will always use the notion of perfect
completeness (all of the constructions in this paper have it).

Definition 3.2 (Perfect Completeness). Let D be a decodable PCP for L. We say that D has perfect completeness if
for all w € L there are assignments Ty : A — X 4 and Tg : B — X g such that

tgr] [(b(a,b)(TA[afLTB[b]) =1A Dt(a,TA[a]) = wt] =1.
(‘lvb)“ﬂ’:t

As per the soundness notion, we use a list-decoding soundness in the style of [DH13]E]

Definition 3.3 (List-Decoding Soundness). Let D be a decodable PCP for L. Given ¢ € [0,1], L € N we say that D
satisfies (L, €)-list-decoding soundness if the following holds. For any left assignment Ty : A — Y. 5 there exists a
list {wn,...,wp} C L such that for any Tg : B — X,

teP[rE], (@ (a,0)(Tala], Tp[b]) = 1 A Di(a, Talal) & {(wi), tiein)] < e
(a,b)~Py

Agnostic Decoding Distributions. We recall the notions of complete decoding distribution and agnosticism.

Definition 3.4 (Complete Decoding Distribution). Let D be a decodable PCP for L. The complete decoding distri-
bution of D, denoted by Q, is the distribution over [n] X A X B generated by choosing t € [n| uniformly, sampling
(a,b) ~ Py and outputting (t, a, b).

Definition 3.5 (Agnostic Decoding Distribution). For a decodable PCP, D, we say that its complete decoding distri-
bution Q is agnostic if for all b € B, t € [n], the distributions Q(t,-,b) and Q(o, -, b) are the same.
3.2 Uniquely-Decodable PCPs

We will also consider a variant of decodable PCPs called uniquely-decodable PCPs. Uniquely-decodable PCPs can
be thought of as high-soundness versions of decodable-PCPs and were first introduced by Dinur and Meir [DM11]].
Uniquely-decodable PCPs differ from decodable PCPs in three ways:

1. The constraint graph is not necessarily bipartite. We remark that in some cases it will be bipartite, and this will
be important for us.

2. The decoding distributions are over vertices, as opposed to being over edges.

3. The constraint graph is a weighted graph and in the soundness cases edges are sampled according to this weight-
ing. This should be thought of as the analog of the marginal distribution over edges of the complete decoding

distribution O of a dPCP as in

Definition 3.6 (Uniquely-Decodable PCP). Let X be an alphabet and let L C X be a language. A uniquely-
decodable PCP (udPCP) for L is a tuple

D= (V7 Ea E) {q)E}EEE) {Pt}tE[n]? {Dt}te[n])

where:

3The more common definition in the literature asserts that the list w1, . .., wy, can be constructed from an assignment T’z to the right side of
the given dPCP D. We chose the notion below as it is more convenient for us to work with, and in[Appendix A.T|we show a relation with the more
usual one.
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o Constraint Graph: The constraint graph (V, E), which may have multi-edges, and we think of it as equipped
with the uniform measure.

Alphabet. ¥ is the alphabet and we allow each individual vertex v € V' to have a constrained alphabet 3., C X..
* Constraints. For eache € E, O, : ¥ x ¥ — {0, 1} is a constraint on the edge e.
* Decoding Distribution. For eacht € [n), P, is a distribution over V.

* Decoder. For eacht € [n], the decoder Dy: V X ¥ — X receives a vertex and a symbol for it, and outputs a
decoding for t.

We define the parameters length, alphabet size, decision complexity, decoding complexity, neighborhoods, decoding-
neighborhoods, degrees, and decoding degrees in the same way as in

For technical purposes, we will also want to distinguish when a uniquely-decodable PCP has bipartite constraint
graph and projection constraints (as defined in[Definition 3.1)). In the case that it does, we will also use a notion called
left-canonical, defined below.

Definition 3.7 (Bipartite and Projection Uniquely-Decodable PCP). We say that a uniquely-decodable PCP is bipartite
if its constraint graph is bipartite, and in this case we will denote its left and right alphabets separately. We say that a
bipartite uniquely-decodable PCP has projection constraints if all of its constraints are projections from the left side
to the right side.

Definition 3.8 (Left-Canonical Uniquely-Decodable PCP). We say that a projection bipartite uniquely-decodable PCP
is left-canonical if for every left vertex, and any labeling of its right neighborhood, there is at most one assignment to
the left vertex that satisfies all of the constraints involving that vertex.

In order for the decoding distributions to be meaningful they should be aligned with the uniform distribution over
E, in the following sense. Choosing ¢ € [n], u ~ P, and v a random neighbor of u (weighted by multiplicities),
(u, v) is uniformly random in E. Indeed, this will always be the case for our uniquely-decodable PCP constructions. E]

Perfect completeness and unique-decoding soundness are defined similarly to[Definition 3.2|and [Definition 3.3|

Definition 3.9 (Perfect Completeness). Let D be a uniquely-decodable PCP for L. We say that D has perfect com-
pleteness if for all w € L there is an assignment T : V' — ¥ such that
Pr [®u(Talal, Tglb])] =1, P Dy(a,Tal) = =1.
Pt @0 (Tala]. Tofb) o Pr, IDa.Tla]) = w)

In words, the first condition says that the assignment is fully satisfying and the second condition says that the assign-
ment always decodes according to w.

Definition 3.10 (Unique-Decoding Soundness). Let D be a uniquely-decodable PCP for L. Given e, € [0, 1], we
say that D has (n, €)-unique decoding soundness if the following holds. For any assignment T : V — ¥ satisfying

Pr [® Tla], TH) =1]>1—¢,
(a,b)If‘wE[ (a,b)( [a]v [ ]) ] €
there exists w € L such that
Pr [Di(a,Tala]) # wi] < 7.

te[n],
a~73t

Finally, we define the complete decoding distribution for uniquely-decodable PCPs.
Definition 3.11 (Complete Decoding Distribution). Let D be a uniquely-decodable PCP for L. The complete decoding

distribution of D, denoted by Q, is the distribution over [n] X V' generated by choosing t € [n| uniformly, a ~ Py, and
outputting (t, a).

4Morally speaking, a uniquely-decodable PCP must satisfy this property, at least approximately, to have any useful notion of soundness.
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3.3

Main Decodable PCP Theorem

With the definitions above in mind, below we state a more detailed version of our main dPCP construction from
specifying additional features of our new dPCP construction.

Theorem 3.12. For all € > 0 there exist L,C' € N such that L = poly(1/¢) and the following holds for all alphabets
Yo. If ¢: X8 — {0, 1} is a circuit of size N, then the language SAT (v) has a 2-query, poly-time constructible dPCP
with the following properties:

Length. O|s, (N log® N),
Alphabet Size. O, |5,|(1),

Complete Decoding Distribution. The marginal of the complete decoding distribution over the right vertices is
uniform, and the marginal of the complete decoding distribution over the left vertices is also uniform.

Completeness. The dPCP has perfect completeness,

Soundness. (L, ¢)-list-decoding soundness.

Proof Outline. The proof of [Theorem 3.12]spans|Section 4|to[Section 10} and proceeds as follows:

1.
2.

N o ok

In[Section 4] we give a uniquely-decodable PCP construction with constant alphabet size and quasi-linear length.

In we show how to transform the previous result to a uniquely-decodable PCP construction over
the base graph of the high-dimensional expander X from This increases the alphabet size to be
super-constant.

In[Section 6| we perform the soundness amplification, transforming the HDX-based uniquely-decodable PCP to
a 2-query dPCP with small soundness, but large alphabet size. The goal in the rest of the argument is to reduce
the alphabet size of this construction.

In we give dPCP variants of a few standard transformations on PCPs.
In we show our decoding degree reduction transformation.

In|Section 9| we prove our composition theorem.
In|Section 10]we show how to combine the above tools to prove [Theorem 3.

4 A Uniquely Decodable PCP Construction

Our starting point is a quasi-linear size uniquely-decodable PCP construction that is implicit in prior works [BSO8|
Din07, MieQ9]. Since we are unaware of an explicit reference we give it in full detail here. We start with [Mie09,
Theorem 1], stated below.

Theorem 4.1. There exists p > 0 such that for all n > 0 the following holds. For every circuit ¢ : ¥7 — {0,1} of
size N there is a poly-time constructible PCPP Vo = (Vy, Eo, Po, &, {Po.c fec B, ) for SAT (v), such that:

Length. The constraint hypergraph has O|s,|(N - poly(log(N))) vertices and Os,,|(N - poly(log(N))) hyper-
edges, each of size k = O(1). The distribution Py is uniform over the hyperedges.

* Alphabet size. |X| = Oz, (1) .

Completeness. The PCPP has perfect completeness.

Soundness. If w € 3 is n-far from the language SAT (), then any assignment A extending w satisfies at most
(1 — p - n)-fraction of the constraints.
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The rest of this section is devoted to deriving from our initial uniquely-decodable PCP construction,
and the argument is organized as follows:

1. In we show how to transform a PCPP into a uniquely-decodable PCP.

2. In|Section 4.2| we show how to change the number of vertices in a uniquely-decodable PCP without affecting its
parameters too much. This transformation will be needed in[Section 3|for technical reasons.

3. In we show how to make a uniquely-decodable PCP right-regular.
4. In we combine the transformations in prior sections and prove [Lemma 4.5] which is the uniquely-
decodable PCP construction we use in subsequent sections.
4.1 Converting a PCPP into a udPCP

We now describe how to obtain a udPCP from the PCPP in Our transformation is similar to the one
in [DM11} Proposition 6.12], but it has quasi-linear length rather than quadratic length at the expense of achieving a
weaker soundness guarantee.

Lemma 4.2. There exists k = O(1) such that for all n > 0 and any circuit ¢ : 3y — {0,1} of size N, there is a
poly-time constructible (k + 1)-left regular, left-canonical, projection bipartite udPCP

D=(AUB,E,X4,55,{®c}cer; { Dt }iem) APt }eein)
satisfying:
* Length. O|s|(N - poly(log(N))).
* Alphabet Size. Both left and right alphabets are of size O|x,|(1).

» Complete Decoding Distribution. Letting Q be the complete decoding distribution, the distribution Q(o,+) is
uniform over A.

e Completeness. The udPCP has perfect completeness.

* Soundness. (7, %)-unique decoding soundness, where p is the constant from|Theorem 4.1

Proof. Take U = (Vy, Eo, X/, {®o,¢ }eck, ) to be the PCPP from [Theorem 4.1} We assume without loss of generality
that | Ep|/n is an integer, otherwise we may add trivial edges to Wy at the cost of at most halving the constant p in the
soundness guarantee. We construct the udPCP D as follows.

Vertices. The vertex set, which we denote by V/, consists of two parts A, B, where B := V{); we recall that [n] C 1}
by To construct A, we first partition the edges Ey evenly into n parts of equal size, which we denote
by {Eo,t}+e[n)- Foreacht € [n] and e € Ey; we add the vertex (e, t) to A, so in total |A| = |Ep|. Writing an edge
e € Eyasak-tuple e = (vq,...,vx) € BF, we also think of (e, ) as (v1,...,vg,t). Throughout the proof, we will
refer to each v; as a vertex in e.

Edges. Foreach (e,t) € A where e = (v, ..., v;), we add an edge from (e, t) to ¢ and to each one of {vy, ..., v;}.
Thus in total, the number of neighbors of (e, t) is k + 1.

Alphabets. We describe a constrained alphabet for each individual vertex. For each v € B its alphabet is X’. For
each (e,t) = (v1,...,vk, t) € A, the alphabet 3. , consists of all maps F, ; : {v1,...,vx} U{t} — X’ such that the
assignment to e satisfies the constraint ®g  from ¥q. If v = ¢ or v is a vertex in e, we will write F, ;(v) to denote the
value of the symbol corresponding to v.
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Constraints. For each (e,t) € A and v € B such that v is a vertex in e or v = ¢, the constraint ®. checks for
agreement. That is, for Fi, ; € ¥, and ¢ € ¥, the constraint is given by

(I)((e,t),u)(Fe,t;O') =1 <— Fe_’t(v) = 0.

Decoding Distributions. For each ¢ € [n], the decoding distribution P; chooses a uniform (e, t) € {(e,t) | e €
Ey,}. One can check that choosing ¢ € [n] uniformly, and (e, t) according to the marginal of P;, we have (e, ) is
uniform in A. This is because we split | Ey| into n equal parts before appending the edges of each part with a unique
t € [n]. Hence the condition on the complete decoding distribution is satisfied.

Decoder. The decoder is defined as Dy ((e, t), Fe 1) = Fe ((t).

We now move on to the analysis of of D. The length of our construction is |A| 4+ |B| = |Vy| + | Eo| and this is
N - poly(log(N)). Tt is also clear that the alphabet size is O(1), that the constraint graph is (k + 1)-left regular and
bipartite, that the constraints are projections, and that the udPCP is left-canonical.

Perfect Completeness. Fix w € L; then by the completeness of WU, there is an assignment Ay : Vy — X’ which
satisfies all of the constraints of ¥ and is equal to w on the vertices of Vj associated with [n]. Define the assignment
F : A — B by setting F(v) = Ao(v) for each v € B, and setting F'((e,t)) to be the restriction of Ay to the vertices
in (e, t) for each (e, t) € A. It is easy to see that F assigns a valid alphabet symbol to each vertex, that it satisfies all
of the constraints in D, and that for any ¢ and (u, v) € supp(P;), we have Dy (u, F(u)) = wy.

Unique Decoding Soundness. Fix 7 > 0, set ¢ = 531 and suppose A : V' — ¥ is an assignment to D that satisfies
at least (1 — ¢)-fraction of the constraints. We will show that there exists w € L such that the decoding error with
respect to this w is at most 7).

For each (e,t) € A define p(e,t) = Pr,c(e)[A(v) # A(e, t)(v)], and note that the assumption that A satisfies at
least (1 — ¢)-fraction can be written as (. ;e a[p(e, t)] < €. Note that if p(e,t) > 0 for some (e, t), then it must be

the case that p(e, t) > k%rl Applying Markov’s inequality we conclude that

Pr [p(e,t)=0]>1—(k+1)e. (3)
(e,t)EA
In words, for at least (1 — (k + 1)e)-fraction of (e, t) € A, under the assignment A, there is perfect agreement with
all v appearing in e and with v = t. Consider the restriction Ay = A|p and view it as an assignment to the PCPP W,,.
Then 0.1
Pr [ (Aple)) =1 > P H=0>1—(k+ex=1-2"T1 4
L1 [@o.e(Ao(e)) =1] (e,t)I;A[P(e ) =0] (k+1)e 5 4)
so Ay satisfies at least (1 — pn/2)-fraction of the constraints of ¥y. Here, in the first transition we used the fact that for
a uniformly random (e, t) € E, the distribution of e is uniform over Fj, and also that if p(e, t) = 0, then Ay satisfies
the constraint ® .. Combining @) with the soundness guarantee of we get that the restriction of Ag|x
is g-close to £. Namely, there exists w € £ such that

n
P [Ao(t) # w] < 5. (5)

The decoding error of ¥ can now be bounded by:

Pr [Dyl(ent), Alest) £ w] = Pr [A(e,t)(t) # w]

teln],(e,t)~Py (e,t)€E

< Pr [A(e t)(t A Ale,t) = Aole
P A 7 w0 A Ale,t) = Adl ]

Pr [A(e,t A
+ (e,t)IéE[ (67 )7& 0|(e,t)}

<4 (k+1)e
<.
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By Ao|(e,t)> we mean the restriction of A to the vertices in e and ¢. In the last transition we bound the first term using
() and use the fact that when choosing (e, t) € F the element ¢ from the tuple is uniformly random in [n]. We bound
the second term by the probability that p(e,¢) > 0, which is at most (k + 1)e by (). O

4.2 Enlarging the Constraint Graph

Here, we describe how to enlarge the constraint graph of a bipartite, projection, left-canonical udPCP. When working
with standard PCPs, one can simply create multiple disjoint copies of the constraint graph and be done. It is not hard to
see that essentially all properties, including the soundness, of the PCP are preserved when copying the constraint graph.
This transformation does not work for udPCPs, since it does not necessarily preserve unique decoding soundness.
Indeed, there could be two completely different, fully satisfying assignments on each copy that decode to different
members of the language. We circumvent this issue by using the left-canonical property.

Lemma 4.3. Suppose that
D= (AUB,E, XA, X5, {®c}cer, {Di}ten) {Pttiem))

is a bipartite, k-left-regular, projection, left-canonical udPCP for the language L C X3 with (11, n2)-unique decoding
soundness. Suppose additionally that the marginal of the complete decoding distribution over the vertices is uniform
in A. Then for all C € N, there is a poly(C, |A| + | B|)-time algorithm which takes as input D and outputs a udPCP
for L,

D' = (A X [C] U B, E/a Y4, 2B, {q)/e}ceE’v {,Pg}a {Dt}te[n])

with the following properties:

o Constraint graph. The constraint graph has C|A| + | B| vertices, and each (a,i) € A x [C] is adjacent to the
same vertices that a is adjacent to in the original constraint graph.

e Degrees. The left degree and the left decoding degree of each vertex is preserved, while the right degree of each
vertex is multiplied by C.

* Soundness. D' has (01 + 12, 93 )-unique decoding soundness.

Furthermore, the completeness, decision complexity, decoding complexity, and alphabet sizes of D and D' are the
same, and the marginal of the complete decoding distribution over the vertices is uniform over A x [C]. If D has
projection constraints then D’ does as well and if D is left-canonical then D’ is as well.

Proof. Construct the new udPCP
D/ = (A X [C] U B7 E/7 {,Pt/}té[n]a EA7 237 {(PQ}EGEU {Dg}te[n])

as follows. The edges are E' = {((a,4),b) € (A x [C]) x B| (a,b) € E}. The constraint on ((a, ), b) is the same as
that on (a, b) in the original udPCP, D. The new decoding distribution P; is generated by choosing a ~ Py, choosing
i € [C] uniformly at random, and outputting (a,¢). The new decoder D; on vertex (a, ¢) is the same as the original
decoder D; on vertex a.

It is clear that completeness is preserved, the alphabets are unchanged, the distribution of (a,i) € A x [C] is
uniform in the complete decoding distribution of D’. It is also straightforward to see that D’ has projection constraints
if D has projection constraints and D’ is left-canonical if D is left-canonical. Furthermore, the conditions regarding
the constraint graph, and degrees are straightforward to check.

We complete the proof by showing D has (1 + 72, o7 )-unique decoding soundness. Suppose T : A x [C] — ¥4
and T : B — Yp are a (1 — n)-satisfying assignments to D’ for o’ := 2. For each (a,i) € A x [C], let p(a, )
denote the fraction of constraints involving (a, 7) that are not satisfied. Since each (a, 7) has degree at most &, we have
that if p(a, ) # 0 then p(a,i) > %, and E(q4,5)eax[c][P(a,)] < n'. By Markov’s inequality, we have that

P ) =0] = P ) =0]| >1— &y
(a,i)ef{x[C][p(a’Z) 0] aIgA Le[g][p(&, ) O]} kn ©)
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By Markov’s inequality again, we have that for at least (1 — kn’)-fraction of a € A, Pr;cic1[p(a,i) = 0] > 0, and
hence for (1 — kn’)-fraction of a, there exists an assignment in D to a which satisfies all of the constraints involving
a conditioned on the right side being assigned T5. We call such a good. Let T* : A — ¥ 4 be the table such that
T*[a] = T1[(a, )] if there exists ¢ € [C] such that p(a, i) = 0, and T*[a] is arbitrary otherwise. Note that since D is
left-canonical, if @ is good then T [(a, 7)] is the same for all ¢ € [C] such that p(a, i) = 0, so the assignment T is well
defined.

It follows that for the T, T, satisfy (1 — kn’)-fraction of the constraints in D. Since kn’ < 72 and D satisfies
(11, n2)-unique decoding, we conclude that there exists w € £ such that

te[nﬁ;ﬂ [Di(a, T*[a]) # wi] < mu. @)

We now bound the decoding error of 77, T5 in D’ as

te[n]vafﬁt,ie[d [Di((a,7), T2[(a, 8)]) # wi]

S te[n],afvg,,,iew] [T2(a,8)] # T"[a]} + te[n],af’)r?,,,ie[c‘][Dt(a’ Tlal) # wi)
< Pr J[aisnotgoodV p(a,i) # 0] +m
a€A,ie[C]
< 2kn" +m
=m+n2

In the second transition we are using the assumption that ¢ € A is uniform in the complete decoding distribution of D
and that if @ is good and p(a, i) = 0, then we must have T*[a] = T3[(a, )] by definition of 7. In the third transition
we are using (6), (7)) and the fact that at least (1 — kn’)-fraction of a € A are good. O

4.3 Making the udPCP Right-Regular

The next step is to convert the construction in into a bi-regular one. Towards this end we use the following
transformation (similar transformations have been used in the context of standard PCPs in [MR10, [DH13]).

Lemma 4.4. Suppose L has a k-left-regular projection udPCP D = (AU B, E, X4, Y5, { Dy }tein), { Pt }tejn)) with
(n, €)-unique decoding soundness and minimum right degree dy. Then for every integer d' < dy, there is a polynomial
time transformation which takes D and outputs a udPCP, D' = (AU B', E', %4, Y5, {Di }1en): {Piiepm)), for £
that is (d'k,d')-regular and has (n,& — O(d'~'/?))-unique decoding soundness. Furthermore |B'| = |E| = k - |A]
and if D is left-canonical, then D’ is as well.

Proof. Fix d’ as in the statement. By[Lemma 2.5|we get that for every N’ > d’ there is a poly(N')-time algorithm that
constructs a d’-regular bipartite expander graph with N’ vertices on each side and second singular value O(d’~/2),
and we will use these graphs in our construction.

The udPCP D’ is constructed as follows. Recall that (A U B, E) is the constraint graph of D and that for each
vertex b € B, I'(b) is the neighborhood of b in this graph. For each b € B we construct a d’-regular bipartite expander
graph H, = (Ay, By, Ey) with second singular value O(d’~'/?), and we identify A, with I'(b). With these expander
graphs in mind, the left side of D’ is A, while the right side of D’ is ( J, 5 By. The edges, E', are obtained as follows.
For each b € B, add the edges E}, from the graph H;, where the left side, Ay, is identified with I'(b) and the right side
is Byp. Overall, the edges are E' = Upe g Fy,. Note that choosing (a, b) € E uniformly at random and ¥’ € B, adjacent
to a uniformly at random, the edge (a,b’) € E’ is uniformly random.

The left and right alphabets of D’ are still ¥ 4, X p and the decoders of D" are still { D }+¢|,). For each (a,b’) € E,
if b’ € By, the constraint on (a, b') is the same as the constraint on (a, b) in D. Finally the decoding distributions for
D’ are the same as in D.

This completes the description of D’, and we now move on to the analysis. It is clear from the construction that
|B'| = > e IT'(0)] = |E| = E|A|. Also, D' is (d'k, d’)-regular as each neighbor b of a € A in D contributes d’
neighbors for a in D’. We move on to showing that the left-canonical property is preserved (if D satisfies it) as well as
verifying completeness and soundness. Throughout, we write (a’,b") ~ H}, to denote a uniformly random edge from
Hy.
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The left-canonical property is preserved: suppose D is left-canonical, and consider any vertex a € A, letbq, ..., by
be neighbors of a in D, and let b, . . ., b}, be neighbors of a in D', where b}, € By, for each ¢ € [k]. Fix any assignment
to b}, ..., b}, and consider the same assignment to b1, . .., by. Since D is left-canonical, there is at most one assign-
ment to a satisfying all of the constraints in D, and since the constraints between (a, b;) in D and (a, b}) in D’ are the
same, there is also at most one assignment to a satisfying all of the constraints in D’. Hence, D’ is left-canonical as
well.

Perfect Completeness: fix w € L; by the perfect completeness of D, there are assignments 77 : A — ¥4 and
T, : B — X p that satisfy all of the constraints in D, and additionally for each ¢ € [n], the decoder D; outputs w; with
probability 1. We take the assignments 7} and T3 to D', where T3 : B’ — X is defined by T4[b'] = T2[b] if b’ € By,
It is clear that 7 and T3 satisfy all of the constraints in D’ and that for all ¢ € [n], the decoder D} outputs w; with
probability 1.

Unique Decoding Soundness: fix assignments 7} : A — X4 and T : B’ — X to D', and suppose that T}, T}
satisfy at least (1 — ’)-fraction of the constraints, where &’ := ¢ — O(d~'/2). Foreach b € B and o € ¥ define

Xb’g = {b/ S Bb | Té[b/] = O’} and Y;LU = {a’ S Ab | (I)(a/,b) (T1 [a’]p) = 1}

In words, X}, - is the set of vertices in By, that are assigned o under T3, and Y}, is the set of vertices in o’ € I'(b) such
that the assignments a — T3 [a’] and b — o satisfy the constraint on (a’, b) in D. It is clear that for each b € b, the sets
{Xb,s }oex,, form a partition of By,. Additionally, since the constraints in D are all projections, for all b € B the sets
{Yb.0 }oex, form a partition of Ay. Define Fy, , : Ay — [0, 1], Gp» : By — {0,1} by

Gb’g(b/) = lb’GXb,a and Fb,o—(a/) = Il-a/GYb,av

and denote p(Fy,) = Eqeca,[Fv.0(a")] and u(Goo) = Even,[Gpo(b')]. Consider the randomized assignment
Ty : B — Y p obtained by setting 75 (b) = o with probability (G, ). The expected fraction of constraints in D
satisfied by 77 and 75 is

E Z wW(Gh,o) - N(Fb,a”

b~B |47€EB

where b ~ B is sampled according to the stationary distribution over b € B in the constraint graph of D. Next, the
fraction of constraints satisfied by 77 and 75 in D’ is

E[Z

oEXp

; ®)

E [Foo(a) - Goo(W)]| 21-¢, 9)
(a’ b )~Hy '

where the inequality is because we assumed that T, T5 satisfy at least (1 — &’)-fraction of constraints in D’.
Now fixab € Bandao € Y. We will attempt to relate the inner expectation from (9) to a product in the

summation of (8). By [Lemma 2.3 we get

( bﬂ*} o [Fyo(a) - Gpo(0)] < p(Foo) - i(Gho) + O Y2 -\ u(Foo) - 11(Ghoo)-
a’ b’ )~H,

Keeping b € B fixed and summing this inequality over all o € ¥, we get

Y E [Foola) Goo(W)] < Y w(Foo) - w(Gho) + O ™) - \[1(Fo) - 1(Gho)

IR
o€ p (a”,b")~Hp o€ p

< Y w(Foo) - wl(Ghg) +O(d™?),

oEX R
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where the second inequality uses Cauchy-Schwarz and the fact that > s, u(Gpo) < land ) o p(Fpo) = 1.
Thus, we have

E Z ,U(Fb,o) : M(Gb,a)]

b~B oEXR

=z E [ Z E [Fyo(a) Gpo(b)]| — O(d’—l/Q) >1—¢ — O(d/_l/Q),
b~B

b )~
ceSp (a’,b")~Hy

which is at least 1 — ¢ by the choice of ¢’. It follows that there exists a choice for Ty : B — X such that T7 and T
satisfy at least (1 — €)-fraction of constraints in D. By the (7, £)-unique decoding of D, there exists w € L such that

P D T <n.
Pt D@ Tifa)) # ) <o

Notice that this is exactly the same as the decoding error of D’ with assignments 77, 7T5. This is because for all ¢, D,
and D; are the same function and the marginal distribution over A in P, and P; is the same. Thus, we have

Pr _[Di(a',Ti[d']) # w] = Pr _[Di(a,Tila]) # we] <.
te[n],a’~P; te[n],a~Py
It follows that D’ satisfies (1, e — O(d~'/?))-unique decoding soundness. O

4.4 A Bi-regular Uniquely-decodable PCP of Arbitrary Size

In this section we put all of the previous pieces together to obtain a final udPCP that will go into the routing transfor-
mation of the next round. We highlight the following important properties:

* The constraint graph is d’-regular and bipartite.
* The number of vertices in the constraint graph can be multiplied by any arbitrary C' € N.
* The marginal of the complete decoding distribution over the vertices is uniform.

We remark that the last item above is in contrast to our original udPCP, from[Lemma 4.2] whose complete decoding
distribution has a marginal which is uniform over only a subset of the vertices.

Lemma 4.5. There is p' > 0 such that for every nn > 0 there is a sufficiently large d’ € N such that the following
holds. For any alphabet %, there exists a function s(N) = O\, (N - poly(log(N))) such that for any C € N and
any size-N circuit o : 5 — {0, 1}, the language SAT (o) has a udPCP which satisfies the following properties:

* Constraint Graph. The constraint graph is a d'-regular bipartite graph.

Length. C - s(N).

Alphabet Size. O|5, | (1).
* Degrees. The left and right degree are both d' and the decoding degree is 1.

e Complete Decoding Distribution. The marginal of the complete decoding distribution over the vertices is uni-
form.

e Completeness. The udPCP has perfect completeness.
* Soundness. The udPCP has (77, o n5)—unique decoding soundness.

Proof. Fix n > 0 and take the bipartite, (k+ 1)-left regular, projection, left-canonical udPCP D, from with
(n, %) -unique decoding soundness. Let (AU B, E) be the constraint graph of this udPCP, set d’ = ©(n~2), and

fix an arbitrary C' € N. Also set s(IV) = 2d'(k + 1)|A| = O|s|,, (N - poly(log(N))). Let { Dy }1epn) and {Ps }ren)
be the decoders and decoding distributions respectively of D.
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We start by repeating every edge in D d’-times so that the minimum degree on the right hand side is d’. Now apply
with repetition parameter C'. At this point, we get a d’(k + 1)-left regular udPCP which has C'| 4| vertices

on the left, | B| vertices on the right, and (1 + 5 Yl Al(,f”%y)—unique decoding soundness.

Next, we apply with degree parameter d’ = O(n~2) chosen sufficiently large so that O(d'~1/?) is
sufficiently small relative to ﬁ. Let R = d”?(k + 1). The resulting udPCP’s constraint graph has C|A| vertices
on the left, C'|A|d’(k + 1) vertices on the right, is (R, d')-bi-regular, and has (n + %7 %)—unique decoding
soundness.

We then apply [Lemma 4.3|one more time with repetition parameter d’(k + 1) to obtain an R-regular udPCP. Since
the constraint graph is fully regular, the number of vertices is just twice the number on either side, so the length of the
resulting udPCP is 2Cd’ (k+1)|A| = C-s(N). Let D’ be the resulting udPCP and G’ = (A’UDB’, E’) be its constraint
graph. Note that G’ is R-regular and |A’| = |B’|. Since C was arbitrary, we can indeed obtain length C' - s(N) for
any C' € N for D’. Since p and k are constants and d’ is large enough, one can check through[Lemma 4.3|that D’ has

(1.1n, ﬁ)—unique decoding soundness. Here we use the fact that

14 o1
< 1.n.
T+ ka2 S

It is also straightforward to verify that perfect completeness is preserved from D, the alphabets are the same as D, that
the left decoding degree is still 1 as in D, and that the marginal of the complete decoding distribution over the vertices
is uniform over A, the left side of the constraint graph.

Now we will further modify D’, to obtain a new udPCP, D" whose parts are as follows. In the below, recall that
each a € A has decoding degree 1, so we denote by ¢(a) € [n] its only decoding neighbor.

* Constraint Graph. Starting with G’, the constraint graph of D’, choose an arbitrary matching = : A" — B’,
meaning the edges of the matching are {(a, 7(a))}sca/. Add R copies of this matching to the graph (meaning
between each a and 7(a), we add R parallel edges). The resulting 2R-regular graph, G = (A’ U B’ E"), is
the constraint graph of D”.

¢ Alphabet. The alphabet for each vertex in A’ is the same as in D’.For each right vertex b € B’, we require its
alphabet to additionally include one Xy symbol. It is intended that this symbol holds the ¢(7~*(b))-th index of
some satisfying assignment.

* Decoding Distribution. For each ¢t € [n], the decoding distribution P;’ now samples a ~ P, and then outputs
one of a or m(a) uniformly at random.

* Decoder. For each a € A’ and symbol ¢ for a, the decoder D (a, o) is unchanged and outputs D;(a, o). For
b = m(a) € B’, the decoder outputs the >y symbol held in b’s symbol (we note that it supposedly corresponds
to what the decoder would have output if given the vertex t(7~1(b)) = (a) and its label).

* Constraints. For each (a,b) € E”, if b # 7(a), then the constraint on (a,b) checks the constraint from
D’. Specifically, given labels o, for a and oy, for b is as follows. Recall that o, contains a label for b in the
udPCP D’. Let o be this symbol. The constraint checks if o,, o} satisfy the constraint on (a,b) in D’. If
b = m(a), then the constraint checks the previous condition and in addition checks that the symbols held by a
and 7(a) lead to the same decoding under D;. That is, given symbols o, ¢, the constraint additionally checks if
Dj(a, ) = Dj(b,0").

We now verify that the guarantees of the lemma are still satisfied after the above modification. It is clear that the length
is unchanged, the alphabet size only increases by a constant factor, the constraint graph is 2 R-regular, every vertex
has decoding degree 1, and perfect completeness is preserved. Regarding the new decoding distribution, it is clear that
choosing ¢t € [n] and sampling v ~ P;’, we have that v is uniformly random in A” U B”. This is because, choosing
t € [n] and a ~ P} we have that a is uniformly random in the left side. Since 7 is a matching, if we then output a or
7(a) uniformly at random, the resulting vertex is uniform in the whole graph.
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Finally, we show that D" satisfies (1.117, W) unique decoding soundness. Suppose 7T is an assignment to
A’ U B’ satisfying at least (1 — W)—ﬂaction of the constraints in D’. Abusing notation, we will also think of T’

as an assignment to D by removing the X symbol attached to each T'(b).
Let us split the constraints into Ej, consisting of the constraints in D, and E; consisting of the new constraints
added from the matching. Since each of Ej, I/; consists of half of the overall constraints, we get that the fraction of

satisfied constraints in both Ey, F; is at least (1 - W)-fraction of the constraints there, and hence applying

the unique-decoding soundness of D’, we get that there exists a w € SAT () such that

Pr _[Di(a,Ta]) # w] < L.1n. (10)
te[n],a~P;

On the other hand the decoding error of 7' in D" relative to w can be bounded by

Pr _ [D{(a,Tla]) # wy vV D (n(a), Tr(a)]) # wi]

te[n],a~P;
< _ Pr_[Di(a.Tla) #w]+ _ Pr  [Dj(n(a),Tlr(a))) # Dia, Tla))]
te[n],a~P) t€[n],a~P{ (11)
on
<11 —_—
T Sk+ 2R
< 1.11n,

where in the third transition we bound the first term using (I0) and the second term using the fact that it is at most
the fraction of unsatisfied constraints in £;. This shows that D" has (1.117, W)-unique decoding soundness

which is as desired because R = O(n~2). O

S Routing Onto an HDX

In this section, we show how to transform the udPCP construction from into a udPCP whose con-
straint graph is the base layer of an HDX from and for that we use the fault-tolerant routing protocol
of [BMVY25]]. The main difference is that we analyze unique-decoding soundness, whereas [BMVY25]] analyze the
standard notion of soundness.

Theorem 5.1. For every sufficiently small n > 0, any § € (0,1), sufficiently large C’, sufficiently large k € N and
sufficiently large d € N the following holds. Any circuit ¢ : ¥ — {0, 1} of size N has a udPCP D which satisfies the
following properties:

e Constraint graph. Let X be the complex constructed from the algorithm in where the direct
product soundness, exponent, direct-product dimension, target number of vertices, and prime parameters are
set to 0, C', k, d, N - poly(log N), @(logcl (N)) respectively. The constraint graph of D is (X(1), X(2)),
where the multiplicity of each edge (u,v) is proportional to the weight of (u,v) in stationary distribution over
(X (1), X(2)). The udPCP has length | X (1)| = O|s,| n.s(Npoly(log(N)).

* Degrees. Each vertex in the constraint graph has degree polys(log N) and decoding degree polys(log N).

Alphabet Size. Oy, (2P°Yn.s(08(N)),
* Decision Complexity. O\ (poly, s(log(N))).

e Decoding Distribution. The marginal of the complete decoding distribution over the vertices is the stationary
distribution of (X (1), X (2)) over X(1).

* Decoding Complexity. Oy, (poly, s(log N)).

* Unique-decoding Soundness. The udPCP has (n,7n?/6)-unique decoding soundness.
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5.1 The Zig-Zag Product

In order to convert from a udPCP over an arbitrary constraint graph G = (V, E) into a udPCP over the base layer
(X (1), X(2)) of an HDX, we need a way to associate the vertices of G with the vertices X (1). As in [BMVY23], to
do so we rely on the zig-zag product of [RVWO2]], which we present next.

The zig-zag product takes a graph G = (V, E), with minimum degree mg, and a family of k-regular expander
graphs G = {G}m>m, Where G, has m vertices, and outputs a k*-regular graph on 2|E| vertices. We denote
the output of the zig-zag product as ZZ(G, G). Typically, the family of graphs G is chosen to have second singular
value at most o, for some chosen parameter 0. Before describing the zig-zag product, it is convenient to describe the
replacement product of G’ and G. We denote this graph by R(G, G), defined in the following way.

* For each vertex v, arbitrarily order its neighbors from 1 to deg(v). We will refer to the cth neighbor of v as the
vertex labeled c under this ordering.

* Replace each vertex v € V' with a copy of Ggeg(v), Where deg(v) is the degree of v in G'. Hence v is replaced
by a cloud of deg(v) vertices, and we also label these vertices by {v} x [deg(v)].

e Let (u,v) € E’ be an edge where v is the ¢;th neighbor of u and w is the coth neighbor of v, then we add the
edge ((u, c1), (v, ¢2)) to R(G, G). In addition, we add the edge ((v, ¢1), (v, ¢2)) to R(G, G) for all v and (¢q, ¢2)
such that ((v,c1), (v, c2)) is an edge in Ggeg(v)-

Note that R(G, G) has 2| E| vertices and is (k + 1)-regular. We define the zig-zag product, ZZ(G’, G) as follows.
* The vertex setis V(ZZ(G, G)) = V(R(G, G)).

* We add an edge ((u,c1), (v,¢4)) to E(ZZ(G,G)) if there exist ¢ and c3 such that all of ((u,¢1), (u,c2)),
((u,c2), (v,¢3)), ((v,¢3), (v, cq)) are edges in E(R(G, G)). In words, the vertex (u, c1) is adjacent to (v, ¢4) if
the latter vertex can be reached, in R(G, G), by first taking a step in the cloud of u, then taking a step between
the clouds u and v, and finally taking a step in the cloud of v.

It is straightforward to verify that ZZ(G, G) has 2| E| vertices and is k? regular.

5.2 Routing Protocols

We now discuss routing protocols and associated useful notations, and we start by explaining what a 7-round routing
protocol on a graph G = (V, E) is. It has three stages: input, communication, and output, described as follows.

Input. Each vertex v € V holds an initial message, which we think of as a symbol from some global alphabet 3.

Communication. During each round r € [T], each vertex v € V performs some computation and sends a message,
which is a symbol from 3, to each of its neighbors. The message to each neighbor may be different. Moreover, the
computation v makes depends on its initial message and any messages received from its neighbors in prior rounds.
The history of messages v sent/received before step r is called the franscript of v in round r, so that v’s outgoing
messages during round 7 are functions of this transcript. For » = 1, v’s message depends only on its initial message.

Output. After round T, each vertex calculates an output (as some function of its transcript in round 7°).

Definition 5.2. Given an arbitrary graph G = (V, E), a T-round routing protocol on G, which we denote by R,
consists of the following items.

o Initial Message. An initial message A : V — 3 where ¥ is some alphabet.

* Out Maps. For each round r € [T, a map OUT,. : 2E x ¥* — X, where OUT,.(u, v, o) denotes the message
that u sends to v in round r given that u’s transcript at round r is 0. Here 2E consists of all ordered pairs of
adjacent vertices, meaning each edge (u,v) € E appears as (u,v) and (v,u) in 2F, and the map is defined
only for o which represent a valid transcript of the protocol up to step 7.

o In Maps. For each round r € [T, a map IN,. : 2E — ¥ where for each v € [T, IN,.(u,v) should be thought
of as the message received by v from vertex u in round r of the protocol.
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* Qutput. A function Ay : 'V x £* — 3, where Ar(v,0) is the symbol output by v at the end of the routing
protocol given that its transcript at the end of the routing protocol is o. We refer to Ar as the function computed
by the protocol.

We will also have to consider a quantity known as the work complexity of a routing protocol.

Definition 5.3. The work complexity of a T-round routing protocol over G = (V| E) is the maximum over r € [T
and (u,v) € 2E, of the circuit complexity of the function OUT,(u,v,-) : ¥* — X.

Although we are able to use the routing protocol of [BMVY25] in a black-box way, it will still be helpful to give
a brief description of why routing protocols are useful for transforming the constraint graph of udPCPs. We refer the
reader to [BMV Y23 for a more detailed discussion.

In the setting of udPCPs, routing protocols are used as follows. Let D be an initial udPCP with bipartite, k-regular
constraint graph G = (A U B, E), and suppose that G’ = (V, E’) is the target graph which we want to use as the
constraint graph of a new udPCP, D’. Suppose for this exposition that G is a matching, that |V| = |A| = |B|, and
let 7 : A — B denote this matching. Identifying both A and B with V, we can view 7 as a permutation on V/,
i.e. as a mapping 7 : V' — V. Now the initial message A : V — 3 to the routing protocol should be thought of
as the assignment of A and the goal of the communication of the routing protocol is to pass the value A(v), which
is initially held at vertex v, to the vertex 7(v). If this is done correctly, then each vertex 7(v) can check if the
assignment A actually satisfied the constraint on (v, 7(v)) in the original udPCP. Hence, the desired output function is
Ap(m(v),0) = A(v), where here o is the transcript of the honest routing protocol received by vertex 7(v). Assuming
m(v) correctly computes Ar(mw(v),o) = A(v), it can check itself if A(v) and its own initial value A(7(v)) should
satisfy the constraint on (v, 7(v)).

The above gives a high level overview of the connection between routing protocols and transforming constraint
graphs of udPCPs, and roughly speaking it describes what happens in the perfect completeness case. In order to show
soundness, one has to consider what happens to the routing protocol under adversarial edge corruptions.

Definition 5.4. We say that an edge (u, v) is adversarially corrupted if, for every round, the outgoing message from u
may be an adversarially selected symbol in X..

In [BMVY25], routing protocols are considered in a slightly different setting. There, the target graph G =
(X(1),X(2)) is the base layer of an arbitrary HDX, X, and one considers the zig-zag product Z = ZZ(G,G),
where G is an appropriately chosen family of expanders. Instead of considering a function directly over the vertices
of G, one considers a function over the zig-zag product, Z, which is then associated with G. Strictly speaking, the
zig-zag product is not necessary to describe the [BMVY25] routing protocol, but it is helpful to have it in mind as
it virtually appears in the definition of the initial messages and the function computed. We will similarly use Z and
below we describe how routing protocols over Z translate to protocols over G.

Let us label the vertices of Z as V(Z) = {(u,v) | v € X(1), (u,v) € X(2)} and let the initial messages over
V(Z) be given by A : V(Z) — X. Fix a permutation 7 : V(Z) — V(Z). The goal of the routing protocol
is to transmit Aj(v) to Aj(n(v)) for all v € V(Z). The actual routing protocol should take place over G though,
so we would like a way to simulate the initial messages and final function (which are over V (7)), as functions
over X (1). To this end, define X = {(j,u) | j € V(Z),u € X,;, (1)}, and define the function Ay : H — X,
where Ag(j,u) = A{(j). Now, we think of the initial message of a vertex u € X (1) as holding all of the symbols
(Ao(4,u))jev(2) such that ue X;, (1)- One can think of the function Ay as a function over the links of X: for each
j € V(Z), each vertex u € X, (1) contains the symbol of j (among other things). Then, the routing protocol over Z
naturally translates over to a link-to-link transfer protocol over G.

Below we describe the formal guarantee of the routing protocol from [BMV Y25, Lemma 4.6]. In the soundness
case, we have the following lemma.

Lemma 5.5. There exist g, > 0 and dy, C' € N such that the following holds for sufficiently large n € N. Let
G be a family of expanders, each with second singular value at most <, and let X be any complex constructed as

in|Theorem 2.9 with dimension parameter, exponent, target number of vertices, and prime set to d > dy, C', n, and
qg=0 logC/ (n)) respectively. Let Z = 77.(G, G), and let w : V(Z) — V (Z) be any permutation over V(7).
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Then there is a routing protocol on G = (X (1), X (2)) with round complexity T = O(log(n)) and work complexity
¢°@) log || such that for any initial function Ao : G — X which satisfies

jEBEZ)[Majo‘gg(AO(jv w) [u~X;, (1) #L] 2 1=,

and for all possible adversarial corruptions of at most e-fraction of edges with ¢ < g, the protocol computes a
Sfunction Ar : G — X which satisfies

. . . . 1
jegfz)[MaJ0499(AT(7T(J)aw) | w~ Xr(5), (1) = Majg g9 (A7 (j,u) | u ~ Xrg, (1) 21— - logn’
In words, gives, for any permutation 7 over V' (Z), a routing protocol that is tolerant against up to &
errors. If an overwhelming majority value exists in at least 1 — £ of the links in the input message, then the same

overwhelming majority value exists in at least 1 — £ — loén of the links in the output message.
The completeness of the protocol from [Cemma 5.3 is stated in the following lemma.

Lemma 5.6. Let G = (X (1), X(2)) where X = (X(1),..., X (d)) is a d-dimensional complex, let G be an appropri-
ate family of expanders as above and let Aq : G — ¥/ be a function such that Ay (j, v) is the same for all v € X, (1).
Then for each permutation w: V(Z) — V(Z), an honest run of the protocol fromsatisﬁes

Ao(j,v) = Ar(m(j), u)

Jor every (j,v), (7(j),u) € G.

We will require the following fact from [BMVY25] which translates the uniform distributions over vertices and
edges of Z to the stationary distributions over vertices and edges of X.

Fact 5.7. Choosing j ~ V(Z) uniformly at random and outputting ji1, we have that j; € X (1) is distributed according
to the underlying distribution of X (1). Additionally, choosing an edge (4, j') of Z uniformly at random and outputting
(J1,71) € X(2), we have that (j1, ji) is distributed according to the underlying distribution of X (2).

5.3 Proof of Theorem 3.1]

In this section we prove [heorem 3.1

5.3.1 The Construction
Fixn > 0,6 € (0,1), asize N circuit ¢ : £ — {0,1} and set £ = SAT(p) C Xf. Let

D' = (A/ U Blv Elv 2,7 {(Pe}eGEU {,Pé}te[n]a {Dg}te[n])

to be the udPCP for £ guaranteed by [Lemma 4.5| with (%, o (ﬁf) -unique decoding soundness. Note that by

we may take the length of D" to be C' - s(N) for any C' € N, where s(N) = Os| ,(N - log®(N)) for
some constant c¢g. Here we are slightly abusing notation as technically, there is a separate udPCP for each C, but let
us just refer to the udPCP as D’ for now and fix C' later. The udPCP D’ is bipartite and d’-regular. We denote its
constraint graph by G’ = (A’ U B, E'), write V! = A’ U B’, and set N’ = |V|.

Take €¢, «, dy, C’ to be the constants from and let G be a family of O(a~2)-regular expander graphs
such that each graph has second singular value at most 5. In particular, we use [Lemma 2.4 where d = O(a™2), and
obtain a family G with one graph of each size m for all m > Q(a~?). Note that by [Lemma 2.4|, each graph in the
family G can be constructed in time polynomial in the number of vertices. We take the complex X from [Theorem 2.9
so that the following items hold:

* the direct-product soundness parameter is set to the ¢ fixed above,

* the dimension parameter d > dy,
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+ the number of vertices satisfies N - log®°(N) < [X(1)] < N -log'?(N), and is sufficiently large in

accordance with[Lemma 5.5]

* the prime q is set to ¢ = log® (IV) for some constant ¢/,

o N -log® 0 (N) < |X(2)] < N -log® (N), where ¢; > ¢ + 10 is some constant. This item is implied by the
fact that d is constant along with the prior two items and item 3 of

Let us briefly argue why such a complex X can be constructed from There, one can fix d arbitrarily
and then choose a desired number of vertices, say n/, arbitrarily. In our case, we set n’ to be in the range [N -
log® ™ (N), N - log*®*1%(N)], and note that we can assume n’ is sufficiently large in accordance with
by assuming that the original circuit is sufficiently large. After n’ is fixed, we set ¢ = @(logc/(n’ )) and we run the
algorithm of with direct-product soundness, exponent, dimension, target number of vertices, and prime

parameters set to 6, C’,d,n’, q and direct-product dimension set arbitrarily. [Theorem 2.9 guarantees that this X is
constructed in poly(n') = poly(V) time.

Viewing (X (1), X(2)) as a multigraph. We will want to consider (X (1), X (2)) as a weighted graph according to
its stationary distribution and this is accomplished by having each edge (u,v) € X (2) have multiplicity proportional
to its weight under the stationary distribution. Specifically, recall that the stationary distribution over (u, v) samples a

m(u,v)

d-face U ~ X (d) and then {u,v} € ([2]) uniformly, so the weight of (u, v) under this distribution is, *3~, where

2
m(u,v) is the number of d-faces containing v and v, and is hence poly(log(NN)). For each (u,v) € X (2), we think of
it as having multiplicity m(u,v) in the multigraph (X (1), X (2)).

Identifying V' with V' (Z) by adding a negligible number of vertices. The first step will be to modify G’ so that
it has size equal to [V (Z)|. Recall |V (Z)| = 2| X (2)], so

N -log®t'(N) < |X(2)| < N -log® (N), (12)

for some ¢; > co. We can thus write |V (Z)| = s(N) - Q + R for integers Q and R satisfying log'’(N) < Q <
log™ ™ “(N) and 0 < R < s(N). We set the repetition parameter C' = @, so that we have |V'| = @ - s(N) and add
R vertices to the constraint graph of D’. On these R additional vertices we add an arbitrary bipartite d’-regular graph
with equality constraints. Note that these d’R extra equality constraints are at most d,_sd(/]}\f)_ g < g 0 () fraction
of all constraints, so they can essentially be ignored. The decoders for D’ are unchanged after adding R additional
vertices (we can define the decoders arbitrarily when one of these R additional vertices is given as input). We define
the new decoding distributions as follows. Let £ := R/|V’|-so that the R-additional vertices account for &-fraction of
the vertices overall in G’ and divide the R additional vertices into equal parts of size n and label them 1 through n.
For each t € [n], the decoding distribution P; is modified as follows

» With probability 1 — & choose u according to the old decoding distribution for ¢ without the R extra vertices.
» With probability £ choose one of the extra R vertices in the part labeled by .

One can check that choosing ¢ € [n] and then u ~ P, as above, we still get that « is uniform in V' (with the R

additional vertices). Since £ < m, it is easy to see that after adding the R-additional vertices, the udPCP still has

(%7 %’ (17’@)5) -unique decoding soundness. It is also straightforward to check that the resulting udPCP has length

|V (Z)| and perfect completeness. Furthermore, alphabet size, d’-regularity, and left-decoding degree are maintained.
Henceforth, we slightly abuse notation and still refer to the modified constraint graph as G’ = (A’ U B’, E’) and
assume that it has the same number of vertices as Z for the remainder of the section.

Breaking G’ into matchings and setting the routing protocols. Since G’ is a d’-regular bipartite graph we can
decompose E’ into d’ perfect matchings 71, ...,7a. Since |V(Z)| = |V’| we can associate V' with V(Z) in an
arbitrary manner, and we fix such an identification henceforth. Abusing notation, we view each 7; as a function from
V(Z) — V(Z) satisfying that 77 is the identity. In particular, for j € V(Z) corresponding to some a € A’, m;(a) is
the vertex in V' (Z) corresponding to the vertex in B’ matched with a under 7;, and vice-versa if j € V(Z) corresponds
to some b € B'.
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In order to describe the construction, it will be helpful to define X = {(j,u) | j € V(Z),u € X, (1)} and
consider an initial function Ag : H — X’ where recall that 3/ is the alphabet of D’. One should think of Ag as coming
from a satisfying assignment of D’, so that Ag(j, ) is the 3’ symbol assigned to the vertex in V' corresponding to j
under this satisfying assignment. Moreover, one should think of every Ag(j, w) as being “held” at the vertex u € X (1),
so that u € X (1) holds many X’ symbols (and in particular, one for each link it is in). That is, an assignment to the
new udPCP is supposed to provide such values for each u € X (1).

For each i € [d'] let R; be the routing protocol from for the permutation ;. The protocols R; all have
round complexity T for some 7' = O(log N). Here, one should think of the routing protocols as being run with the
initial maps Ay above. Then in words, for every j € V(Z), the routing protocol R; is meant to route an assignment
of the V' vertex corresponding to j from every vertex in the link X;, to every vertex in the link X, (;,)(1). For each
i € [d],r € [T], let IN;, and OUT; , denote the in map and out map respectively during round r of protocol R;.
Also, let A; 7 denote the output function of protocol R;.

The description of D. We denote the new dPCP that we construct as

D= (X(1)7 X(2)7 Za {(I)E}eEX(Q)v {Dt}te[n]a {Pt}te[n]) s
and define its parts as follows.

* Constraint Graph. The constraint graph is the base layer of X, i.e. (X (1), X(2)) (with the multiplicities
proportional to the weights of the stationary distribution of X (2) over X (1)).

¢ Alphabets: For each u € X (1), an alphabet symbol for u consists of the following.

— Initial Messages: one ¥’ symbol for each j € V(Z) such that w € X, (1). This symbol is intended to be
the value Ay(j, u) for each j € V(Z) which is supposed to come from a satisfying assignment to D’ as
described above.

- Routing Transcript: the maps IN; ,. : 2E(G) — X for each i € [d'] and r € [T]. For each i € [d'] and
r € [T, this is the in map of round r for the protocol R,. Recall that IN; ,.(u, v) should be thought of as
the message received by v from u during round r in the routing protocol for the matching ;.

In addition, we constrain the alphabet of u in the following ways.

- Hardcoding D’ Constraints: for each i € [d'] and u € V', we only allow symbols ¢ for u such that the
values in o corresponding to Ay (7, w) and A; 7 (m; (), u) satisfy the constraint <I>’(j (jy in D', for every
j such that u € X (1).

- Hardcoding Decoding Consistency: for all ¢ € [n] and u € V', we only allow symbols ¢ for « which
satisfy the following. Denoting by o; the symbol corresponding to Ay (j, u) in o, we require that D;(j, o)
is the same for all j such that u € X, (1) and j € supp(P;).

sT04

We denote the constrained alphabet for u as 3.
* Constraints: For each (u,v) € X(2), the constraint between u and v checks the following.
- For each j € V(Z) such that u,v € X, (1), check that
Ao(j,u) = Ao(j,v) and  A;r(j,u) = Air(j,v), Vi€ [d].
— Foreach ¢ € [d'] and r € [T' — 1], check that
IN; r+1(u,v) = OUT; »(v,u) and  IN;,4q1(v,u) = OUT, (v, u).

In words, the first item checks that the initial message parts of the symbols assigned to » and v are consistent.
The second item checks that the routing transcripts of « and v are consistent, that is, for each protocol R; and
every round r € [T — 1], the constraint checks that the message that v receives from u (according to v’s alphabet
symbol), is equal to the message that u sends to v (calculated based on the prior round in maps held at u’s
alphabet symbol), and vice-versa.
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* Decoding Distributions: For each ¢ € [n], the distribution P is as follows

— Choose j ~ P; and think of j € V(Z) as a vertex in identifying V' (by the identification we have between
V'and V(Z)).

- Output u ~ X, (1).
* Decoders: For each t € [n], u € supp(P;) and label o € ¥,, for u, the decoder outputs
Dt(ua U) = Dg(]a Uj)a

where j is an arbitrary vertex in V(Z) such that v € X, (1), and o; refers to the part of o which contains a
label for Ag(j,w). Note that the specific identity of j above does not matter due to the way the alphabet of X,
is constrained (specifically, the second item) and hence the decoder is well defined.

5.3.2 Proof of Everything Except Unique-Decoding Soundness
We start by proving all of the properties except for unique decoding soundness, which is deferred to the next section.

Constraint Graph and Length. It is clear that the constraint graph is (X (1), X(2)) and hence the length is
|X(1)] = Oys),n(N - poly(log(NV))) by construction of the complex X.

Degrees. Let I",I" . denote neighborhoods and decoding neighborhoods in D’ and let I', I'yec be defined similarly
for D. The degree of each vertex in the constraint graph is polys(logn) by the properties of the HDX. In particular,
it follows from the fact that each vertex is contained in qo(d2) many d-faces by item 3 of As for the
decoding degree, we have that t € I'gec(v) if and only if there exists j € V(Z) such that v € X, (1) and ¢t € T}, (j).
Since [T',..(j)| = O(1) for all j € V(Z), and the number of j € V(Z) such that v € X, (1) is polys(log n), the size

of v’s decoding neighborhood is polys(log n).

Alphabet Size. An alphabet for each vertex consists of the initial messages which the vertex holds, and the messages
it received throughout all of the rounds of the routing protocol. For the initial messages, each vertex v contains
one symbol from a O)5|(1)-sized alphabet for each j € V(Z) such that v € Xj (1). The number of such j is
polys(log(NN)) since v has polys(log(IN)) neighbors in (X (1), X (2)) and for each u, there are a constant number of
j € V(Z) such that j; = u. Thus, the initial message part of the alphabet consists of polys(log(/N)) symbols from a
O)5;,|(1)-sized alphabet. For the routing transcript part, the alphabet of a vertex v consists of one message per round
of the protocol. By the work complexity of the protocol, the message contains at most polys(log(N)) bits, and there
are ' = O(log N) rounds. Altogether, this shows that each alphabet symbol for v can be written using polys(log(N))
symbols from a Ojs,,|(1)-sized alphabet and hence the alphabet size is 201391 (Poly;s (log(N))) 45 desired.

Decision Complexity. Fix an edge (u,v) € X(2). The decision complexity of (u,v) is the sum of the following
2 parts: first, circuit sizes for checking that the alphabet symbols for v and v are valid symbols (i.e. that they satisfy
the hardcoded constraints), and second, checking that the constraint is satisfied. For the first part, let us describe the
circuit complexity for checking validity of w’s symbol, as the circuit complexity for checking v’s symbol is the same.
The circuit needs to check that for each of O,,(1) matchings =, the parts of the alphabet corresponding to Ag(j, 7(u))
and A; 1(j,u) satisfy some constraint in D’ for every j such that w € X (1). Since the constraint in D’ is over
O)5,|(1) sized alphabet symbols, its circuit complexity is O)5;,|(1). Moreover, there are at most poly(log(/V)) many
such j’s. Altogether, this results in circuit complexity O|x,|(poly, (log(V))). For the second part, the circuit needs to
calculate the outgoing messages of v and v in each of the routing protocols R1, ..., R4, and then check an equality
on the computed message. As the work complexity is O|x,, | (poly(log(/N))) and there are O, (1) routing protocols, this
results in Oy, (poly,, (log(IV))) circuit complexity as well. Overall, the decision complexity is O)s| (poly,, (log(N))).

Decoding Distribution. Choosing ¢ € [n] uniformly and j ~ P/ uniformly, we have that j € V(Z) is distributed
uniformly at random by the guarantee of starting udPCP D’ (specifically the fourth item of [Lemma 4.5). Then the
decoding distribution of D chooses u ~ X, (1), and we have u ~ X (1) by
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Decoding Complexity. It is clear from the description of the decoder, that given a vertex v and a symbol o for it, the
decoder can restrict o to a symbol from the alphabet of D’ and run the decoder of D’ (which is another restriction of
the symbol to a symbol from Xp). The circuit complexity for both of these tasks is on the order of logarithmic in the
left alphabet size (which is also the length of the circuit’s input), and hence it is Oz, (poly,, 5(log(N))).

Completeness. Fix w € £ and let A’ : V/ — Y’ be the assignment to D’ which satisfies all of the constraints
and always decodes according to w. Now, define the initial messages according to A’ and run the routing protocols
R1,...,Ra with these initial messages. Let A be the resulting assignment for D. We will show that A is a valid
assignment satisfying all of the constraints to D and that it always decodes according to w.

For the first part, it is clear that all of the constraints of D are satisfied, and it remains to check that A is a valid
assignment, i.e. it satisfies the harded constraints of the alphabets. Indeed, for any v, any of the matchings 7;, and
any j such that v € X; (1) N X, (;), (1), the alphabet symbols corresponding to Ay (j,v), A; 7(7(j), v) are precisely
A’(j) and A’ (7 (j)) by so they satisfy the constraint in D’. For the decoding hardcoded constraints fix
any vertex v € X (1) and j € V(Z),t € [n] such that v € X, (1) and ¢ is in the decoding neighborhood of j in D’.
Then by the completeness of D', we have that D;(j, A’(j)) = w;. Since the symbol corresponding to the initial value
of j under assignment A(v) is precisely A’(j), this shows that the folding for decoding consistency is satisfied.

5.3.3 Proof of Unique-Decoding Soundness

We will show that D satisfies (17, 7?/6)-unique decoding soundness for a fixed 7 sufficiently small relative to the
constant g from Suppose there is an assignment to D that satisfies at least (1—¢)-weight of the constraints,
for e := n?/6. Let A : X(1) — X be the assignment to D achieving this value. From A, we can derive the function
Ay : H — X'. Specifically, for each (j,v) € H, we set Ag(j, v) to be the part of the symbol A(v) corresponding to
an assignment for j from the alphabet of D’, 3. Now, define the following assignment, B: V' — X'

B(]) = pIuraIityuNXh (1){A0(ja u)}7

where the function plurality refers to the most common value A (j, ) when choosing w ~ X;, (1). It is shown in
[BMVY?23] that this assignment B is a nearly satisfying assignment for D’.

Lemma 5.8. [BMVY25| Lemma 5.3] Suppose that A satisfies (1 — €)-weight of the constraints in D. Then B defined

as above satisfies at least (1 -0 (@)) > (1 — %/ (%)‘j ~fraction of the constraints of D'.

Proof. The lemma is implicitly shown in the proof of the soundness claim in Lemma 5.3 of [BMVY25]]. Specifically,
they argue that if A is a (1 — ¢)-satisfying assignment to D, then for each of the routing protocols R; the routing
transcript of R; corresponding to the assignments of A corresponds to a routing on (X (1), X(2)) with at most e-
fraction of adversarial edge corruptions.

Additionally, since A is (1 — ¢)-satisfying, one can show that for (1 — @) -fraction of j € V(Z), we have that

the probability a random vertex in the link X, (1) holds a value for j that is consistent with B, i.e. the probability
Pruex; () [Ao(j,u) = B(4)], is very close to 1 (in fact this statement is required for our proof of unique-decoding

soundness too, so the argument is reproduced, essentially in [Cemma 5.9] below). As a result, the initial messages
Ap satisfy the condition in|Lemma 5.5|and applying [Lemma 5.5} we get that for (1 — @) -fraction of j € V(Z),

the values B(j) and B(m;(j)) are consistent with those held at some vertex u € X, (1). By the hardcoding of the
alphabet of u, this shows that B satisfies the constraint on (j, 7;(j)), and applying this over all routing protocols shows

that B satisfies almost all of the constraints in the original udPCP. O
Because D’ satisfies (%O, £ (%)‘))-unique decoding soundness with respect to £ for some constant p, there

exists w € L such that

Pr _ [Di(j, B(j)) # w] <

n
. 13
t€[n],j~P; 100 (13)
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We can bound the decoding error of the assignment A for the udPCP D as follows

Pr[Dy (u, A(u)) # wi] = Pr (D1 (5 Ao(j u) # wi]

te[n],u~Py B tE[n],jN’Pé’UNle (1)
< Pr (D5, B(5) # wi
t€[n],j~P; (14)
L Ao(j,u) # B(j
te[n],j~7>;,ruwle(1)[ o(d,u) # B(j)]
n

X T4 P A '7 B(i)l.
100 te[n],j~7>zi~xj1<1>[ o) # B7)]

In the first transition we used the fact that Dy (u, A(u)) = D;(j, Ao(j,u)), in the second transition we used the
union bound, and in the third transition we used (13). Note that for any fixed j, we have

Pr [AO(]7U) 7é B(])] < Pr [A0(37u) 7& Ao(j,ﬂ)].

u~Xj, (1) u,UNle(l)

This is because B(j) is defined to be the most popular value of A (4, u) when sampling u ~ X}, (1). Plugging this

into (I4) gives

n . .
Pr  [D, (u, A 1] < —L Pr [Ao(j,u) # Ao(j,0)]| .
P e AG) 2w < T B | P Lo # AoGo) ()
We say j € V(Z) is bad if
u,v€X;, (1)
The expectation from (T3) can be bounded by
E Pr (o) # Aol <2vE+ _Pr s badl an
t€[n],j~P; [w,v€X;, (1) te[n],i~P;

To bound the probability that j is bad, we will show that if j is bad, then the link X;, (1) must contain many violated
constraints. To this end, let £ C X (2) denote the set of constraints that are not satisfied by the assignment A. By
assumption, A satisfies at least (1 —¢)-fraction of constraints, so 12(€) < €. On the other hand, if Ay(j,u) # Ao(J,v)
forany j € V(Z), and (u,v) € Xj, (2), then the constraint on (u, v) is violated and (u,v) € £. We can thus show the
following.

Lemma 5.9. If j is bad then jij, 2(E) > /¢, and consequently Pricy) j~p;[j is bad] < %@l).
Proof. Fix j that is bad and for each symbol for j in the original udPCP D', o € ¥, let
Us ={ue X;,(1)|A(j,u) =0}
Then
Wiy 2(€) = Pr  [Ao(j,u) # Ao(j,v)] =1— Z Pr  [ueU,AveU,l. (18)

(u,v)~ X, (2) O‘GE; (u,v)~ X, (2)

Now, we use the fact that the graph (X, (1), X, (2)) has second eigenvalue at most O (%}) by item 4 of [Theo-

rem 2.9] so we can bound

Z Pr [ue U, Nve U] < Z Hjy (UU)2 + O(qil/z)ﬂh(Ua)
oceXx’ (u,v)Nle (2) ocex’

’ (19)
SOV + > 1y (U

’
JEEJ.
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Combining (T8), (T9), and the observation that 1 — >°_ s/ 415, (Us)? = Pryvmx;,, (1y[Ao(j,u) # Ao(j,v)] we get
. .
that

) ) 1 _
006 2 1= 3 U =0 ) = | By | Il £ Auti] -0 () > 2E-0 ) > VE
oEY) ]

where the penultimate transition uses the assumption that j is bad from (T6). This shows the first part of the lemma.

To obtain the “consequently” part of the lemma, recall that by [Fact 5.7} when choosing j € V' = A’UB’ uniformly
at random and then outputting j;, the resulting j; € X (1) is distributed according to the stationary distribution over
X (1). On the other hand, choosing ¢ € [n] and j ~ P}, we have j uniformly distributed in V. Thus,

j i poly(d)
el 803 = P 01 (8) 2 VE] = B [0 (8) 2 Ve <

In the second transition we used the above observation on the distribution of j;. In the third transition we used
Lemma 2.10} 12(€) < ¢, and the fact that a uniformly random j € V" is on the side A’ with probability 1/2. O

We can now conclude the proof of unique decoding soundness.

Proof of Unique Decoding Soundness. Fix n > 0 sufficiently small, and suppose there is an assignment, A, to D that
satisfies at least (1 — &)-fraction of the constraints, for £ = % /6. Then, combining (T3), (T7), and [Lemma 5.9} we get
that there is w € L such that the decoding error of A with respect to w is at most

poly(d)
q

Pr [Di(u, Aw)) £ we] < —L + 2 +

< <. O
ten],u~"P; 100 "

6 Gap Amplification

Starting from the udPCP construction from we now obtain a dPCP with small list-decoding soundness
error by using a direct product based gap amplification.

Theorem 6.1. For all ¢ > 0 and a circuit ¢ : Xy — {0,1} of size N, the language SAT (@) has a dPCP satisfying
the following:

s Length. O\, (N - poly.(log N)).

Left Alphabet. For each left vertex a, the left alphabet of a is contained in ¥* for some ¥ O Y of size
3| = 291201 (P08 N)) gnd | = O_(1). Hence the left alphabet size is 201501 (POVe(log N))

Right Alphabet. The right alphabet is SVE where S and k are the same as in the left alphabet condition.

o Degrees. The left degree is O (1), the decoding degree is poly_(log N'), and the right degree is poly_(log N).
* Decision Complexity. O)x, | (poly_(log N)).

* Decoding Complexity. O|s, | (poly_(log N)).

e Decoding Distribution. The complete decoding distribution is agnostic. Furthermore, denoting the complete
decoding distribution by Q, for every b € X (v/'k) we have that

poly_(log N)
{ —
Q(o,0,5) < R

e Completeness. The dPCP has perfect completeness.

* Soundness. The dPCP has (L, ¢)-list-decoding soundness for L := ¢ =91,
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We now dsecribe the construction for [Theorem 6.1] Fix £ > 0 and a size N circuit ¢ : 57 — {0,1} and set
L = SAT(p). Set ¢ := d(e) > 0 sufficiently small relative to ¢ and take Dpqx to be the udPCP for SAT (¢) obtained
through with the direct product soundness parameter there set to be /100 and 1 > 0 there to be a
small absolute constant so that the result holds. After setting ¢, the other parameters are all chosen sufficiently large
as described in|{Theorem 5.1} and in particular, we have that the parameters of X are as follows. The direct product
parameter k = O;(1) is sufficiently large, the dimension parameter is d = O;(1) is sufficiently large, the number of
vertices is O, |5 (V - poly(log(NN))), the prime is ¢ = polys;(log V). Let us denote the parts of Dy, by

Dhax = (X (1), X(2), E, {20 Feex2), {PI* Hepn), {DI Hepm)) -

The amplified dPCP takes the form

Doy = (X (k) UX(VE), B, 35, 2VF {0} oc o, (PP e, {DPhrcin ) -

Throughout the proof we will use boldface letters to denote vertices of Dg,. The components of Dy, are as follows:

Constraint Graph. The bipartite inclusion graph with parts X (k) and X (v/k). Throughout the section we will
use a to denote a generic vertex in X (k) and b to denote a generic vertex in X (v/k). We remark that a and
b should also be thought of, respectively, as size k and v/k subsets of X (1). Fora € X (k),b € X (Vk) we
include an edge between them in E'ifa D b.

Left Alphabet: For each a € X (k), its alphabet is a subset % and each symbol & should be thought of as a
map from assigning a > symbol to each v € a. We constrain the left alphabet of each a € X (k) to only contain
maps o : a — 3 that satisfy the following properties:

— Hardcoding D4, constraints. For any (u,v) € X (2) such that both vertices are contained in a, o () and
o (v) satisfy the constraint on (u,v) from Dpgy.

- Hardcoding for decoding consistency. For any ¢ € [n], and any two u, v € a such that ¢ is in the decoding
neighborhood of both u and v in Dy 4, we have

D}*(u,0(u)) = D}*(v,0(v)).
Right Alphabet. For each b € X (\/k), its alphabet is »VE and we similarly think of each symbol as a map
from R — 3 assigning a X symbol to each v € b.

Constraints. For each edge of the constraint graph, e = (a, b), the constraint ®, checks that the assignments to
a and b agree. That is, if the left and right vertices are assigned symbols ¢ € ¥¥ ¢/ € vk respectively,

®.(0,0') =1 ifandonlyif oy =0,
where ol € 2V is the restriction of o to the vertices in b.

Decoding Distributions: Let Q) 4, be the complete decoding distribution (over [n] x X (1)) of Dpgx Wherein
one chooses ¢ € [n] uniformly, u ~ Phgx(t), and outputs (¢, u). The total decoding distribution of Dy, denoted

by Qup. is a distribution over triples (t,a,b) € [n] x X (k) x X (V) is as follows:

— Choose a ~ X (k), and then b C a uniformly.
— Choose u € b uniformly and choose t ~ Qpgx (-, u).

Then the decoding distribution PSP is defined as Qup(t, -, ).
Decoders: For (t,a,b) € supp(Qqp) and left alphabet symbol o € X for a, the decoder outputs
Di?(a,0a) = D}*(u, oa(u)).

where u € X (1) is an arbitrary vertex contained in both a and supp(P!®¥). Due to the hardcoding for decoding
consistency, the above value is the same for any « and hence the decoder is well defined.

The above completes the description of the new dPCP, and the remainder of the section is dedicated to its analysis.
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6.1 Proof of Everything Except the Soundness

In this section we analyze the length, alphabet size, decoding degree, decision complexity and the completeness of the
construction.

Length. The length is | X (k)| + | X (Vk)| = O}z, (N - poly,(log N)) by the properties of X from

Alphabet Size. The left and right alphabet sizes are at most |X|* and |E\‘/g respectively. Since k = O(1) and
22| = 29101 (POl (108 N)) 'both the left and right alphabet sizes are 271501 (PolY: (log )

Degrees. For a € X(k), its degree is (fz) = O.(1) and its decoding degree is at most the sum of the decoding
degrees, in Dhgx, of the vertices v € a. Hence, the decoding degree is at most kpoly,(log N) < poly,(log N). For
b € X (Vk), its degree is at most d(b) - d*, where d(b) is the number of d-faces of the complex X containing b. Since

d(b) < poly,(log N) by|[Theorem 2.9| the right degree is poly, (log V).

Projection Decision Complexity. Given a left alphabet symbol, it is clear that the unique right alphabet symbol
which could satisfy the constraint is simply a restriction, so it can be computed with a circuit of size O)5 | (poly. (log N)).
Additionally, the projection circuit needs to checking that the left alphabet symbol o € X* satisfies (1) the hardcod-
ing of Dyax constraints, and (2) checking that the left alphabet symbol ¢ € ¥.* satisfies hardcoding for decoding
consistency.

The circuit complexity of (1) is Ojx,|(poly.(log IV)) as there are O (1) edges e € X (2) contained in a and each
Dhgx constraint has circuit complexity Ojs, | (poly. (log N)). The circuit complexity of (2) is also O|s| (poly.(log IV)).
This is because, by the decoding degree of D, there are poly, (log N) pairs of u € a and ¢ € [n] such that ¢ is in the
decoding neighborhood of wu in Dpgy and the decoders Dhgy,; all have circuit complexity Oy, |(poly. (log N)) by
the decoding complexity of Finally, computing the restriction and checking that is is equal to a given
string amounts to equality between two strings of Ojs,|(poly. (log N)) bits, which can be done by a circuit of size
O)s,|(poly.(log N)). Altogether, this shows that the projection decision complexity is O, |(poly. (log V)).

Decoding Distribution. To see that Qg is agnostic, note that for any (¢,b) € supp(Qgp (-, 0, -)), both of the distri-
butions Qqp (o, -, b) and Qg (t, -, b) are of a ~ X (k) conditioned on a D b, so they are the same.
For the second property, we describe the following way of choosing (a,b) ~ Q(o, -, -):

* Choose U € X (d) uniformly at random,
¢ Choose a C U of size k uniformly and b C a of size Vk uniformly,
* Output (a,b).

It is clear by the above that for every b € X (\/E), we have

1 1 poly_(log N)
Q(e,0,b) = ) Q(o,a,b) = : <—= : (20)
% I TV
UeX(d),UDa

In the last transition, we use the fact that for a fixed b, the number of d-faces U and k-faces a that contain b is at most
poly_(log N)? < poly_(log V) (as the degree of X is poly_(log IV)), and also that | X (d)| > N.

Decoding Complexity. It is clear that given a left vertex a and a symbol for it, o, the decoder runs the decoder of
Dhgx on a restriction of o, and hence the decoding complexity is O|x,|(poly. (log IV')) by [Theorem 5.1

Perfect Completeness. Fix w € L. By the perfect completeness of Dpgy, there is an assignment A’ : X (1) — X
which satisfies all of the constraints in Dygx and decodes to w; with probability 1 for all ¢ € [n]. Now consider the
assignments Ty : X (k) — $* and Ty : X (Vk) — SVF such that T} [a] = A’|, for each a € X (k) and Th[b] = A’
for each b € X (V/k). It is clear that the alphabet hardcoding is satisfied by 77 [a] for every a € X (k). Indeed, for any
e € X (2) contained in a, the restriction of T} [a] to the vertices in e is consistent with A" and hence the constraint e
is satisfied by the corresponding values of T7[a]. As for the hardcoding for decoding consistency, for any u € a and
t € [n] which is a decoding neighbor of  in Dpyx, we have that Dj (u, T} [a](u)) = wy. This latter fact also shows that
T, T decode to w; with probability 1 for all ¢ € [n]. Finally, it is straightforward to see that all of the constraints in
Dy, are satisfied.
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6.2 Proof of Tools for List-Decoding Soundness

The proof of list-decoding soundness involves two steps. First, we show a list-decoding variant of the soundness

guarantee of the direct product test, informally saying that there is always a small list of functions f; : X(1) — X

which explains almost all of the passing probability of the direct product test in Dg,. Additionally, each f;, when

viewed as an assignment to Dygy, is nearly a satisfying assignment of Dyg4x. Second, we translate the list-decoding

guarantee above into a list-decoding guarantee relative to valid members of the language £. To accomplish this, we

combine the unique decoding soundness of Dygx with fact that the f;’s are nearly satisfying assignments of Dy,gx.
The first step outlined above is achieved via the following lemma.

Lemma 6.2. Let Ty : X (k) — XF be a left assignment to Dyp and let § be defined as in the construction of Dgp. Then,
there exists an absolute constant C such that, there is a list of at most L < 6~ functions fi,..., fr : X(1) — %,
along with disjoint sets Uy, . .. , U, C X (k) which together satisfy the following:

s for each i € [L], we have uy,(U;) > 8¢ and dist(f;|s, T1]a]) < 6 for all a € U;;

e for any right assignment Ty : X VE) = E‘/E, we have
for any rig g

—_
Ol

L
LD lall = Talb) na ¢ UE 2] <

Towards the proof of we first show an auxiliary lemma which says that there exists an assignment
X (k) — ¥ which has only trivial agreement with all possible functions F' : X (1) — X.

Lemma 6.3. There exists a table T* : X (k) — %F such that for any function F : X(1) — ¥,

1 10
P dist(F|q, T* <-| € —=
JPr fdist(Fle 7)) < 5

where recall d is the dimension of the complex X.

Proof. We use the fact that the direct-product dimension parameter, k, in constructing Dy, is large and in particular
k > 8. First let us show that there exists a table T satisfying such that every pair for every pair a,a’ € X (k) with
nonempty intersection, we have that 7*[a] and T™*[a’] disagree at every x € aNa’. Indeed, |X| is super-polynomial
in n whereas k - | X (k)| < n® ), and hence we can arrange that the T*[a] : a — ¥ have disjoint image over all
ac X(k).

Suppose for the sake of contradiction that this is not the case, and that there exists ' : X (1) — X, such that

1 10
P [ . 1™a) < 5] > —
B ldist(Fla, T"(a)) < 51> = 1)

Now consider the probability that, when choosing U ~ X (d), b C U of size k — 1, and finally a, a’ of size k such
thatb C a,a’ C U, we have both dist(F|,, T*[a]) < % and dist(F |y, T*[a’]) < 5. For simplicity, let us refer to these
two events as E(a) and E(a’) respectively. Then,

2 100
E Pr [E(a) AE@)]] = E Pr[E(a) | U, b]?| > E Pr[E(a) |U,b]| > —.
poxE s e [E@ A EC )1} UNX@,@U (a) | U,bJ2] ooy [PIIE@) | > =

In the first transition we used the fact that a, a’ are independent, in the second transition we used the Cauchy-Schwarz
inequality, and in the third transition we used (2I). Now using the fact that the probability of choosing a = a’ is at

most — 1 < 109, we get there exist a and a’ distinct such that both E(a) and E(a’) occur. Then 7*[a] and T*[a’]

disagree on at most %k + 1 < k coordinates, which is a contradiction. O
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Proof of[Lemma 6.2} Tnitialize Uy = U} = () and i := 1. Also set () := T}. While there exists ' : X (1) — ¥ such
that
Pr [dist(Fl,, T%W[a]) <6 Aa ¢ U] > 6C
a~X (k)

pick such F, set f; = F, setU; = {a € X (k) | dist(F|a, T™[a]) < 6 Aa ¢ U;}, and update Uy, = UF UlU;. Then
increment ¢ by 1, and repeat. In the above we fix C to be some absolute constant which we can set arbitrarily large.

Note that this process must terminate in J < 0 - steps. Indeed, after each increment of ¢, the measure 5 (U}")
increases by at least §¢. At the end of the process, let f1,..., f; and Uy, ...,U;  be the functions and sets obtained
respectively, and letU* := J;¢(;; Ui- The following conditions hold:

* Foreachi € [J] and a € U; we have dist(f;|a, T1[a]) < 0.

o up(Us) =06,

* The sets U; are disjoint.

* Forany a ¢ U*, and any i € [J], we have dist(f;|a, T[a]) > d.
e Forany F': X(1) — X, we have

I)’(r(k)[dist(T[a], Fla) <dAa¢ U] <6C. (22)

We will now show that f1,..., fyand Uy, . .., U, satisfy|[Cemma 6.2] First, note that the number of functions is indeed
J < 67¢ for some absolute constant C' and the sets I; are indeed disjoint as required by It is also clear
that the first item of holds by construction of the U4;’s.

It remains to verify the second item. Let 7* be the table from|[Cemma 6.3]— which, recall, does not have significant
agreement with any function over X (1) — and define the table 7" as follows. For a € U*, set T"[a] = T™*[a] and for
a ¢ U*, set T'[a] = T'[a]. Suppose for the sake of contradiction that the second item fails, so that

Pr _ [T'[a]ly = Ta[b]] > vo

—_— 23
a~X(k),bCa 10 23)

Choosing U € X(d),b C U of size V'k, and a,a’ of size k such thatb C a,a’ C U according to the direct product
testing distribution, we have

P (Flally = ] > B LPr (' fally = Tolb] A T[]}y = T [bﬂ}

Uaa'b AP
:15; {E}[T’[a]b = Ty[b]] ] (24)
. (15 [Eg[T’[aHb s [b]]D2

In the third transition we used by Cauchy-Schwarz, and in the last transition we used (23). Since the complex X
supports a direct product test with soundness 6/100, we get that there exists F' : X (1) — X such that

0
Pr |dist(T’[a], Fla) < —— | = 0",
ameX (k) 100

39



for some absolute constant C'; coming from the soundness of the direct product test as described in
However, this is a contradiction because

aNl)D(r(k) dist(7"[a], Fa) < 130] = aNl)D(r(k) :dist(T’[a},F|a) < % Aac u*}
< af;f(k) :dist(T*[a],F|a) < 1?)0} +0¢
< % +6¢
< 64

where in the second transition we used (22)) along with the construction of 7” and in the third transition we used
4/100 < 1/3 and To obtain the contradiction in the last transition, we use the fact that the dimension
parameter of the HDX X is sufficiently large relative to 1/ and the fact that the absolute constant C' fixed at the
start of the proof can be chosen sufficiently large relative to the constant C; coming from the direct product test
soundness. O

6.3 Proof of Proof of List-Decoding Soundness

We now accomplish the second step in the proof of the list-decoding soundness. Fix a left assignment, 7} : X (k) —
¥F, to Dgp. Let fi1,..., fr and Uy, ..., Uy, be the functions and subsets of X (k) obtained by applying
with respect to 77, and let 75 : X (\/E) — 2V be any right assignment to Dg,. We start by observing that each
fi + X(1) — X is a nearly-satisfying assignment to Dpy.

Lemma 6.4. For eachi € [L], we have

hdx . . _ > _
B (R0 (i) fi) = 1) > 136

Proof. Fix i and let B C X (2) be the set of constraints not satisfied by f;, so that o (B) is precisely the probability
that a randomly chosen constraint, according to the measure of X over X (2), is not satisfied by f;. To prove the
lemma, we show 1o (B) < 306.

To start, notice that if there exists a € X (k) such that T;[a](u) = f;(u) and T3 [a](v) = fi(v), then we automati-
cally have @?S’fv) (fi(u), fi(v)) = 1 due to how the alphabet of a is hardcoded. This shows that a constraint is highly
likely to be satisfied if it is chosen by first choosing a ~ U{;, and then choosing u, v € a. In the sequence below, we
write a ~ U; to denote a chosen according to ~ X (k), conditioned on being in U;. After a is chosen, u and v are
chosen as uniformly random vertices inside a.

Pr [(u,v) € Bl > E [ Pr  [Ti[a](u) = fi(u) A Ti[a](v) = fi(v)]

a~U; , u,v€a,u#v a~U; |u,v€au#v

1
> B, [ Pamblo) = £ - o5

> (1021
1

>1-2——.
k

In the second transition we are going from a probability over distinct u, v € a to a probability over v, v € a indepen-
dent, and the —1/k term accounts for the probability that v = v. In the third transition we use the Cauchy-Schwarz
inequality and the fact that f; and T} [a] agree on at least (1 — §)-fraction of vertices in a for every a € ;.
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Next, by item 3 of and the fact that d is sufficiently large relative to k, we get that the second singular
value of the bipartite inclusion graph (X (k), X(2)) is O(1/k). Applying with the left and right subsets
are U; and B respectively gives:

1
P el (o) € B~ @) <0 (1) Vi)
a~ X (k) {u,v}e(3)
Dividing both sides by p(U;) and rearranging gives
1 pie (Ui ) 2 (B)
B) < Pr u,v) € B +0 |- | F——FF——+
'LLQ( ) awui,{u,v}e(g)[( ) } (k> Mk(ul)

<wiitol—L1
k Er/ e (Us)

< 36,

where in the transition we used @ and in the last transition we used px(U;) > 6 C and the fact that k is sufficiently
large relative to 1/9. O

Now combining with the unique decoding soundness assumption of Djq, from we get
that for each ¢ € [L], there is w; € L such that

[DP(u, fi(u)) # (w;),] < 5V6, (26)

()~ Ondx

and we recall that the marginal distribution of  in the probability above is the stationary over X (1). We are now ready
to prove list-decoding soundness of Dy, by showing that the w; obtained by (26) give the desired list.

Proof of List-Decoding Soundness for[Theorem 6.1} Take L = 6~ and f;,U;, w; as above for each i € [L]. Set
Z/{* = UlE[L] Z/[i. Then

Pr  [Ti[a]ly = To[b] A Di(a, Ti[a]) & {(wi), }iew)

(t,a,b)Nde
= Pr_ [Ti[a]lp = T2[b] A Di(a, Th[a]) ¢ {(w;), }ici) Aa € U]
(t,a,b)Nde
+ (tall)D)rNQd [Ty [a]ly = Ta[b] A Dy(a,Ti[a]) & {(wi),}iei) A a ¢ U]
< JBr o (DA Ta) € {0 he A €]
P Ti(all, = To[b] Aa & U*
LJFr o Tilall = T2 Aa g2
< P Dy( i)y bierrn A +0 V),
< pabr o, [P Tia) ¢ {(w) b na € U] +0 (V)
where in the last transition, we are using the second item of to bound
Pr  [Ti[a]ly = Ta[b] Aa ¢ U] = Pr [T1[a]] —T[b]/\a¢u*]<ﬁ
(tab)~Qg LD T2 T amX(k)bcal LI T 2 =107

Next, we perform a union bound

L

Pr  [Dy(a,Ti[a]) & {(wi), ey Na € U] < Z Pr [Dy(a Tifa]) # (wi), N a € U]

(t,a,b)~Qqp —1 (t,a,b)~Qup

< E P Dy(a, T . c U
[][(t,a,b)rwgdp[ t(a, T1[a]) # (wi), | a € U]
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In the last line we let ¢ ~ [L] be the distribution where ¢ is chosen with weight proportional to y (4;). Then, the last
line follows from the fact that the U{;’s are disjoint, so the events a € U; are mutually exclusive. Fix ¢ and examine a
probability from the last line more closely. Here, we unpack the joint distribution of (¢, a) under Qq,. By definition,
this distribution is obtained by sampling a ~ X (k), then a random u € a and finally ¢ ~ Qpgx(, u). We have

P Dy(a, T i cU; < P DI (u, f; i
Bia DT A () (actl <, By PG
P T i .
L AN ICICOR S 1)
Now we bound each term individually. Towards the first term, define the function H; : X (1) — [0, 1] as
Hi(u) = Pr  [D}*(u, fi(u)) # (w),]-
tr Qhax (+,u)
In particular, from (26)) we have
m(H) = B [Hiw]= Pr_ [Di(u, fiw) # (wi),] < 5V3. (28)
u~X (1) (t,u) ~ Qhdx

By and the fact that the bipartite inclusion graph on (X (k), X (1)) has second singular value at most
O(1/k) by item 3 of (and the fact that d is sufficiently large relative to k), it follows that

1
B g Hiw)] — i@ (1) <0 (1 ) - V6. )
a~X (k),uca k
Now note that the first term on the right hand side of is
Ea~x (k),ucalLacu; - Hi(u)]
Pr DM(u, fi(u w;),] = E H;(u) |lacel;] = =2 ’
ot o (Pt (W filw)) # (wi),] aNX(k),uea[ () | } )

Thus, by (29),

Pr (D} (u, fi(u)) # (wi),] <5V5+0 <1> <6V0.

arnl;,u€a,t~ Qngx(+,u) k- JA (LL)

The first inequality follows by and the second inequality follows from the fact that py () > 0 and k is
sufficiently large relative to 1/4.
For the second term on the right hand side of (27), we have that

JPr [Tl # fiw)] = B [dist(fil Ti[a))] < 8

by definition of f; and U/;. Altogether, we get that is at most 61/0 + & < 7+/0, and plugging this up gives that the
list-decoding error is at most O(v/9). O

7 Transformations on dPCPs

gives us constructions of quasi-linear length dPCPs with arbitrarily small error in the list-decoding
soundness, as required by but with alphabet size that is super-polynomial, rather than constant. Our
goal now is to reduce the alphabet size in down to a constant while maintaining all of the other desired
properties; namely, length and small soundness. As discussed in the introduction, we achieve this via a series of
transformations, and in this section we present a few of the basic ones here. The transformations in this section are
both variants of well known transformations for PCPs.
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7.1 Right Alphabet Reduction

We start with right alphabet reduction. This procedure is a simple application of error correcting codes along the lines
of [DH13! Section 5.2] except that for our purposes, we also need to keep track of the degree related parameters and
analyze the list-decoding soundness (rather than the standard soundness).

Lemma 7.1. Suppose a language L has a projection dPCP
D= (A U B> Ea ZA, EB? {Pt}te[n]7 {Dt}te[n])

with perfect completeness, (L, e)-list-decoding soundness, and projection decision complexity ProjComp. Then for
every 0 < n < 1, there is a polynomial-time algorithm which takes D and outputs a new projection dPCP for L,

D' = (AU (B x [m]), E', %4, QAP ey {Di}repn))
where m = Oy, (log |Xg|) and §) is an alphabet of size Oy, (1). Additionally, D' satisfies the following:

* Degrees. The decoding degree of each vertex and right degree of each vertex are the same as in D. The left
degree of each vertex is m times its left degree in D.

* Projection Decision Complexity. The decision complexity is ProjComp + O(log |X5]).

* Decoding Complexity. The decoding complexity is preserved.

o Preserves Agnosticity. If the complete decoding distribution of D is agnostic, then so is that of D'.
o Completeness. D' has perfect completeness.

* Soundness. (L, e + 3n)-list-decoding soundness.

Proof. Fixn € (0, 1) and let D denote the original dPCP. Let us arbitrarily identify 5 with {0, 1}* for k = log(|X5])
and take C : {0,1}* — Q™ to be the code from instantiated with relative distance 1 — 73, alphabet size
2] = O, (1), and blocklength m = O,, (k).

The new dPCP D’ is constructed as follows. The constraint graph is bipartite and has vertices A U B x [m]. The
edges of the constraint graph are all (a, (b,i)) C A x (B x [m]) such that (a,b) € E. The constraint on (a, (b, %)) is as
follows. Let o, be label for a and w be a label for (b, 7). Since D has projection constraints, there is a unique o}, € Y.
satisfying ®(4.4)(04,05) = 1. The constraint on D’ checks if C(03); = w. The new decoding distributions P are
generated by choosing (a,b) ~ Py, choosing ¢ € [m] uniformly, and outputting (a, (b,7)). We proceed to verifying
the desired properties.

Degrees. It is clear that decoding degree is preserved, as each @ € A has the same decoding neighborhood in both
D and D'. The right degree is preserved because each (b,7) € B X [m] has the same neighbors in the new constraint
graph as neighbors as b in the original constraint graph. For the left degree, note that each a € A is adjacent to (b, %)
for all b that are adjacent to « in the original constraint graph and all ¢ € [m)].

Projection Decision Complexity. Fix a constraint (a, (b,7)) in D’ and suppose the assignment to a is o. The
projection circuit first computes the ¢’ € X g which is the unique b alphabet symbol that would satisfy the constraint
in D. This part has circuit complexity ProjComp. Then, the projection circuit calculates the encoding of ¢’, under
the linear-time encodable code, and outputs its ith symbol. This part has circuit complexity O(log|Xg|) since C is
linear-time encodable. Overall, this shows that the projection decision complexity is ProjComp + O(log |Xg|).

Decoding Complexity. The decoder is unchanged and hence the decoding complexity is preserved.

Preserves Agnosticity Let Q and Q' denote the complete decoding distributions of D and D’ respectively. Note that
for any (b,4) € B x [m] and t € [n], we have Q(-,-,b) = Q'(-,+,(b,7)) and Q(¢,-,b) = Q' (¢, -, (b,7)). It follows that
agnosticity is preserved.
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Perfect Completeness. Fix w € LandletT; : A — ¥4 and Ts : B — X p be the assignment satisfying all of the
constraints to D and decoding to w with probability 1 for every ¢ € [n]. Then consider the assignment to D’ where the
left assignment is still 77 and the new right assignment, which we call T4 : B x [m] —  is defined as

T3[(b,7)] = C(Ta[b))s-

It is straightforward to check that this assignment satisfies all of the constraints of D’ (and T} still decodes to w with
probability 1 for every ¢t € [n] because it is unchanged).

List-Decoding Soundness. Fix an assignment to 77 : A — ¥ and let wy,...,wy € L be the list guaranteed by the
list-decoding assumption of D. For each a € A and b € B such that (a,b) € E, we let T1[a] 5 € X be the unique
symbol o such that ®(, ) (T1[a],0) = 1. Let Q be the complete decoding distribution of D generated by choosing
t € [n], (a,b) ~ Py, and outputting (¢, a,b). For each b € B and o € X, define

o) =, Pr [Tilals =0 A DiaTila)) ¢ {(0)Jiers)

For any T, : B — X, the expectation Ey..g[dy(T2[b])] is precisely the list-decoding error in D of T}, T relative to
the list {w1, ..., w }. Here and henceforth, b ~ Q, refers to b sampled according to the marginal of Q over B. By
the list-decoding soundness assumption of D, we have

E [6(T2[b])] <. (30)

~

forany T, : B — Xp.
Now, fix an arbitrary right assignment 7% : B x [m] — € for D’. We will show that the list-decoding error of T}

and Ty relative to {wy, ..., wr } is at most € + 3n. We can express this list-decoding error as follows:
E | > d(0) Pr [T3[(b,i)] =C(0)]] 31)
b~Q s i€[m]

so our goal is to now bound the expectation above. Fix a b € B and examine the summation in the expectation.
Define list, to consist of all o € X such that C(c) agrees with at least 7-fraction of the entries of the string
(T[(b, D)],...,T[(b,m)]) € Q™. By the list-decoding bound in and the fact that > 273/2, we have
that |listy| < 2/n. We define a right assignment, 7% : B — X, for D as follows. For each b € B, set T [b] to be the
alphabet symbol o € ¥ 5 which maximizes d;(c). Then, the summation from (3I)) can be bounded by

PORACE Pr TZ[(b i)] = C(0)i]

ocEXR i€lm]
= > dlo)- Pr (T3](0,)] + 2 o) Pr [T3[(b0)] = C(o)]
o€listy, oélisty,
< Y G(o ~Z€P; [T3[(b,4)] = Clo)i] +n
o€listy
< (T3t ( > Pr (.0 - c<o>i1) +n
oElisty
< 6(T5[h)) - zgr][ﬂa € listy, To[(b,4)] = C(0)s] + Z iel?;L][Tg(b,i) =Clo);=C(a")i] | +n
o#o' Elisty
< O(T5[0) - (1+2n) 417
< (T3 [0]) + 3n.

In the second transition we used » .y, d5(0) < 1 and that Pric(,, [T5[(b, )] = C(0):] < 7 for each o ¢ list,. In
the third transition we used the definition of T’ [b]. In the fourth transition we used the inclusion-exclusion principle.
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In the fifth transition we used the fact that [list,| < 2/7 and that for o # ¢’ we have Pr;c(,)[C(0); = C(o");] < 7.
Plugging this bound back into the expectation from (31]), we get that the list-decoding error of D’ is at most

E | Y d(0): Pr [T3[(b,i)] =C(0)i]| < E_[6 (T5[b])] +3n < e+ 3n,
b~Q verg 1€[m] b~Q

where in the last transition we used (30) applied to the tables Ty, T . O

7.2 Right Degree Reduction

The goal of this subsection is to describe a procedure which transforms an arbitrary dPCP, D, into a right-regular dPCP
D’ with constant right degree. Additionally, in the complete decoding distribution of D’, the marginal distribution over
the right vertices is uniform. This transformation is similar to the one in but some extra care is needed
since we deal with list-decoding soundness rather than unique-decoding soundness.

Lemma 7.2. Suppose a language £ C X has a projection dPCP
D= (A UB,E, {Pt}t€[71]7 Y4, Y8, {Dt}te[n])

with (L, €)-list-decoding soundness and suppose there exists M € N such that for every (a,b) € A X B, one can write
Q(o,a,b) = %for some w(a,b) € N. Then for any d' > min, , w(a,b), there is a polynomial-time algorithm
which takes D and outputs a projection dPCP

D/ = (A U BlvE/a {,Pé}te[n]a ZA7EB7 {Dt}te[n]) )

for L such that the following hold:

Length. |B'| = M and hence the length is |A| + M.

 Degrees. The left degree of every vertex is multiplied by d', the decoding degree of every vertex is preserved,
and the right degree of every vertex is d'.

* Projection decision complexity. The projection decision complexity is preserved.
¢ Decoding complexity. The decoding complexity is preserved.
 Complete decoding distribution. Call the complete decoding distribution Q'. Then,
- Q' is d M-discrete.
— Foreveryb € B, we have Q'(0,0,b) = ﬁ and hence the marginal of Q' over B' is uniform.
— Forevery a € A, we have Q'(o,a,0) = Q(o,a, o)
— If Q is agnostic, then Q' is agnostic as well.
» Completeness. The dPCP D’ has perfect completeness.
o List-decoding soundness. (L, < + O(d'~'/?))-list-decoding soundness.

Proof. Let Ggisc be the bipartite graph on A U B, where there are w(a,b) multi-edges between a and b for each
(a,b) € A x B. The dPCP D’ is constructed as follows. For each vertex b € B, let T'gisc(b) be the neighborhood of
b in Ggisc, where we view Tgisc(b) as a multiset. Specifically, each neighbor « is listed with multiplicity equal to the
number of edges going from b to a, so that |Tyisc(b)| = d(b). Then, let H, = (Ap, By, Ep) be a d’-regular bipartite
graph with d(b) vertices on each side and second singular value O(d’~'/?), and identify A, with T'gisc(b) C A. Recall
that such a graph can be constructed in polynomial-time by We note that after this identification, there
may be multiple vertices in A, that have been identified with the same vertex a € T'gisc(b), so there may be multiple
edges between two vertices.
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The constraint graph of D’ has left side A and right side Upc g By. We include an edge (a, b’) if for the unique b
such that b’ € By, it holds that a € T'(b) and (a,b’) € Ej (we recall that each vertex in A, is identified with a vertex
in A). The constraint on (a,b’) in D’ is the same as the constraint on (a,b) in D, where b’ € By. The left and right
alphabets of D’ remain ¥ 4, X p. The decoders for D’ also remain the same and are still { D; };¢[]. By this we mean,
for a left vertex a and a label o in its alphabet, the decoder for D’ still outputs D;(a, o), and hence we still denote it by
D;. Finally, the complete decoding distribution of D’ is Q’, which is generated by choosing (¢,a,b) ~ Q, sampling
a uniform b’ € By that is adjacent to a in Hy, and outputting (¢, a,b’). The decoding distributions are thus given by

=Q'(t,-,").

It is clear that the algorithm preserves the left alphabet, right alphabet, projection decision complexity, decoding
complexity, and decoding degree. Furthermore, one can check that the left degree of each vertex in the constraint
graph gets multiplied by a factor of d’.

Complete Decoding Distribution. Fix a € A and b’ € B’ and suppose b’ appears in By, for b € B. Let us first
check that the complete decoding distribution is d’ M -discrete. We have
Cb(avb/) w(aab) ) Cb<aab/)

Q'(o,a,b") = Q(o,a,b) - 7= i (32)

where ¢ (a, b') is the number of multiedges between a and b’ in the graph Hp, and is an integer in the range [0, d’]. To
see the first equality, note that in order for (a,b’) to be sampled from Q’, we first need (a, b) to be sampled from Q,
where b is such that &' € Hy,. Then Q' chooses a neighbor of @ in Hy, so there is a ¢, (a, b’) /d’ probability of choosing
b'. The second transition is due to the assumption that Q(o, a,b) = ( b) given by the lemma statement. It follows
that the complete decoding distribution is d’ M -discrete

To see the second item, note that the probability that b’ is output by the complete decoding distribution Q' is

' N I w(a, b) 11
Q(o7o,b)—Q(o,o,b)~d(b)—<Z i )d(b)_M

a€A

In the first transition we used the fact that conditioned on b, the right-vertex we output is uniform in By, and | B,| = d(b).
In the second transition we used Q(-, a,b) = w(a,b)/M. In the last transition we used the fact that ) , w(a,b) =
d(b).

For the third item, fix a € A, then

(0,0,00=3" % Q(o,a,t) = ZQ(o,a,b)Zcbab = 3" 0(0,a,b) = Q(o,a,0).

beB bV EB, beB b EB, beB

In the second transition we used (32) and in the third transition we used the fact that the degree of a in Hy, is d'.
For the fourth item, suppose that Q is agnostic and take b’ € Bj. Note that Q(o,-,b) = Q’(o,-,b'), and for any
t € [n] we have Q(¢t,-,b) = Q'(¢,-,V'). It follows Q' is agnostic.

Perfect Completeness. Suppose w € LandletT) : A — ¥4, T; : B — X p be the assignments satisfying all of
the constraints in D that are decoded to w with probability 1 over Q. Define T3 by setting T5[b'] = T»[b] for each
b € By. Itis straightforward to check that Ty, T4 satisfy all of the constraints in D’, and that T} decodes to w with
probability 1 over Q’.

List-Decoding Soundness. Fix an assignment 77 : A — X 4. Then by the (L, ¢)-list-decoding soundness of D we
may find {wy,...,wr} C L such that for any 75 : B — ¥, we have

B (@ (Tifa], Tob]) = 1A Difa Tyla]) (1) Jieru)) < =

To establish the desired list-decoding soundness for D’, we will show that for any right-assignment, the list decod-
ing error relative to the same list {wy, ..., wy} is small.
Fix any assignment T3 : B’ — ¥ p and for each b € B and o € X, define the sets

= {b/ S Bb | Tzl[b/] = O’} and }/E),O' = {a’ S Ab | (I)(a/,b) (Tl [a/],a) = 1}.
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In words, X, is the set of vertices in B, that are assigned o under T3, and Y}, , is the set of vertices in a’ € A,
such that the assignments a — 7T7[a] and b — o satisfy the constraint on (a’, b) in the original dPCP, D. It is clear
that the sets {X} ; }sex, form a partition of B,,. Additionally, since the constraints in D are all projections, the sets
{Y4.0 }oex, form a partition of A;. Define the functions Fj, , : Ay, — [0,1], Gp» : By — {0, 1} where

Gb7o’(b/) = ]lb'EXb,g and Fb7o-(a) = ]laeybﬂ . tNQI/)(ra ) [Dt(a, Tl [0,]) ¢ {(wl)t}le[L]] .

Abusing notation, we denote ((F}, o) = Eqea, [Fb0(a')] and u(Gh.o) = Even, [Gp,o(0')]. Consider the randomized
assignment T : B — X obtained by setting T (b) = o with probability ;1(Gy, ). By the list-decoding soundness
applied with each fixing of T3, we get

e E | Pr o [Pl ) = 1 A Dia Tila) # () dicu]

LE P [RuTia ) = 1A D0, Tilal) # ((w1) s @)

Z 1(Gr,o) - 1(Fo)]

E
bNQ(o’O’.) oEX R

In the third transition, we are using the fact that conditioned on b, the distribution of @ under Q is uniformly random
in Ap. On the other hand, the list-decoding error of the assignment T3, T3 in D’ relative to the list {wq, ..., wr}, can
be written as:

)

>, E [Fb,o(a)-Gb,a(b/)]]~ (34)

E
b~Q(o0) | S5, (ab)EE,

Hence, our goal is to now bound the expression above, and we will do so by relating it to (33) via the expander mixing
lemma. Fix a vertex b € B and an alphabet symbol ¢ € ¥ . Using we get

( B [Foo(a) - G ()] < p(Fo0) - 1(Go) + O(d ™) -\ /1 Foyo) - (Gl o).
a,b’)eEy

Keeping b € B fixed and summing this inequality over all o € X5, we get

Z E [Foo(a) Goo(V)] < Z 1(Fyo) - 11(G,o) + O(d/_l/g) o) - 1(Gr,e)
JGEB(aﬁqEEb c€XR

< D ulFoo) - w(Gao) +0(d™H?),

oEXB

where the second inequality uses Cauchy-Schwarz and the fact that > s u(Fb ) < land > o5 p(Gpo) = 1.
Thus, we have

> wGho) p(Fyo) | +0(d?) <e+0(d™/?),

oEYX R

> E [Fb,a(a)'Gb,U(b/)]] < E

E
b~Q(0.0,) | S, (a:b)EE b~Q(0,0,")

where in the last transition we used (33). O

gives a right degree reduction when the complete decoding distribution is M -discrete and results in a
dPCP of size at least M. For dPCPs with arbitrary complete decoding distribution, which may not be M -discrete for
any small M, we can still obtain a right degree reduction by slightly altering the complete decoding distribution first.
Below we state a simple fact about distributions that we will use for this task, which will also be used in subsequent
sections.
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Lemma 7.3. Let A be a distribution over a support of size n, say [n]. Then for every e > 0 and every integer M > 3,
there exist w(1),...,w(n) € N such that 3., w(i) = M and the distribution Agisc, given by Adisc(i) = wj\(}),
satisfies

° TV(Aa Adisc) < g,
AdiSC(i) - A(z)|
* supp(Agisc) C supp(A).

N

o foreveryi € [n], +,

As a consequence, every distribution with support size n is e-close in total-variation distance to an O.(n)-discrete
distribution.

Proof. Suppose supp(A) has size n’ < n, and without loss of generality suppose supp(A) = [n']. For each i € [n/],

letz; = |M-A(i)] andletr = M — Z:’;l z;. Note that < n’. Now increment the each of z1, ..., z. by 1 and keep
the remainder of the z;’s the same. Let the resulting values be z; after incrementing.
We have
|2i — M - A(i)] < 1, (35)

for all ¢ € [n/]. Now define the distribution Agisc(7) by

/
z

2 e ,
Adisc(i) = § M i € [l
0 otherwise.

Note that Agisc(7) is indeed a distribution over [n]| because Zie["] zl = M and by construction supp(Agisc) <

supp(A). Moreover, (33)) implies that for every i € [n], |Agisc(i1) — A(7)| < 7, and as a consequence,

M?
1 ) ) 1 n
TV(A, Agise) = 5 D 1A() = Aaisc ()] < Y 577 < 537 <& O
i€[n] i€[n’]

The following result is a version of in which the given dPCP D does not necessarily have a complete
decoding distribution whose marginal over the edges is M -discrete . Instead, we require D to have bounded decoding
degree, and we show how to modify the complete decoding distribution into a discrete one without affecting the rest
of the parameters by much. For sake of simplicity and because it suffices for our application, we focus on the case
where decoding degree is 1.

Lemma 7.4. Suppose a language L C 33 has a projection dPCP
D= (AUB,E,%4,%8,{Di}tepm), {Pt }tem))

with (L, )-list-decoding soundness, left degree |d, and decoding degree 1. Then for every M > %ﬂ‘ql and for
every d' € N, there is a polynomial-time algorithm which takes D and outputs a dAPCP

D" = (A"UB",E", 24, S5, {Di}iep), (P }reln))
for L such that the following hold:
o Length. |B"|=d -n-M and A” C A, so the length is at most |A| +d' - n - M.
* Degrees. The decoding degree of every vertex is 1.
* Projection decision complexity. The projection decision complexity is preserved.

* Decoding complexity. The decoding complexity is preserved.
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» Complete decoding distribution. The complete decoding distribution, which we call Q") is d'? - n - M-discrete
and its marginal over B’ is uniform. For any b € B, we have
d/
2 b _
Qe.00) d?-n-M

and for any a € A we have

e

1
7 < L s a
Q7(e,a,0) < max{nM * loid[4]’ Qfo,a,0) + nM} :

» Completeness. The dPCP D’ has perfect completeness.
* List-decoding soundness. (L, 2 - ¢ + O(d'~1/?))-list-decoding soundness.

Proof. Let Q be the complete decoding distribution of D and let Id, ¢ and M be as in the lemma statement. For each
a € A, we have that the decoding degree of a is 1, and we denote by ¢, its unique decoding neighbor. Since the
decoding degree is 1, we have

D Isupp(Q(t ) < Y [supp(Qtas a, )| < Id - |Al.

te(n] acA
Hence, taking S C [n] to be the set of ¢ € [n] such that | supp(Q(¢, -, )| < %HIA\ we have by Markov’s inequality
that
PrjteS]> 1- = (36)

te(n] 10

Now, for each ¢ € S, let A; be the discretized distribution over A x B obtained by applying to Q(t,-, )
with denominator M. For t ¢ S, let A; be an arbitrary distribution supported on supp(Q(t, -, -)) such that for each
(a,b) € supp(Q(t,-,-)) we have either

e
B I ab)=— |— |,
M |Supp(Q(t7’7'))‘ ' M |supp(Q(t,','))|

It is straightforward to see that such a distribution indeed exists.

Now, let the distribution Q' be generated by choosing ¢ € [n] uniformly at random, choosing (a,b) ~ A, and
outputting (¢, a, b). We note the following items:

Ay(a,b) =

¢ The marginal over [n] of Q' is uniform; this is clear by description of Q’.

¢ supp(Q’) C supp(Q); this is clear by construction of A;.

* For each (a,b) € Ax B, ift, € Sthen |Q(o,a,b) — Q'(o,a,b)| < -+, otherwise Q' (0, a,b) < - + ToTAT>
we explain this below.

* TV(Q, Q') < £; we explain this below.

To see the third item ﬁrst fix an (a,b) € A x B.Ift, € S, then Q(o,a,b) = Q(ty,a,b), Q' (o,a,b) = A¢, (a,b) and
the item follows from the guarantee of If t, ¢ S we have,

, 1 1 1+ M/|supp(Q(t,-,-)| _ 1 €
< =N (a,b) < = - S =7t o
Q (Oaa?b) n ta (a b) M ’n,M + 10|d|A‘

3

For the fourth item, we use the fact that Q and Q' have the same marginal distribution over [n], hence

Q Ql Z Q t, o, O (Q(tv '7')7 Q,(t’ R ))

+ZQ (t,0,0) - TV(Q(t, ), Q(t,-,"))

teS

N
ool ™
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The first transition uses (36) and the second transition uses the fact that

TV(Q(t> ) ')7 Ql(t7 ) )) = TV(Q(t7 E ')7 At) < 4io

forall ¢ € S by[Lemma 7.3
Let D’ be the dPCP obtained by taking D and changing its complete decoding distribution to D’. Note that the

length, projection decision complexity, and decoding complexity are unchanged. For the decoding degrees, note that
each a has decoding degree either 0 or 1 now. Completeness is preserved by the fact that supp(Q’) C supp(Q), stated
above, and D’ still has (L, 9¢/8)-list decoding soundness by the fact TV(Q, Q') < /8, stated above.

w(a,b) _ d'w(a,b)

Let us now write Q'(0, a,b) = =57 = 3 forw(a,b) € N. In expressing Q' this way, we are using the fact

that @ has decoding degree 1. Here, we multiplied both the numerator and denominator by d’ to ensure that all of the
nonzero numerators are at least d’, in accordance with[Lemma 7.2]

We now apply on D’ where its complete decoding distribution is written with denominator d'nM,
and the weight of each edge (a,b) is d'w(a,b). Call the resulting dPCP D" and let Q" be its complete decoding
distribution. The lemma follows by checking the guarantees from In particular, the length, projection
decision complexity, decoding complexity, perfect completeness, and list-decoding soundness are immediate.

For the guarantee on the complete decoding distribution, we first note that by[Lemma 7.2] Q" has uniform marginal
over the right side and is d’?>n.M discrete. This also implies that

Q"(0,000) = — .
T d?.-n-M

For the remaining guarantee on the complete decoding distribution, fix a left vertex a. We start by using the third part
of the decoding distribution guarantee from|[Lemma 7.2]to get:

Q"(0,a,0) = Q'(0,a,0) = Y _ Q'(o0,a,b).

beB

Ift, ¢ S, then Q”(0,a,0) = Q'(0,a,0) < niM + m by the third item above and we are done. Otherwise,

2 / |d
|Q(O7a7o) - Q (O,G,,O)| = Z (Q(O7a7b) - Q (O7a7b)) < m7

beB

where in the last transition we use the fact that the summation has Id many nonzero terms and each is at most HLM by
the third item listed above. The above implies,

Id
1!
< s Uy Y
Q"(0,a,0) < Q(e,a,0) +
Finally, to get decoding degree 1, note that each vertex a € A has decoding degree either 1 or 0, and we can delete
every vertex with decoding degree 0 without affecting any of the previous guarantees. O

8 Decoding Degree Reduction

In this section we show how to reduce the decoding degree of a dPCP assuming that its complete decoding distribution
is agnostic. After performing this operation once, we will preserve constant decoding degree throughout the remainder
of our construction. At a high level, after [Theorem 6.1] the decoding degree is poly(log(XN)), and hence holding this
many X-symbols itself already causes superpolynomial alphabet size. Therefore any method of reducing alphabet
size to a constant must first reduce decoding degree to a constant. This is a non-issue in standard PCPs (as there is no
decoding going on), and partly the reason earlier composition techniques did not apply to dPCPs.

The statement of our decoding degree transformation is as follows.
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Lemma 8.1. Suppose X is an alphabet and that the language L C 33 has a projection dPCP
D= (A UB,E, {Pt}te[n]v YA, X5, {(I)e}eEEa {Dt}te[n])

with perfect completeness, (L, ¢)-list-decoding soundness for L := poly(1/¢), agnostic complete decoding distri-
bution, projection decision complexity ProjComp, decoding complexity DecodeComp, and left degree, decoding de-
gree, right degree that are at most 1d,1dd, d respectively. Let T = {(t,b) | Ja € A, (a,b) € supp(P:)}, and let
{C.» € N |(t,b) € T} be a collection of integers. Then L has a projection dPCP

D' = (Bl U Av Ezd4 X Z07 ZAa Ela {’Pf{}te[n]? {(I)Zz}eEEH {D;}te[n])a
satisfying the following properties:
* Length. B = J; 47 {(t,0,4) | i € [Cy]}, and in particular the length is |Al + 3, ez Crp-

e Degrees. The left degree of every vertex is at most d, the right degree of every vertex is at most |d - Idd -
max (¢ pyez Ct,p, and the decoding degree of every vertex is 1. If D is d-right regular, then D' is d-left regular.

* Projection Decision Complexity. O(d - (ProjComp + DecodeComp)).
* Decoding Complexity. O(dlog(|X4]) + log(|Xo]))-

* Decoding Distributions. For each (t,b,i) € B’ and a € A, t is the unique index in the decoding neighborhood
of (t,b,1) and we have

Pt(O,b) ’ . _ Q(t7ba a)
70:&,1; and Q'(t,(t,b,1),a) = 70”7 ,

Pi((t,b,1),0) =
where Q and Q' are the complete decoding distributions of D and D’ respectively.
¢ Perfect Completeness. D' has perfect completeness.

* List-Decoding Soundness. D' has (L - poly(1/¢), 2¢'/5)-list-decoding soundness.

Proof. Let
D= (A U B7 EAa zBa E7 {(I)E}EEEa {Dt}tG[n]7 {Pt}te[n])

be a dPCP for the language £ as in the premise of the lemma. Denote its complete decoding distribution by Q, namely
a sample is obtained by choosing ¢ € [n] uniformly, (a, b) ~ P;, and outputting (¢, a, b).
We denote the new dPCP for £ by

D/ = (B/ U A7E,d4 X EO, 2A7E,7 {éle}eeE’a {Dg}te[n]a {Pé}te[n]) 3

and define its components in the following way. Below, we use I" and I'4e. to denote the neighborhood and decoding
neighborhood functions in D respectively, and use I' and I/, to denote the neighborhood and decoding neighborhood
functions in D’ respectively.

* Constraint Graph. The constraint graph is as follows:

— The left side B = |J; 47 {(t,0,9) [ i € [Ctp]}.
— The right side is A.
— The edge set E’ consist of all ((¢,b,1), a) such that (a,b) € E.

¢ Alphabets. The alphabets are as follows.
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— The left alphabet is X5 C ¥4 x . For a fixed (¢,b,7) € B’, we think of a label to it as assigning a
3 4 label for each a € T'(b) and a Xy label for ¢. Furthermore, we hardcode constraints on the alphabet of
(t,b,i) € B’ as follows. Writing I'(b) = {ax,...,a4}, for alabel ¢ € £% x X to (¢,b,4) we denote by

04, be the label assigned to a; in o, and by o the label for ¢ in o. We denote by at(ll;) the unique value in

Y. satisfying @, p) (0a;, at(ll;)) = 1 (recall that there is a unique such element in X 5 since the constraints

in D are projections). Then, we require that D;(a;,0,;) = o for all i € [d], and that Ug) is the same for

all j € [d].
— The right alphabet is X 4.

* Constraints. For each edge ((Z,b,i),a) € E', the constraint ®{,, , ,» : ¥p X ¥4 — {0,1} is defined as
follows. Given labels ¢ € Y5 and ¢’ € Y4, let o, be the label for a in o. The constraint <I>’((t bi) a)(a, a') is
satisfied if and only if o, = o’.

* Decoders. For each t € [n], the decoder D} : B’ x ¥ — X is defined as follows. For (¢,b,i) € B’ and
o € X label for it, the decoder D;((t,b, ), o) outputs oy, the label for ¢ in o.

We note that by the constraints on the left alphabet symbol in D, for any a € I'(b), letting o,, be the label for a
in o, we have that Dy(a,0,) = o = D;((¢,b,1),0).

¢ Decoding Distributions. For each ¢ € [n], the decoding distribution P; is defined as follows. To sample from
P;, sample (a,b) ~ Py, i € [Cyp] uniformly, and then output ((¢, b, ), a). Since we think of the side-decoding
distribution as uniform over [n], the complete decoding distribution, denoted Q' is obtained by sampling ¢ € [n]
uniformly and then ((¢,b,4),a) ~ P;,. We remark that the complete decoding distribution Q' can also be
obtained by choosing (¢, a,b) ~ Q and then choosing i € [C} 3] uniformly and outputting (¢, (¢, b, %), a).

Let us now analyze the parameters of the new dPCP D’. As usual, the main difficulty is in analyzing the list-
decoding soundness.

Length. Itis clear that |B'| = °, ;) .7 Ct» and hence the length is as described.

Degrees. It is clear that the degree of every vertex in B’ is at most d, as for each (¢,b,7) € B’, T'((¢,b,1)) = T'(b),
and in the case that D is right-regular, it is clear that D’ is left-regular. As for the degrees of each a € A, it is clear
that its degree is at most Id - Idd - max; p)cz Ct 1, as desired. Finally, the decoding degree of every vertex in B’ is 1, as
one can see that each (¢,b,7) € B’ is only responsible for decoding ¢.

Projection Decision Complexity. Fix a constraint ((¢,b,%), a) and let o be the symbols assigned to the (¢, b, ). The
constraint must check that o is a valid alphabet symbol. After that, the unique symbol to a that would satisfy the
constraint can be found by taking a restriction in o, and this has circuit complexity at most ProjComp. To check that
o is valid, the projection circuit must compute one projection from D and one decoding for each neighbor of b’s d
neighbors and perform d equality checks. Overall, this shows the projection decision complexity is O(d- (ProjComp+
DecodeComp)).

Decoding Complexity. The decoder outputs the restriction to a single symbol from an alphabet of size |X4|% - |Zo|
and hence the decoding complexity is O(dlog |2 4| 4 log [Zo]).

Perfect Completeness. Fix any w € L. As D has perfect completeness, there are assignments 77 : A — ¥ 4 and
T, : B — X which satisfy all of the constraints in D and decode to w; with probability 1 under P, for every ¢t € [n].
Then we construct assignments 7} : B’ — X% x X and T : A — ¥ 4 in the natural way as follows. Set T = T}. For
each (t,b,4) € B’ write I'(b) = {a1, ..., aq}, and take Ty[(t,b,4)] = (T1[a1],. .., T1[aq], Di(a1, Ti[a1]). In words,
this is the symbol in ¢ x ¥, which contains 7} [a;] as the label for a; for all i € [d], and Dy (a;, T1]a;]) as the label
for ¢ (we note that by the hardcoded constraints it does not matter which a; we pick). Note that by the fact that 7% and
T5 satisfy all of the constraints in D and always decode to w; under P, this assignment indeed satisfies the constraints
on the left alphabet and is a valid assignment. It is straightforward to verify that these assignments satisfy all of the
constraints in D’ and decode to w; with probability 1 under P; for every ¢ € [n], so D’ has perfect completeness.
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List-Decoding Soundness. Fix any left assignment 7] : B’ — X4 x Y. Based on T}, we construct a candidate list
of words from £ and show that it satisfies the list-decoding soundness. Recall that for each (¢,b,7) € B’ anda € A
adjacent to it in D', the assignment 77[(¢, b, )] contains a symbol for a, which we denote by T7[(t, b,¢)],. For each
a € A, let cand(a) consist of all symbols o € ¥ 4 such that

Pr T/[(t,b,9)]e = 0] = Pr T![(t,b,7)]q = o] = /5.
(t,<t,b7i>>~g/<-,a,->[ 1l(6,0,9)] ] <t,b>~g<-,a,<>7ie[ct,b}[ 1l(6,0,)] ]

where the first equality is by the observation regarding how to generate Q' from Q made in the definition of D’ above.

Clearly, |cand(a)| < e71/5 := J for every a € A. Therefore, one can find assignments Ty 1,...,T1 7 : A — X4
such that for every a € A and every o € cand(a) there is some j € [J] such that T} j[a] = o. Since each T} ;
is a left assignment to D, we can apply the list-decoding soundness of D to it. Specifically, for each j € [J], let
List; = {w;1,...,w;} C L be the list guaranteed by the (L, ¢)-list-decoding soundness of D for the left assignment
T1,;. Then by the list-decoding soundness of D we conclude that for any right assignment 75 : B — Xy and any
j € [J], we have

(mﬁ{NQ[‘I’(a,b) (Th,5]a], T2[b]) = 1 A Di(a, Th 5la]) & {wjalt], ..., w;L[t]}] <e. (37

We show that List = | List; satisfies the list-decoding soundness condition of D’ with size J- L = L - poly(1/¢)

and error 2¢'/°. The size is clear, and next we show that for any right assignment T3 : A — Y4, the list-decoding

error of T7, Ty relative to List is small. We define the following events:
s Let &4,i),a be the event that the constraint on ((t,b,), a) is satisfied by assignments 77 [(¢, b,)] and T5[a].
* Let Fj (t,b,i),a be the event that D ((¢,b, 1), Ty[(¢, b,4)]) & {(wj1)e, -, (wjL)e}

It is clear that the list-decoding error can be expressed and bounded as follows

(t (tbgra)wg/ g(“”')“/\ /\ Fi(t,bsi),a
. JE[J]

= Pr
(t,a,b)~Q,ie[Ct,b] Etti)a

= P T z ,a
(t,a,b)NQI:iE[Ct,b] t7b) )y (]E ] 7(t:b, )
Fitbiya | N(T1[(t,b,7)]a € cand(a))
Jj€E J]

+ Pr i Fi(tbii T7[(t, b, cand(a (38)
o Do |Enia (/{\ (v | AT, ¢ cand(a)

< Pr Etbida Fiwbiya | N (Tt b,7)]q € cand(a
(t1a1b)NQ77;€[Ct‘b] (t’b, )’ /\ /\ 7 (tb 1 ] ( ))

Jj€ElJ]

r & i),a N\ T tabal Cand
(t,a,b)NQ,ie[ct,b][ (tbi)a N (TH[(t,0,0)]a ¢

P Ebiya NFitpira N (Tt 0,9)]a =Th
g;](mbwg%e[ct,b][ (tbra N Fitbira N (T8, = T jlal)]

/N

P Eiviva N (Tt b,i)]a d
(t,a,b)NQI,‘ie[Ct,b][ (t,b,3),a ( 1[(7 ,Z)} ¢ can (a))]

In the last transition we used the union bound, and we next bound the terms on the right hand side. We upper bound
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the second term on the right hand side of (38) as

P Etpiy,a N (T1[(t,b,1)]a ¢ cand
(tyayb)NQI;iG[Ct’b][ (t,b,9), ( 1[( Z)] ¢ (a))}

< I([;: 1Té[a]&cand(a) [Tl/[(ta b7 i)]a = Té[a]] (39)

Pr
(t,b)~Q(-,a,-),i€[Ct p]
<o,

where in the last inequality we used the definition of cand(a).
We now go on to bound the first term on the right hand side of (38). We bound the summand corresponding to
each j € [J] separately, and we fix a j henceforth. Define

!
* & (tbi)a

so our task is now to upper bound Pr(; 4 5)~0.ic[C; ] [SJ’.’(t’byi)_’a]. For any constraint of D, say (a,b) € F, and label o
for a, we denote by o_; the unique label for b such that @, ;) (0,0-) = 1. Here, the uniqueness follows since D is
a projection dPCP. For each (¢,b,4) € B’, let T{[(t, b, )] s be the label deduced for b in T7[(¢, b, 7)]. In particular, by
the hardcoded alphabet constraints we have that T [(¢, b, )| 5 = (T1[(t,b,7)]a)_,, for any a € I'(b).

We say a symbol o € ¥ p is b-heavy if

be the event £, 4 ). A Fj,(t.6,i),0 N (T1,5]a] = T1[(t,b,)]a),

P 11, =0] > e 40
Tl =12 Ve @0

It is clear that for every b € B, there are at most J' = 1/4/¢ many b-heavy symbols, hence we can find tables
H,,...,Hy : B — Xp such that for every b-heavy symbol o, there is some j’ € [J'] such that H;/[b] = o. Thus, we
may write

“ af;)§wg[g;,(t,b,i),a] = a€2§~g[8§,(t,b,i),a A (T7[(t, b, 7)]—p is b-heavy)]
w o 41
+ ’ al:;{NQ[gJ/V(tvb’i)v“ A (T}[(t, b,i)] - is not b-heavy)]. @b

To bound the first probability, notice that if & , ., , A (T1[(¢, b, )]y is b-heavy) occurs, then for some j" € [J'],
both events below occur:

» the assignments to a and b given by T j[a] and H [b] respectively satisfy the constraint &, ;),

* Di(a,Ty4la]) & {(wja)e, - (wjL)e}-
The first item requires unpacking the event £/, , ) .. Indeed, if this event holds then T{[(,b,4)]o = T4 ;[a], which
implies T7[(t, b, )] s = T4 j[a]|—s. Hence, T j[a]|»p € {H1[b],. .., Hy[b]} because T[(¢, b, )] is heavy. Now,
to bound the first probability in (1)), notice that for a fixed j’ € [J'], the above two items occur simultaneously with
probability at most e. Indeed, this follows by (37) applied to T} ; and H;,. Union bounding over all j* € [J'] gives
that

(t,aﬁ§wg[5§’(t’b>i)’“ A (Ty[(t,b,7)] —p is b-heavy)] < J' - &.

We move on to bounding the second probability in (1)), and here we will use the agnostic property of Q. We have
[5{7(t)b’i))a A (Ty[(t,b,7)] - is not b-heavy)]

Pr
(t,a,b)~Q,i€[Cr ] 7

< P T =T7[(¢t,b,1 ATY[(t,b, 1 is not b-h
(t,a,b)wgl,“ie[Ct7h][ 15lal b 11( )] b 11 i)] b is no eavy]

= emieCo) {IT{[(t,b,i)]_,b notbpeany  Br T jla] o = Ty[(t, b, i)]—w]] 42)
= (t,b)~QHj:i€[Cf,,b] |:1T1/[(t,b,i)]_>b is not b-heavy aNQPf,-,b)[Tl’j [a] —p = T1[(t, b,z’)]_ﬂ,]}

<We.
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The first transition is by definition of 5 (bi),a0 the second transition is clear, the third transition uses the agnostic
property of 9, and the last transition uses the fact that the distribution of a in the probability of the fourth line is the
same as the distribution of a in and hence the probability in the expectation of the fourth line is always at most
/€ by definition of not being b-heavy.
Altogether, this yields
! !
Biolfanel <74 VE

Hence, going back to the list-decoding error expression in (38), we get that each term in the summation of the last
expression is at most J' - € 4+ /¢, and combined with (39) we get that the list-decoding error is at most

J(J e+ E)+e/® <20,

Hence D’ has (J - L, 2¢!/5)-list-decoding soundness, where .J - L = L - poly(1/¢). O

8.1 An Inner dPCP

Now we describe how to find a version of our dPCP that will be used as the inner dPCP for composition. Below, we
highlight a few technical properties of this inner PCP construction which will be used later on in the composition step.

¢ The decoding degree is 1.

* There is some integer J such that for every pair of vertices (a, b), the weight given by the complete decoding
distribution can be written as Q(o,a,b) = w(@:5) for some integer w(a,b). Furthermore, for each a, we have
that the sum » ;5 w(a,b) is the same. This latter condition also implies that the marginal of the complete

decoding distribution over the left vertices is uniform.

We will obtain these properties by using which gives a dPCP with decoding degree 1, thereby estab-
lishing the first item above. To achieve the second item, we carefully choose the parameters C} , so as to adjust the
complete decoding distribution, following an approach similar to that of

Lemma 8.2. Suppose the language L C 3§ has a projection dPCP
D= (AUB,E,X4,%B,{®c}ecr;, { Dt }tem), { Pt brein))

with perfect completeness, (L, e)-list-decoding soundness, agnostic complete decoding distribution, projection deci-
sion complexity ProjComp, decoding complexity DecodeComp, and left degree, decoding degree, right degree that are

D/ = (Z U A7 Elv Zi X 207 EAa {(I)/e}eEE’a {Di}te[nb {Pt/}te[n])
which satisfies the following properties:
o Length. The left side has the form Z = [n] x [M), so the length isn - M + |A|.

 Degrees. The decoding degree is 1 and the left degrees are at most d. Furthermore if D is right-regular, then D’
is left regular.

* Projection Decision Complexity. O(d - (ProjComp + DecodeComp)).
* Decoding Complexity. O(dlog | 4] + log |Zo]).
* Decoding Distribution. For eacht € [n], the marginal of P; over the left vertices, Z, is uniform in {t} x [M].

e Completeness. The dPCP has perfect completeness.

List-Decoding Soundness. (L -poly(1/e), 25 + %) -list-decoding soundness.
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Proof. Fix M > |B| and take D to be the dPCP from the lemma statement. We start by using [Lemma 7.3|to obtain a
discretized version of the marginal of P; over B for each ¢ € [n]. We apply [Lemma 7.3| with denominator there set to
M for each ¢ € [n], which yields the following. For each ¢ € [n], there are nonnegative integers z; , for each b € B
such that M = ZbeB Z;,b’ and 7

|2t = M- Pulo,b)] < 1, (43)
for every b € B. We let R; be the distribution over B given by
TR
Note that R is the discretized version of the marginal of P, over B given by
Apply to D with the nonnegative integers Cy j, therein set to Cy , = z; ;, to get a dPCP of the form

Do = ((UrepnSt) U A, B2, X% x 20,54, {®c}eers, {Da,t brepn)s {Pait teeln)) »

where S; = e p{(t,b)} X [21,] for each t € [n]. Note that the sets S; are disjoint and that when defining S, if
z;, = 0 we think of {(¢,b)} x [z; ] as the empty set. Furthermore, for each ¢,

1Sil =Y 2, =M. (44)

beB

By|Lemma 8.1| D has perfect completeness, (L - poly(1/e), 2c'/)-list-decoding soundness, and decoding degree 1.
Likewise, we get that if D is right-regular, then Dj is left-regular.

Next, we will modify the decoding distributions of D5 to obtain our final dPCP, D). Our goal is to obtain a dPCP
whose complete decoding distribution has uniform marginal over the left vertices (and we will later show that this
implies the decoding distribution guarantee of the theorem statement). Let Qo be the complete decoding distribution
of Ds. By the decoding distribution guarantee of we have that
1 Pob) 1 pa

Ri(b) =

t,(t,b,1 = —
QQ( 7( ) 72)50) n Z{g,b n zg’b
The above shows that the marginal of Qo over the left vertices is almost uniform, and hence we will only need to make
a small modification.

We note that for each ¢, and i, the distribution of a ~ Qs(t, (¢,b,14),-) is equal to Q(¢,-,b). Indeed, for any
a € A, using the decoding distribution guarantee of we have

Q- (t, (t,b7i)7a) Q(t,a,b)/Cip _ Q(t,a,b)
Qa(t, (t,b,4),0)  Q(t,0,)/Crpy  Q(t,0,b)

where in the second transition we used the fact that (using the decoding distribution guarantee of again)

Qa(t, (t,b,i),0) = > Qa(t, (t,b,i),a) = Zg(tva,b):Q(t,O,b).

C, C
acA acA £,b t,b

On the other hand, consider the distribution Q), generated by choosing ¢ € [n] uniformly, b ~ R;, a ~ Q(t,-,b),
i € [2; ;] uniformly and outputting (¢, (¢, b,7), a). Then for any ¢ and (¢, b, i), we have

1 oz, 11 1

/ ) = —_— = —
QQ(t’(t’b’Z)’o)_n M zz,b n M’

Now we show that QY is close to Qo in TV-distance. First note that for every ¢, b and ¢, by definition the distributions
Qs (t,-,b) = Q4(t, (t,b,1),+), which in turn implies that, Qs (¢, (t,b,4),-) and Q4 (¢, (¢,b,4),-) are identical. There-
fore, the TV-distance between Qs and QY is equal to the TV-distance between their marginal on (¢,b,4). It follows

that
(e L
n zt,b M|

V(O @) < Y [Qult (tbi)0) — Gt (b o)< Y

te[n],beB i€z} ] t€[n],be B i€[z] ]
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Since the summation is only taken over ¢, b such that z,{ » = 1, so we can bound each summand there as

Tlpy 1| 1 [ Mpy— 2, 1
n sz M n Mzab = anLb’
where we used (@3). Hence, putting everything together, we get
Tv(en ) < Pl @5)
M

Our final dPCP, which we call Dj, is obtained by taking D5 and changing its complete decoding distribution to
Q). In particular all of the parts of D) are the same as in Dy except for the decoding distributions. We have,

Dy = ((Use)St) U A, E2, 5% x S0, 54, {®L}ee By, { D2, befn) {Phoi been)) -

where for each ¢ € [n], the new decoding distribution P , is the distribution over E» given by Q5(t, -, ).

It is clear that D} still has perfect completeness and the degree related parameters, projection decision complexity,
and decoding complexity are the same as in Dy. By @3), D) has (L - poly(1/e),2¢/5 + |B|/M)-list decoding
soundness. Finally, for each ¢ € [n], it can be checked that the decoding distribution, P; ;, chooses a vertex in Sy
uniformly at random, and furthermore |S;| = M. Hence, we can view the left vertices as [n] x [M] and the decoding
distribution P; ; is indeed as described in the lemma. O

We now describe how to obtain the inner dPCP that we will use for composition.
Theorem 8.3 (Inner dPCP). For every € > 0 there exist L = poly(1/¢) and functions M, K : N x N — N satisfying
M(T,N) = Or(Npoly_.(logN)) and K(T,N)= Or(poly.(logN))

such that the following holds. For every alphabet Y of size at most T and circuit ¢ : 3§ — {0, 1} of size at most N,
the language SAT (@) has a projection dPCP of the form

D= (([TL] X [M]) U B7 E7 2147 EB? {@E}SGEa {Dt}te[n]a {Pt}fé[n])
which satisfies the following with M := M(T,N) and K := K(T, N)
* Length. Op(nM + Npoly_(log NV)).

Alphabet Sizes. The left and right alphabet sizes are 2(0T V=18 N))) gnd O_(1) respectively.

* Degrees. D has decoding degree 1.

* Projection Decision Complexity. O|p|(poly.(log N)).

* Decoding Complexity. O\r|(poly.(log N)).

e Decoding Distribution. Let Q be the complete decoding distribution. Then, Q satisfies the following:

— Foreach (t,r) € [n] x [M] and b € B we can write Q(o, (t,r),b) = “L19 for some w((¢,r),b) € N.
X

nMK
— Foreacht € [n), the distribution Q(t, -, o) is uniform over {t} x [M| and hence for every (t,r) € [n]x[M],

> w((t,r),b) = K

beB

e Completeness. The dPCP has perfect completeness.

o List-Decoding Soundness. The dPCP has (L, ¢)-list-decoding soundness.
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Proof. Fix e > 0, fix sizes T and N and let ¢ : ¥ — {0, 1} be a circuit of size at most N with |3¢| < T. We take
Dyp to be the dPCP for SAT () in[Theorem 6.1| with soundness parameter set to ¢:

de = (X(k), X(\/E)7 Edp7 Ekv Z\/Ea {(be}eeEdp7 {de,t}te[n]7 {Pdp,t}te[n})~

Now set M = Or(Npoly,(log N)) sufficiently large relative to | X (\/E) | = Op(Npoly (log N)). We also have

that there is some d,, = poly,(log V) such that regardless of the initial circuit ¢, the right degree of every vertex is at
most d,.. We will transform Dyj, into the desired inner dPCP.

Decoding Degree Reduction + Right Alphabet reduction. We first apply with M set as above, and
then apply right alphabet reduction from with sufficiently small = poly(¢) on the resulting dPCP. Call
the dPCP after both transformations Ds and let its constraint graph be ([n] x [M] U B, E). Note that we can assume
such structure on the left vertices by Call the resulting complete decoding distribution Qs. Let us list a
few properties we have that are straightforward to verify from [Lemma 8.2|and [Lemma 7.1}

s Length. |B| = |X (k)| - O,(Vklog|¥|) = Or(Npoly.(log N)). This follows from the length guarantees

of and the structure of the resulting constraint graph from The length is therefore
nM + |B| = Op(nM + Npoly,(log N)).

+ Alphabets. The left alphabet has size at most |X|¥4r . T = 207 (Poly. (108 N)) after applying Lemma 8.2|, and this
is unaffected by The right alphabet has size at most O, (1) by |[Lemma 7.1}
* Degrees. The decoding degree is 1 after applying[Lemma 8.2]and this is unaffected by The degree

of each left vertex is at most O (poly.(log N)). This follows from the left degree guarantee of
(which turns right degree of Dy, into left degree) and the fact that[Cemma 7.1 multiplies the left degree by

0,/ (Vklog|¥|) = Or(poly.(log N)). We refer to Theorem 6.1|to bound VElog |¥| < Or(poly.(log N)).

* Projection Decision Complexity. Or(poly_(log N)). This is straightforward to check by using [Theorem 6.1|
then Cemima 8.3 and finally Comima 7.1

* Decoding Complexity. Or(poly_(log N)). This is straightforward to check by using [Theorem 6.1, then
and finally [Cemma 7.1

* Decoding Distribution. The marginal of Q over [n] x [M] is uniform and each left vertex (¢, r) € [n] x [M] has
exactly one decoding neighbor, ¢. This follows from the decoding distribution and decoding degree guarantees

of|[Lemma 8.2|

* Completeness. D, has perfect completeness because Dy, does and both [Lemma 8.2|and [Lemma 7.1|preserve
it.

+ Soundness. D, has (L - poly(1/¢), O(c'/?)) soundness by|Theorem 6.1} [Lemma 8.2} and[Lemma 7.1} Here we
use the fact that M is sufficiently large relative to | X (v/&)|.

At this point, we have all of the desired properties, except for the discreteness of the marginal of the complete decoding
distribution over the edges (i.e., the first guarantee of the decoding distribution above). We resolve this next, and some
care is needed to accomplish this while also preserving a uniform marginal over the left vertices.

Discretizing the Complete Decoding Distribution in a Left Uniform Manner. We construct a discretized version
of the distribution Qs (%, (¢, r), ) for each (¢,7) € [n] x [M]. Specifically, note that | supp(Qa(t, (t,7),-))| is upper
bounded by the degree of (¢,7), which is O (poly_(log N)). We apply with denominator set to a suf-
ficiently large M’ = Orp(poly.(log N)) and let A, , q4isc be the distribution obtained. Here we again note that we
can choose the same M’ regardless of the specific circuit ¢ fixed at the start. By and the fact that M’ is
sufficiently large, we have

TV(At,r,disc; Q2(t; (ta T)) )) <€ (46)

and supp(A¢ . disc) € supp(Qa(t, (t,7),-)). Now consider the following complete decoding distribution Qf:

58



* Choose (t,7) € [n] x [M] uniformly.
* Choose b ~ A¢ ; disc-
* Output (t, (t,7),b),

and let DY, be the dPCP obtained by changing the complete decoding distribution of Dy from Qs to Qf.
Since Q) and Qs have the same marginal distribution over [n] x ([n] x [M]), we have

TV(Q5,Q2) = > Qa(t,(t,7),0) - TV(Q5(t, (t,7),), Qt, (t,7), "))

(t,r)€[n]x[M]

= Y Ot (t,1),0)  TV(Apraise, Q(t, (£,7),)) @7)

(t,r)E€[n]x[M]

<,

where the last transition uses (@6). We now verify that D} satisfies all of the desired properties. The length, degree,
projection decision complexity, and decoding complexity are all unchanged from Dy and hence follow by the items
above. Perfect completeness is preserved in D), because supp(A; ;- disc) € supp(Qa(t, (¢,7),-)) as noted above, and
D), still has (L - poly(1/¢), O(c'/?))-soundness because of 7). This shows the desired soundness condition because
€ can be taken arbitrarily small and we can reparameterize the list size. Finally, we check the two properties of the
decoding distribution. First, it is clear from the above that Q, satisfies that for each ¢ € [n], the distribution Q4(%, -, o)
over {t} x [M] is uniform, so this takes care of the second condition there. For the first condition, we note that for any
(t,r) € [n] x [M],b € B we can write

1 1 w((t,r),b)
Q/Q(ta (t77“)7b) = E : M : Atm,disc(b) = W’
for some w((t,7),b) € N. Hence, the first condition follows for K (T, N) = M’ = Or(poly.(log N)). O

8.2 An Outer dPCP

The following result will be used as our outer dPCP. Compared to[Lemma 8.2] the construction below has quasi-linear
length and a complete decoding distribution whose marginal over the right vertices is uniform.

Theorem 8.4. For every ¢ > 0 there exist d’', L = poly(1/e) such that the following holds. For any alphabet % and
circuit ¢ : 3y — {0, 1} of size at most N, the language SAT () has a projection dPCP of the form

D= (AUB, E, 5% 5 530 S5 (@Y eer, {Di e {Phicim)

which satisfies the following

* Length. O|s,|(N - poly_(log N)).

Alphabet Sizes. The left and right alphabet sizes are 201201 (P08 N)) 4 Oc(1) respectively.
* Degrees. The dPCP has decoding degree 1.

* Projection Decision Complexity. O)x, | (poly_(log N)).

* Decoding Complexity. O|x, | (poly.(log N)).

* Decoding Distribution. The complete decoding distribution, Q, satisfies

— The marginal of the complete decoding distribution over A x B is K-discrete for some

K = Oz, (Npoly,(log N)).
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— Writing Q(o,a,b) = %for integers w(a,b), we have ) . , w(a,b) = d' for all b € B and hence the
marginal over the right vertices is uniform.

— For each left vertex a, ), . pw(a,b) < Oz, |(poly. (log N)).
e Completeness. The dPCP has perfect completeness.

o List-Decoding Soundness. The dPCP has (L, ¢)-list-decoding soundness.

Proof. Fix ¢ > 0, and let D; = (X(k),X(\/E)7E1,Ek,E‘/E, {q)e}eEEU {Dl,t}te[n]v {Pl,t}te[n]) be the dPCP
from [Theorem 6.1| with (L, €)-list-decoding soundness where L = poly(1/¢). This dPCP has decoding degree,
left degree, and right degree that are poly_(log N), O.(1), poly.(log N) respectively, and its complete decoding

distribution, which we call Q;, is agnostic and has marginal over X (k) x X (\/E) which is K-discrete for some
K = Npoly,_(log N). By the decoding distribution guarantee of [Theorem 6.1} for each b € X (v/k), we have

Q1(0,0,b) < M (48)

Starting from Dy, we will first apply decoding degree reduction where all of the C, ;, therein are set to
1, and then apply right alphabet reduction (Lemma 7.1). We call the resulting dPCP D5, and obtain our final dPCP,
which we call D3, by applying right degree reduction on Ds.

Decoding Degree Reduction + Right Alphabet Reduction. First, we note that D; has agnostic complete decoding

distribution by [Theorem 6.1} so we may apply [Lemma 8.1] with the C} ; therein all set to 1. We then apply
with n = O(e). The resulting dPCP,

Dy = (A2 U By, B2, 34,55, {®c}ecEs, {DQ,t}tE[n]a {PQ,t}tE[n]) )
has the following properties, which are straightforward to verify.

¢ Completeness. Perfect completeness.

* Length. We have |A5| < |X(VE)| - poly.(log N) and | By| < O-(|X (k)| - log(|Z[¥)), so the overall length is
Oy | (N - poly. (log N)).

* Degrees. The left degree is O, | (poly. (log IV)), the decoding degree is 1, and the right degree is poly,_ (log IV).
* Projection Decision Complexity. O)5,|(poly. (log N)).

* Decoding Complexity. O|s, | (poly.(log IV)).

+ List-Decoding Soundness. (poly(1/¢), O(g'/?))-list-decoding soundness.

In order to apply right degree reduction next, we need to analyze the complete decoding distribution of D5, which
we call Q. Fix an arbitrary ay € Ao and let us bound Qs (o, as, o). First, since the decoding degree is 1, there is some
t such that

Qa(0,a2,0) = Qs(t, az,0) = Pat(az,0)

Then, by the decoding distribution guarantee of there is some b € X (v/k), such that
Qa(0,a2,0) = P2 (az,0) = P1 (o, b) = Qi(t,0,b).
Now applying (@8}, we have

< poly. (log N ).

QQ(O,CLQ,O) = Ql(tﬂovb) < Q1(07O7b) N

(49)
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Right Degree reduction. Having analyzed the complete decoding distribution of D5, we are now ready to apply
on it. Note that we need to apply the version of right degree reduction in which changes the
complete decoding distribution, because we did not analyze the discreteness of the marginal of Qs over the edges.

To this end, set
Npoly_(log N) )
n

M = 6‘20‘ <

sufficiently large and degree parameter d’ sufficiently large relative to € and apply with these parame-
ters. To see that we have set M large enough to apply we use the fact that Do has left degree at most
O)s;|(poly.(log N)), and |Az| < Npoly, (log N). Call the resulting dPCP

Dy = (A2 U B3, E3,54, 5, {®c}eer, { D2t brepm)s {Ps.t eem)) -

and let Q3 be the complete decoding distribution of D3. By there are positive integers w(a, b) for each
(a,b) € Ay x Bz such that we can write Q3(0, a,b) = ;”,5‘25\’/)[
guarantee of we have that either,

. Fix a left vertex a of D3. By the decoding distribution

L+ l2(@)]  Oisgl (poly. (log N))

Q3(07a70) < Q2(07a7 O) M X N (50)

or
1 5 1
<+ o < >
Qs(0,a,0) Wb P04 SN D

In the above inequalities, I'2(a), denotes a’s neighborhood in D5, and the first inequality uses while the
second inequality uses the fact that D, has left degree O|x;|(poly.(log N)) and |As| > N. We can now verify the
listed properties for Dj

Length. The right side has size d'nM = O)5 | (poly (N log N)) and the left side has size | A2, so the final length
is Oz, |(Npoly.(log N)).

Alphabet Sizes. The left alphabet size is | X 4| = 291501 (PolY= (18 N)) and the right alphabet size is O. (1) because we
applied [Cemma 7.1}
Degrees. The decoding degree is 1 in D, and this is preserved by [CLemma 7.4 when going to Ds.

Projection Decision Complexity. The decision complexity is O|x,|(poly.(log IV)) in D5 and this is preserved by

Lemma 7.4
Decoding Complexity. The decoding complexity is Oy, |(poly. (log NV)) in Dy and this is preserved by
Decoding Distribution. The complete decoding distribution is Q3 which is K -discrete for

K :=d”nM = Ojx,|(N - poly_(log N)).

The second item in the decoding distribution condition, follows because the complete decoding distribution guarantee
of results in Q3 having uniform marginal over the right vertices. The third item follows from (50) and (3T)
as for any a we have

Z w(a,b) = K - Q3(0,a,0) < Oz, |(poly.(log N)).
beB

Completeness. We have perfect completeness in D, and this is preserved by

Soundness. It is straightforward to check that the D has (poly(1/¢), O(g'/?))-list-decoding soundness by the list-
decoding soundness of D, and[Lemma 7.4} O
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9 A Composition Theorem for Decodable PCPs

This section proves a composition theorem for dPCPs, which facilitates left alphabet reduction. In[Section 10]we show
how to apply it on the constructions from (with a final composition step with a standard Hadamard-code
based dPCP) to reduce the alphabet size from 2P°Y(1°8(N)) a]] the way down to O(1).

Our composition result is as follows. Throughout the proof, we will use bold letters (e.g., a,b) for outer dPCP
vertices, and non-boldface symbols for inner dPCP vertices (e.g. a, ).

Theorem 9.1. Suppose we have the following two dPCPs, which we call outer dPCP and inner dPCP.

* Outer dPCP. There exists C'; € N such that for every ¢ > 0 there exist d; € N and functions F, DecisionComp;,
DecodeComp;, K1, k1 : N X N — N such that every circuit ¢ : ¥ — X of size N over some alphabet ¥ has
a dPCP as follows

— Parameters. Length S1(N,|Xo|), left and right alphabets of sizes Fy (N, |%o|) and O.(1) respectively,
decoding degree O (1), projection decision complexity at most DecisionComp, (N, |Xq|), and decoding
complexity at most DecodeCompy (N, | o).

— Complete Decoding Distribution. Call the complete decoding distribution Qqy and the sides of the con-
straint graph Aoy, Bout. Then, the following holds

x (Discreteness): for every a € Aoy, b € Boyt, Qout(0,a,b) = %ﬁ)r wt(a,b) € N.

x (Right Uniform): for every right vertex b, wt(a,b) = d1, and hence the marginal of Qout is

uniform over Bot.
* (Left Bounded): for every left vertex a, wt(a) := ), p w(a,b) < ki1 (N, |o).

— Completeness. Perfect completeness.

ac Aoyt

— Soundness. (Lo (<), €)-list-decoding soundness where Lo, = ¢~
 Inner dPCP. There exists Cy € N such that for every € > 0 there are bivariate functions Fy, DecisionComp,,

DecodeComp,, K5 : N X N — Nand M : N — N such that every circuit ¢ : (26)"/ — X of size at most N
over some alphabet X, of size at most T' has a dPCP as follows.

— Parameters. Length So(N',T"), left and right alphabets of sizes Fo(N',T") and O (1) respectively, de-
coding degree 1, projection decision complexity at most DecisionCompy (N', T"), and decoding complexity
at most DecodeComp, (N', T").

— Complete Decoding Distribution. Call the complete decoding distribution Q;, and the sides of the con-
straint graph Ain, Bin. Then the following holds:

% (Discreteness): for every a € Aj,,b € Bj, we have Qi,(o,a,b) = n,_M(NYYtT/,(;?2(N,’T,) for
wt'(a,b) € N.

* (Left Uniform): the left vertices can be labeled as [n'] x [M(N',T")], so that for every t € [n'], the
distribution Qi (t,-,0) is uniform over {t} x [M(N',T")]. It follows that the marginal distribution
of Qin over the left vertices is uniform and for every left vertex a, wt'(a) = 3, p wt'(a,b) =
Ko(N', T

— Completeness. perfect completeness.

— Soundness.(Li,(¢), €)-list-decoding soundness where L, = ¢ =2,

Then for every e > 0, and every circuit ¢ : 3§ — {0, 1} of size N, the language SAT (¢) has a projection dPCP with
the following properties, where we set

N" = O(k1(N, |X0|) + DecisionComp; (N, |3o])) and T = O, 5,(1).

* Length. S1 (N7 |EOD ’ (M(N/a Tl) + SQ(NIa T/))
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Left alphabet size. F>(N', T')%.
* Right alphabet size. O_(1).
* Decoding Degree. O, (dy).
 Projection Decision Complexity.

O(log(F1(N,|%0]))) + O, 5, (DecisionComp, (N, T") + DecodeComp, (N', T")).

* Decoding Complexity. log(F1 (N, |2o])) + DecodeCompy(N', T).

» Complete Decoding Distribution. Call the complete decoding distribution Qcomp and the sides of the constraint
graph Acomp, Beomp. Then the following holds:

— (Discreteness): Qcomp(0,a,b) = M for wt”(a,b) € Nand J = K;i(N,|%]) - M(N',T') -
Ko(N',T").

— (Left Uniform): The marginal of Qcomp over Acomp is uniform, and for every a € Acomp We have
Y pepWt'(a,b) = di K (N', T").

e Completeness. The dPCP has perfect completeness.

* Soundness. The dPCP has (poly(1/¢), €)-list-decoding soundness.

Proof overview. Our proof strategy follows the lines of the proof of [MR10] and [DHI13]. Specifically, we construct
a version of the inner dPCP for each left vertex a in the outer dPCP. The size of the circuit relevant for a given left
vertex is determined by (1) the projection decision complexity, (2) the parameter k£, which should be thought of as a
weighted version of left degree (with weights coming from the complete decoding distribution), and (3) the decoding
degree. In our application all of these are O|x,|(poly(log(NV))) or O |5,|(1), so the inner dPCP is run on a much
smaller scale.

In order to compose all of these smaller inner dPCPs into one overall dPCP, we attempt to check several constraints
“in parallel”. Namely, as in [MR10, [DH13]] we think of choosing a right vertex b of the outer PCP and checking all
of the inner PCPs of a that are neighbours of b. This requires some alignment between the inner PCPs of various
a, which is handled by the extra flexibility we have arranged in in the size of the PCPs. Additional care
is needed to make sure that the decoding is still maintained throughout, and this aspect is where we differ from the
prior compositions mentioned. Indeed, this is why we went through extensive efforts in to reduce the
decoding degree of the dPCP from to 1. Roughly speaking, having small decoding degree allows us to
pass decoding to the inner dPCPs while not increasing their alphabet size by too much.

9.1 The Construction

Fix e > 0 and asize N circuit ¢ : £ — {0, 1}. Our goal is to construct a dPCP for the language £ := SAT(¢) C 37,
and we have the outer dPCP D,,; and the inner dPCP D;, at our disposal. We will apply the outer dPCP to  and the
inner dPCP for circuits ¢, of size roughly O (k1 (N, |Xo|) + O(DecisionComp; (N, |£¢|)), which should be thought of
as much smaller than V.

The Outer dPCP. Take D, to be the outer dPCP for L as in the premise with the soundness error set to doyt :=
£“2+10 We denote its parts by

Dout = (Aout ) Bouta Eouh ZAout, EBWU {q)oune}eEEomv {D?Ut}te[nb {/P?m:}te[n]) .

Let ¢; denote the decoding degree of Dy, so that ¢ = O (1) by assumption.
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Henceforth, it will be convenient to let I'gisc out (2) denote the set of a’s neighbors listed with multiplicity wt(a, b).
In order to avoid confusion when referring to multiple copies of b (which appears in Igjsc out(a) more than once if
wt(a,b) > 1), we refer to the members of I'gisc out(a) as (b, ) where for each b € T'o,(a), ¢ € [wt(a,b)]. Hence,

Fdisqout(a) = U {b} X [wt(a7 b)]

beTout(a)

Notice that choosing (b, i) € Tgisc,out(a) uniformly, the marginal distribution of b is Qo (o0, a, -).
The following notation will be useful.

Definition 9.2. For a symbol o for a € Agyy and b € Toyi(a), let o_yp denote the unique g symbol that satisfies the
projection constraint on (a,b). For each t € Tgec out(@), we write ..y = D¢ (a, o). Here, the vertex a will always
be clear from context.

The Inner dPCPs. We will also construct an inner dPCP corresponding to each outer vertex a. For each a € Agy,
we start by defining a language

Lo C (D, x T

out Y

which is supposed to correspond to the set of valid alphabet symbols for a. Set,

T' = |Yp,,

X |8g|" = O j5,((1), (52)

to be the size of the alphabet which each of the languages £, is over. In the definition of £,, we identify [wt(a)] with
the multiset T'gisc oyt (@). Let us now fix an a and define the language L,.

For each w € L,, think of its wt(a) indices as being indexed by [gisc out(a) and for each (b, i) € Tgisc.out(a) we
write wy, ;) as the symbol in w at index (b, 7). The symbol W(p,s) is thought of as consisting of one X, symbol
corresponding to an implied label for b, and ¢; symbols from Yy, corresponding to one implied label for each ¢t €
Tout dec(a). With this setup in mind, the members of £, are exactly the w € (Xpg,, X Zgl )Wt(a) such that there exists
o € X, satisfying the following two conditions:

« for every (b, i) € Tgisc,out(a), the X, symbol in w ;), which we denote by (w ), is equal to o _p,

» for every t € I'out,dec(a) and (b, ) € Igisc,out(a), the symbol corresponding to ¢ in wyy ;), which we denote by
(wp,i)), is equal to oy

In words, the above two conditions mean that all of the symbols in w are consistent with a single o € X 4_,.

By the projection decision complexity of D, and the bound on wt(a), the language £, can be decided by a
circuit of size O(wt(a) + DecisionComp, (N)) = O(k1 (N, |X¢|) + DecisionComp;, (N, |Z])), and hence there exists
a uniform bound

N" = O(k1(N, |X0|) 4+ DecisionComp; (N, |30])) (53)

such that for every a € Ag,:, membership in the language £, can be decided by a circuit of size at most N'. Henceforth,
we fix
M =M(N',T") and K,= Ky(N',T"), (54)

where M (-, -) is the function related to the left vertices of the inner dPCP given by the theorem statement, and K5 (-, )
is the function related to the complete decoding distribution of the inner dPCP given by the theorem statement.
Now, for each a € A we take Djj 5 to be the inner dPCP guaranteed by the theorem statement for the language
L, with soundness error set to
6in =E.

Note that we can use the same value M and K here for every inner dPCP, D;, ,. This is because the inner dPCP
assumption in the theorem statement, along with the fact that for all a € A, the language £, is over strings of length
at most k1 (IV, |Zo|) with an alphabet of size at most 7”, and membership in £, can be decided by a circuit of size at
most N'.
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For each a € A, we denote the parts of Dy, 5 as

Din,a = (Ain,a u Bin,aa Ein,av ZAin,av ZB;MN {(I)in,e}eEE;n,aa {Dl(r;,ﬁ)}(b,i)ef‘out(a)v {PE;7,2)}(b,i)€Fout(a))'

We have that the alphabet sizes are

‘EA = 05(1)~ (55)

<F2(N/,T/) and |EBin,a

in,a

For, convenience, we will express A , as I'gisc out (@) X [M], rather than [wt(a)] x [M], where recall that |Tgisc oyt (a)] =
wt(a). Also, for simplicity, we refer to members of I'gisc out(a) X [M] as (b, 4, r) (rather than ((b, ), 7).

We will also use the following simplifying notation, which is similar to that in but now specified
for the inner dPCP.

Definition 9.3. Given a symbol 0 € X4, , for (b,i,7) € Ainq, recall that Di(r;";’.) ((b,i,r),0) outputs a ¥p
for b and one X symbol for each t € Toyt dec(@). We let (UW(M)) b denote the X, symbol part of the output

symbol

out

from Di(';"z)((b,z',r),cr). Likewise, for each t € Tgecout(@), we write (O’w(b,i))t to denote the Yo symbol for t in

Di(r;";) ((b,i,7),0). When we use this notation, the identity of v € [M] will be clear from context.

symbol for b and one ¥ symbol

out

By design of the language, the output of the decoder, Di(';f;) consists of one X g

for each t € T'gec(a). The list-decoding soundness of Di(';)’z) translates to the following claim, which morally states

that one can view Dj, , as a decodable PCP for the language of valid a-alphabet symbols, with (Lin, 6in)-list decoding
soundness.

: Fdisc,out(a) X [M] — XA to

ina

Claim 9.4. For every a € Aoy the following holds. For any left assignment Ty, |,
Din g, there is alist {09, ... ,0f } C X, such that for any right assignment T, , : Bing — X

in,a

Pr ] [51 A\ 52] < bin-
bNQout(o,a,-),ie[wt(a7b)],re[M],b~73'(’,":‘;)((b,i7r),»)

Here & and &, are the following events over the sampled (b, 1) € Toyt dec(@), 7 € [M],b € Bin 4.

s &1. the constraint on (b,i,7) and b is satisfied by Ty, ,[(b,4,7)] and T, ,[b].

nal

a

* &. the symbols for (b,i) and t € Toyt dec(@) output by the decoder are not (simultaneously) equal to (O'j)ﬁb
and (U}‘-’)Wtfor any j € [Lin)- That is, for each j € L), either

(Dl (85,7 T, [0 5.7)), # (%),

or there is t € Toyt dec(@) such that
(DB (B,.). T [B.3,D) # (05) _, -

Proof. Fix Ty, ,. Applying the list-decoding soundness of Dj, , we get a list of words {wy,...,w, } € L, such
that for any right assignment Tz, ,, the list-decoding error of T4, , and T'p, , relative to this list is at most Oin.
We can translate this list, {wy,...,wy, }, into a corresponding list of L;, symbols o%,. .. ,ofm € X,. Specifically,
for each wy € {wy,...,w,}, by definition of being in L,, we have that there exists ¢ € X, such that for any
(b7 Z) S Fdisc,out(a> and t € Fou'c,dec(a)

in,a in,a

(wpi)p =0p and  (Wps)t = Oust.

We set ¢ to be this symbol and if for some w € {wy, ..., wy, } there exist multiple such o € ¥,, we choose one of
them arbitrarily to be 0. Now it is straightforward to see that the list-decoding soundness of D, , for the language L,
relative to the list {wy, ..., wy, } translates exactly into the statement of the claim with the list {0, ..., 0f } C X,.
Here, we use the fact that sampling (b, ¢) in the multiset, I'gisc out (@), uniformly, we have b ~ Q,t(o,a,-) and 4
uniform in [wt(a, b)]. O

65



Finally, let us write the complete decoding distribution of each inner dPCP, Dy, 4, as Qin a. Using the discreteness
property of the inner dPCP’s complete decoding distribution, we have that for every ((b,¢,7),b) € Aina X Bin a, there
is wt,((b,¢,7),b) such that

wt, ((b,i,7),b)

Qin,a(o7 (bvia/’ﬂ)v b) - Qin,a((b»i); (b,’i,?"), b) = m

(56)
By the third property of the complete decoding distribution of the inner dPCP, for all a € Aqy and (b, 7, 7) € Aina
we have
> wty((byi,r),b) = Ko, (57)
bEFa,in((b7i,T))
where in the above I'y ;, denotes the neighborhood of a vertex in D;, 5. We emphasize that, by assumption, K5 above
is the same for all of the inner dPCPs, D;, ,. We are ready to describe our composed dPCP.

The composed dPCP D, o Dj,.

¢ Constraint Graph: The constraint graph is bipartite with the following left and right sides respectively:
Acomp = {(b’T) S [M] and b € BOut}a
BCOF"P = {(35 b) rac Aout: be Bin,a} = U {a} X Bin,a'

aerut

Let us explain how the vertices in the composed PCP should be thought of. First, take the inner constraint
graphs, (Aina U Bina, Eina), for each a € Ay, Viewing each left side as Tgisc out(a) x [M], we see that for
each b € B,y and r € [M], there are dq-many vertices of the form (b, ¢,7) which appear in Acomp. This is
because of the assumption that

> wt(a,b) =d, (58)

aerut
from the outer dPCP’s complete decoding distribution. Henceforth, when we are in the context of the composed
dPCP, we will denote the copy of (b, 4,7) in A, 4 by (a;b, 4, 7).
The left side of the composed constraint graph is obtained by identifying, for each b € By, and r € [M], the

vertices of (a; b, ¢, ) over all a adjacent to b and ¢ € [wt(a, b)]. One can think of the vertex (b,7) € Acomp as a
cloud consisting of all (a; b, i, ) appearing over all copies of the inner dPCPs Dy ,.

The right side of the composed constraint graph is the union of the right sides of the inner constraint graph, and
the edges are the same after identification.

* Left Alphabet: Fix a vertex (b, ) € Acomp. Foreacha € I'oy¢(b) and i € [wt(a, b)], there is a vertex (a; b, 4, r)
coming from the inner dPCP of Dy, 5. Then, the composed vertex (b, r) holds a symbol from ¥ 4 for each
(a;b, i, 7). Overall, using (38) see that these are d; inner left alphabet symbols.

in,a,a

If o is an alphabet symbol for (b,r), we use o{a, i} to denote the ¥ 4, , symbol corresponding to a label for
(a; b, i, 7). We also constrain the alphabet of (b, ) to only contain o as follows.

- Hardcoding Outer Constraints. We require that (o{a,i}) , is the same for all a € I'gisc(b) and i €
[wt(a, b)]. Henceforth, we denote this value as 0.5, so that

oo = (D3 (@sb,i,r), ofa,i)) . (59)
On the right side, we are first running the inner decoder from D, 5, where the index to decode is (b, 7),
the left vertex is (a;b,4,7) € Aina, and the symbol is o{a,i}. We then take the symbol for b given

by the output symbol. We note that whenever we use the notation of (59), the symbol o will satisfy the
hardcoding outer constraints, so all the possible a lead to the same value.
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- Hardcoding Decoding Consistency. For any ¢ € [n] and all a, ¢ such that (a,b) € supp(P;) and i €
[wt(a,b)], we require that the decoded values (DL"’a((a; b,i,r),0{a, z})) are the same, and we denote
t

this value by g..;.

We denote the left alphabet by X 4

comp *

* Right Alphabet: The right alphabetis ¥ p

in,a*®

* Constraints: By our construction, ((b,r),(a;b)) € Ecomp if and only if there is an ¢ such that (b,i) €
Cgisc,out(@) and, in Dy », the vertex (a; b, ¢, 7) is adjacent to (a; b). Let us describe the constraint on this edge
now.

Given valid labels 0 € ¥4, and ¢’ € ¥p,, for (b,r) and (a;b) respectively in the composed dPCP, the
constraint on ((b,r), (a; b)) checks that, for all such a, i as above, where (b, ¢, 7) is adjacent to b in Djy ,, the

inner constraint of Dj, 5, between (a; b, i,7) and (a; ) is satisfied by the labels o{a, i} € ¥4, ,and o’ € X, ,.
That is,

O((b,r), @it (0:0") = 1
if and only if

Pin, (ai,ior), () (9, 07) = 1
over all a, ¢ such that (a; b, ¢, r) is adjacent to (a;b) in Dj, 5. In the second equality, the constraint is coming

from Djp 4.

* Decoding Distributions: Let Q,,; be the complete decoding distribution of the outer dPCP. Then the complete
decoding distribution of the composed dPCP, Qcomp, is generated as follows.

Choose (t,a,b) ~ Qoyu, and ¢ € [wt(a, b)] uniformly at random.

Sample r € [M] uniformly.
Choose (a; b) ~ Qina((b,7), (a;b,i,7),),
Output (1, (b, 7), (a;1)).

It is clear that the marginal of Qcomp over [n] is uniform, and for each ¢ € [n] we take the decoding distribution
to be Py = Qcomp(t, -, ).

* Decoder. For (b, ) € Acomp and label o, the decoder outputs D;°"((b,7),0) = 0.ut.

This completes the description of the composed dPCP, D, o Dj,, and we will now show that it satisfies the require-

ments of [Theorem 9.1l

9.2 Basic Properties of the Composed PCP

In this section we establish all of the properties of D, 0 Dj, as promised in the statement of [Theorem 9.1} except for
the list-decoding soundness, which is deferred to the next section. In the below, recall that 77 is given by (32), N’ is
given by (53), K2 and M are given by (54).

Length. By construction, left side has size at most | Byt | - M vertices and the right side has size >
overall the length is

Bin,a

a€ Aout | » SO

S1(N, [Xo|) - M(N',T") + S1(N,|30]) - So(N',T").

Alphabet Sizes. The left alphabet size is at most | 4, ,|%*. Indeed, fix a left vertex (b, 7). Then for every a € Agu
and i € [wt(a,b)], (b,r) holds one symbol from ¥ 4, ,, corresponding to a label to (a; b, i,7) in Dj, », which by (G8)
is a total of d; symbols from ¥ 4, ,. Hence the alphabet size is F»(N', T")%, where we use (53) to bound the size of
|Z 4,, . |- The right alphabet is ¥, , and its size is O.(1) by (&3).

in,a in,a
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Decoding Degree. The decoding degree is O.(d;). Each (b, r) is responsible for decoding ¢ if there is a € T'o,t(b)
such that ¢ € Toyedec(a). The decoding degree bound follows from the fact that |Toyedec(a)] < O:(1) and that

|Fout(b)| < dl by '

Projection Constraints. It is straightforward to check that the composed dPCP has projection constraints because
the inner dPCPs are all projection dPCPs.

Projection Decision Complexity. Fix a constraint ((b,r), (a; b)) and let o be the left alphabet symbol. Recall that o
contains, as its restrictions, one X 4. . symbol for each of d; vertices corresponding to all a, 7 such thata € Tyisc(b), 4 €
[wt(a,b)].

The projection circuit needs to do the following: (1) check that the left alphabet symbol satisfies hardcoding of
outer constraints, (2) check that the left alphabet symbol satisfies hardcoding decoding consistency, and (3) compute
the unique right alphabet symbol that satisfies the constraint.

Each of (1) and (2) can be done by computing a restriction of the given left alphabet symbol and then running the
inner decoder d; times and then checking an equality between d; symbols of either X _,, in the case of (1), or ¥ in
the case of (2). Altogether, the circuit complexity of (1) and (2) is a constant multiple of

log(F1(N,|X0])) + di - (DecodeComp,(N',T") + log |5,
= log(F1(N,|%0])) 4 O- x| (DecodeCompy (N', T")).

in,a

+ log[Xo|)

To accomplish (3), the projection circuit runs the projection circuit of the inner dPCP, D, ,, on a restriction of the
given left alphabet symbol which requires circuit complexity

log(F1(N,|30])) + DecisionComp, (N', T").
Overall this gives projection decision complexity that is,

O(log(F1(N,|%0]))) + O, 5, (DecisionComp, (N, T") + DecodeComp, (N', T")).

Decoding Complexity. The decoder restricts its input to obtain a symbol for the inner dPCP and runs the decoder of
the inner dPCP. Hence, the decoding complexity is log(F (N, |2o])) + DecodeComp, (N', T7).

Complete Decoding Distribution. Fix (b, r) € Acomp and (a;b) € Beomp. Then
SR [Qin,a<<b,z'>, (a;b,i, 1), <a;b>>}
M i€[wt(a,b)] Qin,a((bv i)v (a; b, 1, T)v O)

[Wt;((a; b,i,7), (a; b))}
i€[wt(a,b)] Ky

Qcomp(oa (b7 T); (a; b)) = Qout(oa a, b) :

<|-

- Qout(oa a’ b) :
_ Wi(ab) E
K1 MK icwt(a,b)]

_ Zie[wt(a,b)] Wt;((a7 b7 ia 'f’), (37 b))
B KIMK,

(60)
[wea((a;b, i, ), (a; )]

In the first transition, we are using the definition of Qcomp. In the second transition, we are using (56) to plug in
the term inside the expectation, and then (57). In the third transition, we are writing out Quut(o,a,b). In the final
transition, we are expanding out the expectation from the second line.

By the above, we get that the first property of the complete decoding distribution holds with discreteness parameter

J=K -M-EK, and wt'((b,r),(a;b))= >  wt((ab,i,r),(a;b)). (61)
i€[wt(a,b)]

We move onto the second property which requires showing that the marginal over Acomp is uniform. From the
description, it is clear that

i L4
Qcomp(o’ (b7’l“),0) = Qout(o7 O,b) : M }'{1(]\]'7 ‘EODM
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In the second equality, we use the fact that Qg (0, 0,b) = m, by the right uniformity property of the outer
dPCP’s complete decoding distribution. It follows that for any (b, 7) € Acomp

Jd,

> wt’((br), (aid) = — e = d1 Ko,
. ((b, ), (a; ) Ki(N,[So)M — 12
(a;b) € Beomp

as desired.

Completeness. Since the outer dPCP D, has perfect completeness, for any w € SAT(yp) there are assignments
Ta,, : Aout = 24, and T, : Bout — Bout such that all of the constraints in D, are satisfied and the decoder
outputs w; with probability 1 for all ¢ € [n]. Now, for each a € A, using the value T4, [a], one can construct

Wina € (ZpB,, X Egl)Wt(a) such that for every (b,i) € Dgiscout(a) and ¢ € T'oyt dec(a), we have that the g,
part of (Wina) b, equals (T'a,, [a]) b, and the symbols corresponding to ¢ € I'out,dec(@) in (win,a)p are consistent
(Ta,,.[a])_,;. For each such wi, 4, which is in £,, one can then use the perfect completeness of the inner dPCP’s to
construct Tlg, , : Aina — X4, and T, , : Bina — DBina wWhich satisfy all of the constraints on the inner dPCP
Din,a and always output a decoding that is consistent with (win a)—p for all (b,¢) € Tgisc,out(a) and (Win a)~s¢ for all
te Fout,dec(a)-

From these assignments, we construct the composed assignments 7’4
2 Beomp @8 TOllOws:

out

in,a in,a

t Acomp = LA, and TBegmp * Beomp =

comp comp

* For every (a;b) € Acomp, note that b is a right vertex in Dj, ,, and hence we set Tz, [(a; b)] = T, , [b].

* For each (b,r) € Acomp, Ta
[wt(a, b)].

[(b,7)] consists of the label T4, ,[(b,i,7)] for each a € T'oue(b) and i €

comp

One can check that this assignment indeed satisfies all of the constraints of the composed dPCP and the decoder
outputs wy with probability 1 for all ¢ € [n)].

9.3 Proof of List-Decoding Soundness

This section is devoted to the proof of the following lemma, establishing the list-decoding soundness of
and thereby completing its proof.

Lemma 9.5. The composed dPCP constructed above has decoding error §in + Lin - Sour = € + €'° relative to a list of
size Lin - Lour = 91792110 and hence satisfies (poly(1/e), O(e))-list-decoding soundness.

Proof. Fix an assignment. T4 Acomp — 2 4,,,,, We will first define a list of assignments for D,,;. Specifically,

comp *° comp

we will have a left outer assignment, Tf‘i )ut : Aout — X4, foreach j € [Liy].

Obtaining assignments to the left side of the Outer PCP. For each a € A,,;, we will attempt to obtain candidate
assignments to a in the outer dPCP by using the list-decoded values of the inner dPCP, D;, 5. To do so, we first use
T'Acomp to Obtain an assignment T'a,, , for Di, a, and subsequently apply the list-decoding condition of D, , to these
assignments. Set

in,a

TAin,a [(a’ b7 /L” T)] = TAcomp [(b7 r)] {a7 Z}’ V(a’ b7 i? T) € Ain,a~
Now that T'y,, , is an assignment to D;, », We can apply the list-decoding guarantee from We get that there
is a list Listin o = {93, .., yfin} C X, such that the following holds for any right assignment 7" : Bi, » — Xp,

in,a®

Pr [Ein1 A Ein2] < Gin. (62)

(b,i) €T disc,out (a),r€[M], (a:b) ~P % ((asb,i,r), )

Here, &, 1 and &y 2 are the following events:

* &in,1 (the inner constraint is satisfied): this is the event that T4, ,[(a; b, 4,7)] and T"[(a; b)] satisfy the constraint
on ((a;b,4,7), (a,b)) from Dj, 5.
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* &in 2 (the inner decoding fails): this is the event that the inner decoder does not output something consistent with
the list. That is, the symbols for b and ¢ € T'oyt dec (@) output by the decoder are not (simultaneously) equal to

(yj’)_}b and (y;?)wt for any j € [Lin].

Using Listj, o we can now define L;, assignments to A,,:. More specifically, for each j € [L;,], define the assignment
T & Agw = Sa,,, by
TIE{‘) [a] = Y5, Va€ Agu.

out

Outer List decodings for each T° 5{0 ?ﬁ. Fix a j € [Lin] and consider one of the left outer assignments TX; .),t' By the

(J)

list-decoding condition of Dy, there exists a list Llsto]u)t = {wy”’,... ,wl(_z l} C L such that for any assignment to
() ;
t

the right side of the outer dPCP, Ts , : Bout — XB,,. the hst-decoding error relative to Listg; is bounded by dout.
Specifically, we have that for each j € [L;,] and any right assignment T’g

out ?

out ?

o ot A ozl < G (63)
(avb)NPtom

where the events above are as follows:
* Eout,1 (satisfied outer constraint): this is the event that ¢ (ap) (TX) Zt [a], T, [b]) = 1, meaning that the outer

constraint is satisfied on (a, b).

* Eout,2 (the outer decoding fails): this is the event that D9"(a, T(j ) a]) ¢ {(wéj )) } Ll meaning that the
eelL

decoding does not agree with any member of Listc(,ﬂ)t.

Showing List-Decoding Soundness. We are now ready to show that the composed dPCP for L satisfies (Loyt -
Lin, din + Lin - dout)-list-decoding soundness. The list-decoding soundness will be with respect to the following list
from L:

I—|5tcomp = U L|Stout = {’LU/ }JE Lin] €€ [Lout] -
J€[Lin]

Fix any right assignment T, : Beomp —+ 2B, ,- For each a € A, define the following inner right assignment:
T |n a[(a b)] - TBcomp [(a7 b)]7 v(a; b) € Bil’ha'

Let us also define a candidate right assignments for the outer dPCP. For each (b, ) € Acomp, recall that T4, [(b, )],
gives an assignment to b € By, For each 7 € [M], recalling the notation from (59), we define a table Tgozt as

TS [b] = Ta,,, [(0,7)]_,.
Now, we define the following events:

* Ecomp,1: this is the event that the constraint on (b, r) and (a; b) is satisfied in the composed dPCP:

Dcomp, (0,1, (a5)) (Tcomp (05 7)) TBomy [ (23 0)]) = 1.

Unpacking the definition of the constraint, this is also the event that the constraint on the edge ((b,r), (a; b)) of
the inner dPCP is satisfied by the induced assignments, T4, ,[(a;b,7,7)] and T, ,[(a;D)].

* Ecomp,2 (the composed decoding is outside the list): is the event that
Dcomp b,’l“ 7T b,’l“ {( (J)) }
(), T (0 € {(wf) ]

meaning the output of the decoder for the decoding set ¢ is not consistent with wz forany j € [Lis] or £ € [Lout]-
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In the notation of the events above, showing list-decoding soundness of the composed dPCP amounts to showing the
following inequality, where the term on the left hand side is precisely the list-decoding error.

P Ecomp.1 N Ecom < Gin + Lin - dout. 64
(t,(b,r),(a;lf))~Qcomp[ omp,1 o p,2] + out (64)

It will be convenient now to define a few events. Call the event on the left hand side of E = Ecomp,1 N Ecomp,2
and define the following events over ¢, (b, ), (a; b) output by the distribution from (64):

* & is the event that there does not exist j € [Li,] such that Ty, [(b,7)].p = (yj‘) and T, [(b, )]s =
(yj‘) for all ¢ such that (a, b) € supp(P?").

* & is the complementary event of the above. That is, that there does exist j € [Lin] such that T'a, [(b,7)]«.p =
(y?)_}b and T'a,,,, [(b,7)] s = (y;‘) for all ¢ such that (a,b) € supp(PPUt).

Itis clear that £ = (£ A E1) V (€ A &2) so the probability of interest is

Pr [5] = Pr [5 A 51] -+ Pr [5 A\ 52]
(t)(bxr)’(a?b))"’gccmp (t)(bxr))(a;b))'\’gccmp (t)(hxr))(a;b))"’gwmp

< P ENE P £ A&l
00~ e T (1, o o2 1 E2]

(65)

We start by bounding Pr[€ A &;]. We think of (¢, (b,7), (a;b)) ~ Qcomp as being sampled in the following manner.
First, a ~ Qqut(0,,0) is sampled, then (b,7) € Tyiscout(a),r € [M] are chosen uniformly at random. Finally, ¢
is chosen according to the marginal Quu(-,a,b), and (¢, (b, r), (a;b)) is output. Rewriting the distribution in this
manner, one can check that we have

[ENE] <

Pr E [ r [(Fapinr A& (66)
(tv(bvr)v(a;b))’\’gcomp aNQout(Of,o) (b!i)erdisc,out(a)!TG[AI]

where F, p i, is the event that the assignments, T'a,, [(a;b,i,7)] := T, [(b,7)|{a,i} and T, ,[(a; )] := Tp,,,[(a; )],
satisfy the constraint on ((a; b, ,7), (a; b)) in Di, ,. We note that the event £; contains the event that the inner decoding
on Dj, , for (b, i) is not consistent with any member of Listi, o. That is, that for every j € [Li,], either,

(Dl(r;)j) ((37 b, ia T)v TAin,a [(a; b? iv T)])>b = TAcomp [(b’ r)]Wb 7& (y?)‘)b
or for some ¢ € Fdegout (a)5

(Dl (@b, 1,7), T (@51, 1,7)])) = T [0, 7) ]t # (32)_,

t

In the above two equations we are using the hardcoding of the alphabet of (b, ). Specifically, the equality in the
first equation is by the “hardcoding outer constraints” and the equality in the second equation is by the “hardcoding
decoding consistency”.

Hence for each a, the inner probability on the right hand side of (66) is at most the list-decoding error of Dj, 4
applied to left and right assignments 7’5, ,, T'a,, - This probability is at most di, by [Claim 9.4] so

Pr (€ A& < S,
(£,(0,7),(255))~ Qeamp

and going back to (63)), we get

p £ <6 P Es A Eomosl. 67
0 )~ e ST g 2 N Ecomp] 7

It remains to bound the probability on the right hand side of (67). To this end, for each j € [Lin],r € [M]
let £; . be the event that TX zt [a] and TJ(BQL [b] satisfy the outer constraint, ®oy¢ (ap). OF equivalently, the event that
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(T [a]) Ly = (y2)_,,- Also define the event F; to be the event that D§"(a, Tf({;zt [a]) & {(u)uys-on (W) L,

out J

The probability on the right hand side of can be bounded as

Pr & N Ecompe] < E Pr Eir NTj |7
(t’(b77‘)7(a§b))wgcomp[ ? «© p72] TE[Af] (t’(b’r)’(a;b))wgcomp Je\[{] " ’
(68)
<Y & | m oo
— re[M] te[n]
J€[Lin] (a,b)~ Pt

In the first transition, we use the observation that » € [M] is chosen uniformly and independently of ¢, b, a, b in the
distribution of the probability on the left. In addition, we use the fact that if £ occurs, it must be the case that for some

J € [Linls TX)Zt [a] is consistent with T4 _[(b,7)] on b and all # such that (a,b) € supp(Ps"*). Hence, if €2 A Ecomp,2
occurs, then there must exist j € [Li,] such that

©) — comp _ ppout () (")
(T Jad)n = (), and DE™((b.r), T [00.7)]) = D" Tl  { (w) }

This takes care of the first transition. The second transition is by a union bound. Now fix a j € [L;,] and notice that

the probability, in the summand of the last line is precisely the list-decoding error of T,Ei Zt, Té:it, and hence for any
j € [Lin] and r € [M],

tg[fl] (€. A Fjl < Sout-
(aﬂb)N,PfO,Ut

Plugging this into (68) and going back to we get that the list-decoding error is

P &l < 0in + Lin - dout- ]
(t,<b,r>,<a;zf>>~gcomp[ ] out

10 The Final dPCP

We are now ready to construct our final dPCP, using the constructions and tools developed up to this point. For the
remainder of the section, fix a size N circuit ¢: Xf — {0,1} and let £ := SAT ().

10.1 An Intermediate dPCP with Nearly Constant Alphabet Size

Our starting point is the dPCP for £ given by [Theorem 8.4] which we denote by D;. By composing it with the inner
dPCP from|Theorem 8.3| we get the following result.

Theorem 10.1 (Intermediate dPCP). For every € > 0 there exist L = poly(1/e) and M = O)x(poly.(log N)),
d = O:(1), k = O5,|(poly.(logloglog N)) such that the following holds. The language L has a projection dPCP of
the form

D= (AUB,E, %4, 35, {®c}ecm, {Di}iepm), {Pileem))

which satisfies the following
s Length. O\, (N - poly.(log N)).
« Alphabet Sizes. The left and right alphabet sizes are 2°1=01 (PoW:(logloglog N)) g Oc (1) respectively.
* Decoding Degree. O.(1).
* Projection Decision Complexity. O)x, (poly. (logloglog N)).
* Decoding Complexity. O, |5, (1).
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e Complete Decoding Distribution. Call the complete decoding distribution Q. Then the following holds:

- Foralla € A,b € B, we can write Q(o, a,b) = %for some integer wt(a, b).

— Foreveryb € B, ) . 4 wt(a,b) = d.
— Foreverya € A, ), pwt(a,b) = k.

e Completeness. The dPCP has perfect completeness.

* Soundness. The dPCP has (poly(1/¢), €)-list-decoding soundness.

Proof. Let us start by recalling the parameters of our Outer dPCP and inner dPCP in[Table T|and[Table 2} Ultimately
we will compose two times, where both times the inner dPCP is taken from (although instantiated on differ-
ent languages and hence different language-related parameters N', n’, T'). Throughout all tables in this section, we
abbreviate complete decoding distribution as CDD. Also, once we specify that a complete decoding distribution is M -
discrete and can be written as Q(o, a, b) = wt(a, b) /M, we refer to the left weighted degrees as the sum 7, _ , wt(a, b)
for each left vertex a, and the right weighted degree as the sum ) _ , wt(a, b) for each right vertex b. Viewing the
bipartite constraint graph as having wt(a, b) edges between a and b for each pair of vertices a and b, these quantities
indeed correspond to degrees in this graph. Finally, all of the dPCPs in this section have perfect completeness, and all
of the transformations we use preserve perfect completeness, so we do not include perfect completeness in any of the

tables.

Henceforth, fix the circuit ¢ : ¥ — {0, 1} from the theorem statement. We will construct a dPCP for SAT (¢).

Parameter Outer dPCP: D,

Length O5|(N - poly_(log N))

Left alphabet size 2013 (poly. (log N))

Right alphabet size O:(1)

Decoding Degree O:(1)

Projection Decision Complexity — O)5,|(poly. (log N))

Decoding Complexity O)s,|(poly.(log N))
List-Decoding Soundness (poly(1/e),¢)

CDD Marginal over Edges O)s;,|(Npoly_(log N))-discrete
Left Weighted Degree all at most Ojs,|(poly. (log N))
Right Weighted Degree all equal and O, (1)

Table 1: The parameters of the dPCP from [Theorem 8.4|applied to the language SAT () with list-decoding soundness

€Iror €.
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Parameter Inner dPCP: D,

Length Or/(N"? - poly_(log N'))
Left Vertices [n'] - [M] for M = Oz (N'poly_(log N'))
Left alphabet size 207 (poly. (log N'))
Right alphabet size O:(1)
Decoding Degree O:(1)
Projection Decision Complexity ~ Op(poly.(log N'))
Decoding Complexity Or(poly (log N'))
List-Decoding Soundness (poly(1/¢),¢)
CDD Marginal over Edges n' - M - Op (poly.(log N'))-discrete
(so that K (T", N') from|Theorem 8.3|is Or- (poly.(log N')))
Left Weighted Degree all equal and O (poly, (log N'))

Table 2: The parameters of the dPCP from applied to the language SAT(y’) for some circuit ¢ :
(34)™ — {0,1} of size at most N’ over an alphabet of size |X(| < T with list-decoding soundness error €.

First Composition. We apply the composition of [Theorem 9.1| with outer dPCP D; and with inner dPCPs given

Referring to the parameters from [Table T| and [Table 2} one can check that we get a dPCP, called Ds,
with parameters as described in[Table 3| In particular, the parameters N’, T arising in the composed dPCP guarantee

of Theorem 9.1|are Ox; | (poly.(log V)) and O |5, (1) respectively.

Parameter Composed dPCP: Ds

Length Oy (N - poly,(log N))

Left alphabet size 20131 (poly. (log log N))

Right alphabet size O:(1)

Decoding Degree O:(1)

Projection Decision Complexity — O)5,| (poly.(loglog N))

Decoding Complexity O)s,| (poly.(loglog N))
List-Decoding Soundness (poly(1/¢),¢)

CDD Marginal over Edges Oj5;0|(N - poly_(log N))-discrete
Left Weighted Degree all equal and O, (poly. (loglog N))

Table 3: Composing D; and Ds. In Ds, the parameters N’ and 7" are O, | (poly. (log N)) and O, |5, (1) respectively.

Let A3 U B3 be the sides of the constraint graph, and call Q3 the complete decoding distribution of Ds. By the
discreteness of the marginal of Q3 over the edges, we can thus write, for every (a,b) € As x Bs, Q3(0,a,b) = M
for some wt(a,b) € N, where .J = O|5;|(V - poly_(log N)).

The alphabet size is now significantly smaller but is still super-constant. We would like to compose again to
further reduce the alphabet size, but we note that now D3 does not satisfy all of the requirements of the outer dPCP

in In particular, requires the outer dPCP’s complete decoding distribution to have uniform
marginal over the right vertices — a property that we do not have in
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To fix this, we set d’ = O(1/£1°?), multiply all of the weights by d’, and then apply with degree d’.
We let the resulting dPCP be D}, and let its constraint graph have sides Az U B} with complete decoding distribution
Qf. Tt is straightforward to check that D} has all of the same parameters as D5 in [Table 3| except for the following
changes

* The length becomes d'J, where J = O)x,|(Npoly.(log N)) is the discreteness parameter of the complete
decoding distribution’s marginal over the edges.

* The discreteness parameter of the CDD Marginal over edges is multiplied by d’ and is still Oy, | (N -poly_(log N)).
o The right weighted degrees are all ' = O.(1).

* The left weighted degrees are all multiplied by d’ and are still all equal to some O|5,|(poly. (loglog IV)).

Now we can compose D5 with the inner dPCP from [Theorem 8.3 one more time using and again

apply with degree d’ on the resulting dPCP. This time, the inner dPCPs are applied with parameters N’
and 7" that are O|5,|(poly. (loglog N)) and O, |5,,(1). Altogether, we obtain the dPCP, D,, whose parameters are
listed in [Table 4] We note that, similarly to in D}, all of the parameters except for weighted right degrees come

from The weighted right degrees from are obtained by applying which changes the
length to O, (1) times the discreteness parameter of the complete decoding distribution’s marginal over the edges, and

increases all of the other parameters by an O, (1) factor which is absorbed. O
Parameter Composed dPCP: D,
Length O, (N - poly_(log N))
Left alphabet size 9201, (poly. (loglog log NV))
Right alphabet size O:(1)
Decoding Degree 0:(1)
Projection Decision complexity — O)x,|(poly. (logloglog N))
Decoding Complexity O)s;|(poly. (logloglog N))
List-Decoding Soundness (poly(1/e),¢€)
CDD Marginal over Edges O, |(IV - poly_(log N))-discrete
Left Weighted Degree all equal and Oy, | (poly_ (logloglog N'))
Right Weighted Degree all equal and O,(1)

Table 4: Composing D5 and D,. In Do, the parameters N’ and 7" are O)5|(poly. (loglog N)) and O, |5, (1) respec-
tively.

10.2 The Final dPCP with Constant Alphabet Size
Now we are finally ready to prove our main dPCP theorem, which we restate below for convenience.

Theorem 10.2. For all ¢ > 0 there exists C € N and L = poly(1/e) such that the following holds for all size N
circuits p: 5 — {0, 1} over some alphabet X. The language SAT (@) has a 2-query, poly-time constructible dPCP
with the following properties

e Length. O\ (Nlogc N),

* Alphabet Size. O, |5, |(1),
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* Complete Decoding Distribution. The marginal of the complete decoding distribution over the right vertices is
uniform and the marginal of the complete decoding distribution over the left vertices is uniform.

e Completeness. The dPCP has perfect completeness,

* Soundness. (L,2¢'/%)-list-decoding soundness.

[Theorem 10.2]is obtained from [Theorem 10.1]by performing yet another composition step. This time, though, we

will compose with a Hadamard-code based dPCP construction, which has a constant size alphabet (but an exponential
length). Starting from Dy, however, this exponential size dPCP is applied to a circuit of size poly(log log log N), hence
the overall length increase is only a factor of poly(log(V)), which is affordable to us. Below we state the properties
of the Hadamard dPCPs, which can be found in slightly different forms in [DH13, BMVY25].

Theorem 10.3 (Hadamard dPCP). For every € > 0 there exist L = poly(1/¢) and functions M, K : N x N — N
satisfying
2
M(T,N) =207 and  K(T,N)=0.(1)

such that the following holds. For every alphabet Y of size at most T and circuit ¢ : 3§ — {0, 1} of size at most N,
the language SAT (@) has a projection dPCP of the form

D= (([n] X [MD U B, Ev 2A7 237 {(I)e}eGEa {Dt}te[n], {Pt}te[n])
which satisfies the following with M := M(T,N) and K := K(T, N).
* Length. O(nM).

Alphabet Sizes. The left alphabet size is O, (1) and the right alphabet size is O (1).
* Degrees. D has decoding degree 1.

* Projection Decision Complexity. O r(1).

* Decoding Complexity. O, r(1).

¢ Decoding Distribution. Let Q be the complete decoding distribution. Then, Q satisfies the following:

— Foreach (t,r) € [n] x [M] and b € B we can write Q(o, (t,1),b) = %for some wt((t,r),b) € N.
— Foreacht € [n), the distribution Q(t, -, o) is uniform over {t} x [M] and hence for every (t,r) € [n]x[M],

> w((t,r),b) = K.

beB
* Completeness. The dPCP has perfect completeness.
* Soundness. The dPCP has (L, 2¢"/%)-list-decoding soundness.

The proof appears in On a high-level, the construction is identical to the one in [BMVY25] Theorem
7.7], with minor additional considerations in the analysis.

We can now complete the proof of by composing D, with the Hadamard dPCP from

which we denote by Dy.q.

Proof of[Theorem 10.2] We use[Theorem 9.1|with D, as the outer dPCP, and the Hadamard based dPCP Dy,q from|[The}
orem 10.3[as the inner dPCP. When applying Dyagq, the parameters N’ and 7" are poly, (logloglog N) and O, |5,(1)

respectively. We also have to apply again on the resulting dPCP to obtain regularity for the right weighted
degrees (and hence uniformity of the marginal of the complete decoding distribution over the right vertices). We call
the resulting dPCP D5 and list its parameters in Here, we remark that it is important that the dPCP given by
[Theorem 9.1]has complete decoding distribution whose marginal over the edges is O|s;,| (N - poly, (log N))-discrete,
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so the length blowup from applying is controlled. Similar to in the previous two compositions, all of the

parameters in are given by [Theorem 9.1] except for the weighted right degrees. These are obtained by applying
which changes the length to O, (1) times the discreteness parameter of the complete decoding distribution’s

marginal over the edges, and increases all of the other parameters by an O, (1) factor which is absorbed. O
Parameter Composed dPCP: D;
Length Os;| (N - poly.(log N))
Left alphabet size Oc,|5,/(1)
Right alphabet size O:(1)

List-decoding soundness (poly(1/e),e)

CDD Marginal over Edges ~ O)5; (N - poly, (log NV))-discrete
Left Weighted Degree all equal

Right Weighted Degree all equal

Table 5: Composing D4 and Dhag. In Dhag, the parameters N” and 7" are Oy, | (poly. (logloglog N)) and O, |5, (1)
respectively.

11 Applications

In this section we describe applications of our main dPCP result (Theorem 3.12) to PCPPs, RLDCs, and CSP-
reconfiguration.

11.1 Proof of Theorem 1.7

Our 3-query PCPP construction is based on the dPCP from[Theorem 3.12] along with an additional consistency check.
Due to the latter, we have to take into account the list size of the dPCP, which makes our PCPP effective only for words

which are very far from the language.

Theorem 11.1. For any € > 0 the following holds for any alphabet . For all circuits ¢ : X7 — {0,1} of size N,
there exists a 3-query PCPP ¥ = (X U AU B, E,P,35,UX 4 UXpg,{P.}ecr) for the language SAT (@) with the
following parameters:

s Length. |A|,|B| = Ojs,|(N - poly_log N), | X| = n and the edge set E C X x A x B consists of Ojs,|(N -
poly, log N) hyperedges, each has size 3 and includes one vertex from each one of A, B and X.

¢ Distribution. The marginal distribution of P on B is uniform.
* Alphabet Size. Vertices in A, B have alphabets ¥ 4, % g of size O\ (1) each, the alphabet of X is ¥o.

* Soundness. There exists a universal constant C > 0 such that for anyn > 1 — ¢ ifw : X — g is n-far
Sfrom SAT (@) then forany Ty : A — X4, Tp : B — Xp,

P (bza ,T 7T b)) = 1] < 2e.
(m,a,bgwp[ (@,a.b) (e, Talal, T [b]) ] €

Proof. Fix € > 0. We use|Theorem 3.12[to construct a dPCP for SAT (¢):
D= (AUB,E, 34, %5,{®}ecr, {Pi}icim)s {Dt}eepn))
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with (L,e) list-decoding. Then, we construct a PCPP ¥ = (V' E/, P/, %/ {®.}.cp/) with X C V' as follows:
V' = AUBUX where | X| =n, E' = {(t,a,b) : t € X,(a,b) € supp(Py)}, X’ = ¥4 UXp U Xy. For an
edge (t,a,b) € E’, the satisfying assignments of the constraint ®(, , ;) are tuples (o, a, 3) such that («, () satisfies
the constraint ®(, ;) of D, and D;(a, o)) = o. Finally, the distribution 7’ is the complete distribution of D, which we
denote by Q.

The completeness, query complexity, number of vertices, edges and alphabet size of ¥ follow directly from the
construction. The marginal distribution over B is uniform as Q(o, 0, ) = P’(o, o, -) is uniform by [Theorem 3.12}

We prove the soundness condition. Suppose w € X} is n-far from SAT (¢), and fix assignments T4 : A — ¥ 4 and
Tp : B — Y p to the dPCP D. By the list-decoding property of the dPCP, there exists a list {uy,...,u } C SAT(p)
such that

W @ (Tale]. Tslb]) = 1A Difa, Talal) ¢ {(u),Jiew] < (69)

We conclude that
a 1 AlQ | b)) =1
(t7a7b)f\/7>/[ (tv ,b)(wta [ ]7 B[ ]) }

= (t,aﬁgg[‘l’(a,b) (Talal, Tp[b]) = 1 A (w; = Dy(a, Tala]))]

- (t,a§§~9[@(“’b) (Tala], Tg[b]) = 1 A (wy = Di(a, Tala))) A Di(a, Tala)) & {(us), }ic]

+ (t,a%Ng[@(“’b) (Tala], Tg[b]) = 1 A (wy = Dy(a, Tala])) A Di(a, Tala]) € {(wi), }ici]

< P i) i
e B o€ () he

where in the third transition we us (69), in the fourth transition we use the union bound, and in the last transition we
use the fact that u; € SAT (), that w is n-far from SAT () and that the marginal distribution of Q over ¢ is uniform.
Since L =1/ % for some absolute constant C' > 0, given thatn > 1 — £+ we conclude the the soundness error is
at most 2¢. O

11.2 Proof of Theorem 1.8

Our 4-query PCPP with optimal proximity/soundness guarantees is constructed via a similar transformation as in[The]
with an additional encoding idea.

Theorem 11.2. For any € > 0 the following holds for any alphabet ¥y. For all circuits ¢ : £ — {0, 1} of size N
over X, there exists a 4-query PCPP ¥V = (X UY UAUB,E, P, X0 UXUX4 UXp,{Pctecr) for the language
SAT () with the following parameters:

* Length. |A|,|B| = Oy (N - poly_log(N)), | X| = n,|Y| = O.(n) and the edge set E C X xY x Ax B
consists of Oz, |(N - poly_log(N)) hyperedges, each has size 4 and includes one vertex from each one of
A, B, X.Y.

s Alphabet Size. Vertices in A, B have alphabets ¥4, ¥ p of size Oz, (1) each, the alphabet of X is ¥y and
the alphabet of Y, denoted by ¥y, has size O(1).

 Soundness. Foranyn > 0, ifw : X — X is n-far from SAT () then forany Ta : A — 4,175 : B —
ZB, Ty Y — Ey,

Pr [(I)(m,y,a,b) (ww, Ty [y]7 T [CL], Tp [b]) = 1] <l-n+e
(z,y,a,b)~P
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Proof. LetC : ¥ — ¥"/P be a linear time encodable code with distances 1 — 1 as in we will choose
the parameter p later and then p = p(pu) > 0 is picked. Define the circuit ¢’ : Xf x ¥"/? — {0, 1} which on input
(m,m’) € ¥ x "7 outputs 1 only if C(m) = m’ and ¢(m) = 1. Note that since ¢ is of size N and the encoding
circuit is linear in n, the size of ¢’ is 5(N +n/p). Also, we have

SAT(¢") = {(m,m') € B8 x XV | m € SAT(p), m' = C(m)}.

Let d € N be a parameter to be chosen later, and let S C [n] x [n/p] be the edges of a bipartite expander with
sides [n] x [n/p] and right degree d, left degree d/p and second singular value at most O(1/+/d). We note that S can

be constructed in polynomial time by

Consider the circuit " : (¥ x %)!81 — {0,1} defined as follows. Given an input w” : S — ¥ x %, define
w : [n] = Xg by picking for each i € [n] an arbitrary j that (i,5) € S and then defining w(i) = w" (¢, 7)|;, and
similarly define u : [n/p] — X. The output ¢” (w") is 1 if:

1. Forall (i,5) € S, w" (i, ) = (w(i), u(j)).
2. ¢ (w,u) =1.

We note that the size of " is O(|S|) plus the size of ¢/, which is Og, »(IN). Using|Theorem 3.12| we get a dPCP for
the language SAT (") with (L, £)-list decoding, which we denote as

D= (A U B, E7 YA, 2B, {(I)(a,b)}(a,b)eEv {P(:c,y)}(x,y)68> {D(m,y)}(ar,y)es) .

We denote the complete decoding distribution of D by Q. We think of the decoder on (z,y) € S as outputting two
elements, which we call D, (-, )z and D5 (-, ).

We construct the PCPP for SAT(¢) as ¥ = (X UY UAUB,E" P, S0 UX 4 UXE,{Pe }ecr ) where | X| =
n,|Y| = n/p, the edge set is

E' = {((‘T7y)7avb) ‘ (l‘,y) € Sa (avb) S Supp(P(m,y))}

and the distribution P’ is taken to be Q. The alphabet of A is X 4, the alphabet of B is X g, the alphabet of X is X
and the alphabet of Y is ¥. For ((z,y),a,b) € E', atuple ((o,7), , 3) satisfies the constraint ®((, . 4.5) if (o, B)
satisfies @ (4 1), D(z,y)(a, @)z = 0, and D(, (a, a), = 7.

The size and the other parameters of the PCPP follow from the parameters of the dPCP from [Theorem 3.12] where
the circuit size is |¢”|, and in the rest of the argument we argue the soundness of . Let w : X — X be n-far from
SAT(p),and fix Ty : A = X4, Tp : B— X and Ty : Y — X. By the list-decoding soundness property of the D
there exists a list {w} };c. € SAT(¢") such that

" y)lzrb)NQ[‘I)(a,b) (T[al, T[b]) =1 A Dz (a,Tla]) ¢ {wi(z,y)}ie] < e (70)
As w} € SAT(¢") we conclude that there exists u; € SAT(y), such that we have w”(z,y) = u;(z),C(u;), for all
(z,y) € S, and we fix such u; henceforth. Let £ be the event that ®(, 4)(Tala], TB[b]) =1 A D, 4 (a,Tala]). =
wz A D(gy)(a,Tala]), = Ty[y]. The soundness of the PCPP is thus Pr((, 4 4.5)~p[£], Which can be written as

€] = Pr [ A Dy (a,Tala)) ¢ {wi (z,y)}ien]

Pr
((m,y),a7b)~Q ((Ixy)7a7b)~g

Pr  [EN Dy (a,Tala]) € {((ti)a, (C(ui))y) tie)]-
((z,y),a,b)~Q

The first term is at most & by (70), and we now focus on the second term. Let £, be the event that there are 7 # i such
that C(u;)y = C(us),. We get that

<<z,y>3fb>~g[5 A Dy (a, Tala]) € {((wi)e, (C(ui))y) tiepw]

< Pro [€ A Dy (a Talal) € {((w)a, (C(ui))y)bic) A &)+

&
((z,9),a,b)~Q €]

Pr
((z,y),a,0)~Q
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Note that for any ¢ # 4, the words C(u;), C(uy) agree on at most y fraction of coordinates, so by the union
bound Pr((; ) .qa.6)~0lEy] < (g) w. As for the other term on the right hand side, note that as £ requires that
D(m,y) (aa Ta [a]) = (ww, Ty [y]) we get

o Br I A Dy (@ Tala)) € {((u)er (Cu)) by A &)

< Pr [(we, Ty[y)) € {((ui)e, (Clu))y)iey A &)

(z,y)€

If the event above holds, then the values {(C(u;)), } are all different, so at most one of them is equal to Ty [y]. Defining
Ar={y : & N (C(ur))y =Ty [y]} and By = {z : wy = (us),} for I € [L], we get that

Pr [(we, Ty [y]) € {((ui)e, (C(ui))y)}iewy A &)=Y Eayesllyea, - Laen,]

(@.9)es el
1 |Ar||Bi]
<Y Eyenspllyear] - Eoemlleen ] + —= | o - —
ot vd \n/p n
L
<1on+—.

Vd

In the second transition we used|Lemma 2.3} and in the last transition we used the fact that E, ¢ [12eB,] < 1 —17 for
) and that

all I (as w is n-far from SAT (o) rey) Eyen/ol [Lyea;] = Pr@.y),an~alEy] < 1.
Combining all of the above, we get that

L L
P P T Tglb])) =1 A Dy, T =Wz <1 — : —.
P [ (Tl Tal) (@ Tald)s =w] <10+ (5] ut -
As L = 1/£¢ for some absolute constant C' by [Theorem 3.12| choosing 1 = £2¢ and d = 4¢~2¢, we get that the error
isatmost 1 —n + €. O

11.3 A Query-Preserving PCPP to RLDC Transformation

To prove we describe a generic transformation that converts a sufficiently good 3-query PCPP into a
3-query RLDC.

Theorem 11.3. Suppose for some absolute constant C > 0 we have the following two ingredients:

o For any alphabet 3, constant § > 0, and circuit ¢: X7 — {0,1} of size N there is a 3-query PCPP ¥ =
(XUAUBE, P, Yo UX {D.}ecr) satisfying:

— Length. O5,|(N - poly_(log N)).

— Queries. Each hyperedge ¢ = (e1,e9,e3) € FE satisfies ey € X,es € A,es € B, and choosing e
uniformly, ey is uniformly random in X, ey is uniformly random in A, and es is uniformly in B.

— Soundness. Foralln > 1— 6%, ifw : X — % is n-far from SAT (), then forany Ta : A — X4, Tp :
B — EB

RS Tala], Tp[b]) = 1] < 26.
(t,a,bgm/P[ (t,a,b)('LUt7 A[a]7 B[D ]

s Forany § € (0,1) there is p > 0, an alphabet X of size Os(1), and a code Cy : {0,1}F — Elg/p with relative
distance 6, that is both quasi-linear time encodable and decodable.

Then for all 1 € (0,1) sufficiently small, and sufficiently large k, there is a 3-query RLDC with message length k,
blocklength k? - poly,,(log k), alphabet size O,,(1), distance 177“ and decoding radius . Furthermore, for all 6 > 0,

the RLDC has success-rate 1 — 165 — o(1) on inputs that are 6-close to a valid codeword.
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Proof. Fix p > 0 sufficiently small and take p > 0 and a code Cy as per the second item with distance 1 — p, rate
p, and appropriate alphabet 3. For an index ¢ € [k] and a bit b € {0, 1}, let ¢, : Zg/po — {0, 1} be a circuit that
given a word w of length k/p, outputs 1 if w is a member of Cy, and furthermore the 7’th bit of the encoded message

is equal to b. More precisely on an input w € Zlg/ ?_run the decoding map to get m = Decg, (w), then output 1 if and
only if Co(m) = w and m; = b. Since the code Cy is quasi-linear time encodable and decodable, the circuit size of
©i.b is OM(]C) Define £7L,b = SAT((pi’b).

Unifying the proof length for PCPP invocations. Fori € [k],b € {0,1}, take
Wip = ([k/p] U Aip UBip, Eip, 2, {Pc}ecr, Pip)

to be the PCPP from the premise of the statement for the language £; ,. Without loss of generality, we assume that
all the PCPPs have the same alphabet which has size O.(1). The code we construct will contains multiple encodings
of the message and relevant proofs, but we first address a small technical issue. The PCPPs are guaranteed to have
length that is bounded by & - 1ogC k (as the circuit size is O,,(k)), but A; ;, (as well as B, ;) may differ in size across
1 and across b. Since each proof should be contained in a predefined part of the codeword we construct below, we
must ensure that the right and left sizes of the PCPP have the same size across all invocations. Towards that, we set

C'"=C+10andlet K = k - logc/ k. Given assignments to the PCPP Ty, , : A;p — Y and T, , : Bip — &
construct m; , = (m;,p, 4, mip,5) as follows:

s TibA= (TE.{Z’/‘A“’U , VK_LK/|A'%5|J"A’L¥&‘), that is, repeat Ta, , in full | K/|A; ;|]-times, and put v in the rest

to make the overall size exactly K. Here, v is an arbitrary symbol outside of ..

.« Tipp = (Téi/‘B“U , I/K*LK”BN’U"BM‘), that is, repeat T'g, , in full | K/|B; |]-times, and put v in the rest

to make the overall size exactly K.

Note that the uniform distribution over [K] and the distribution over [K] which is uniform over the subset [| K /|A; || -
|A; ], are 1/ log'® k-close in statistical distance; similarly for B; . We think of the PCPP as the string m;, =
(7i,6,4, ™ b, 5) of length 2K over alphabet symbols from ¥. We denote by m; ,(w) an arbitrary assignment to the PCPP
in the completeness case for w. By the perfect completeness of the PCPP, it is guaranteed that such an assignment
exists which satisfies all of the constraints with w.

The construction. Let Y = X x {0, 1}. We define C: {0, 1}¥ — S07¥/# x (5/)2K°F as follows:
C(m) = Co(m)" | 1, (Co(m)) -+~ T, (Co(m))

for r = 2pK, where the proof 7], are constructed as follows. We first construct ; ., (Co(1m)), and to get
i m, (Co(m)) we append the bit m; to each entry of m; ,,, (Co(mm)). This results in doubling the alphabet size of
the proof. Overall, we get that a codeword consists of two equal length blocks:

* The first block consists of 7 repetitions of Co(m).

* The second block consists of the concatenation of 7} ,,, (Co(m)) fori = 1,..., k, where each entry of the proof
has the bit m; “appended”.

Moreover, the second block can be further partitioned into two equal sized blocks consisting of the “A”-vertices and
“B”-vertices of each PCPP.

The decoder. Given an index ¢ € [k] and w € Zg'k/ ? x ¥k the decoder Dec(w, i) proceeds in the following way:

1. Choose a random repetition of out of the r repetitions in the first block of w. Call this wy.
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2. Sample a uniform index b’ in [K], and read 7; ., p at index &'. If that symbol is v output L, and else proceed.

Recall that W;m1 p contains multiple copies of assignments to the right-side B; ,,,,. The index b’ corresponds to
avertex in b € B, ,,,,, and the distribution we chose is (1/ log!® k)-close to being uniform over B; ,,,,. We note
that as the supposed value of m; is not known to the decoder yet, it does not know the correct distribution over
the locations that need to be read in the PCPP (as they may be different for each one of the languages £; ,,,).
However, since the distribution over the query on the B-side is uniform for each of £; ,,,,, the query we made in
this step is sampled according to a distribution which is statistically close to the correct distribution.

3. Let z be the bit appended, so that supposedly x = m;.

4. The decoder now knows which language £; , was supposedly used for the PCPP encoding, and in particular
the decoder can calculate the length of A; ;. Thus, the decoder also knows which locations in the A-part of
;.2 (Co(m)) are the non-v ones. The decoder samples a uniformly random index j € [| K/|A; ;] and looks at
the jth copy of m; ,(Co(m)) from the A-part. The verifier samples (¢, a, b) ~ P; , conditioned on b = b, and
then queries the locations corresponding to a in the jth copy of the A-part of m; ,,(Co(m)) and ¢ in wy.

5. If the read assignment to a does not have the bit x appended, output L. Else, remove the appended bit from
each of the read symbols and proceed.

6. If the read assignment satisfies the constraint on (¢, a, b) of ¥, ., output x. Otherwise, output L.

Analysis of the construction. We now analyze the construction. It is easy to see that the code has distance at least
1;“ due to the repetitions in the first block. The length and completeness for relaxed local decoding are clear from
the corresponding properties of the PCPP.

For the success rate, suppose the codeword, w, is d-close to some valid codeword w’. Let Iy, I3, and I3 be the
Co(m)" part, the A-parts of the proofs, and the B-parts of the proofs respectively. The queries of the decoder are
distributed as follows. Over a uniformly random index to decode, the marginal distribution of the queries of the
decoder is: (1) a uniformly random query in I3, (2) a query according to a distribution which is o(1)-close to uniform
over I, and (3) a uniformly random query in I3. Let d, be the fraction of locations in Iy on which w and w’ differ,
so that 1|I1]01 + I|I2|62 + %|I3]03 is the Hamming-distance between w and w’ and hence at most 0 - 4Kk. As
\I1| = 2Kk, |I| = Kk and |I3| = Kk we get that §; + 365 4+ +63 < 44. By the union bound, the probability that
any of the queries of the decoder is a location in which w and w’ differ is at most

1 1
01+ 0o + 03 + 0(1) < 4(61 + 152 + 153) + 0(1) < 166 + 0(1)

In this case, the decoder acts on w as it would act on w’, hence it outputs the correct bit by the completeness. We
conclude that the success rate is at least 1 — 166 — o(1).
We now analyze the soundness of the decoder. Suppose that there is a message m € {0, 1}* such that

dist(w,C(m)) < p,

and fix an ¢ € [k] to decode. Choosing the copy wq of the supposed encoding of m under Cy from the first block
uniformly, we get that,
E [dist(wo, Co(m))] < 2.

wo

Thus, by Markov’s inequality with probability at least 9/10 we have that the w, chosen satisfies
dist(wp, Co(m)) < 204. (71)

Now the decoder, as described above, looks at the proof 7’ from the second block which is supposedly the proof
T} m, (Wo)- If one of the proof queries has the bit m; appended, then the decoder will output either m; or L, and we

are done. Otherwise, they both have the bit m; @ 1 appended. In that case, the verifier of the PCPP of £; ,,,, g1 is run,
and we lower bound its rejection probability. By and the fact Cy has distance 1—p, we get that dist(w;, £; m,e1) =
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(1 — p) — 20p = 1 — 21p. In this case, the decoder will output | with probability at least 1 — 2 - (21)*/¢ — ToaToR

for some fixed constant C' > 0, by the soundness of the PCPPE] In particular, for sufficiently large k and sufficiently
small i, the decoder outputs either the correct bit or L with probability at least

9 1 2
—(1-2-@QuVC - ——) > 2,
10 < (214 log™® k) 3
where the inequality follows by setting u to be sufficiently small. O

Proof of[Theorem 1.9 Invoke [Theorem T1.3|with the PCPP from[Theorem TT1.T|and the codes from[Lemma 2.1 O

11.4 Improved PSPACE Inapproximability of CSP-Reconfiguration

The reconfiguration inapproximability problem [HO24| |[CM24, |(GRW25]|| studies the complexity of moving between
two given solutions to a given CSP instance, by modifying the value of only a single variable at each step, and only
going through assignments that satisfy a large fraction of the constraints. More precisely:

Definition 11.4 (Gap; . ¢-CSPx, Reconfiguration). Let g > 1 be an integer, € € (0,1], and X be a finite alphabet. An
instance of Gap, . ¢-CSPx, Reconfiguration is specified by a q-CSPsy; instance ® and two solutions o, o' € X" The
task is to distinguish the following two cases:

* Yes Case. There exist assignments o, . ... 0 e 2" such that 0 = o, V) = &', each o, (=) differ
on at most one coordinate, and each o) satisfies all constraints in ®.

* No Case. There exist no assignments c9) ... o) € 2" such that 09 = o, cV) = ¢/, each ¢V, 0~ differ
on at most one coordinate, and each ) satisfies at least € fraction of the constraints in ®.

The recent work of [GRW25] establishes a formal connection between PCPPs and hardness of CSP reconfiguration
problems, where the better the parameters of the PCPPs are, the better of a gap one obtains for the reconfiguration
problem.

Theorem 11.5 (Theorem 2, [GRW23])). Suppose for some n € (0, 1), there is an alphabet o such that we have the
following two ingredients:

s Any error-correcting code C : {0,1}" — Xk E]with relative distance nn € (0,1) that is encodable in space
poly(n).

* For any constant § < 1/2 and every circuit ¢ : 37 — {0,1} of size N there is a q-query PCPP which is con-
structible in space polynomial in |Xo|, N, (0, ¢(0))-soundness, randomness O(log N ), alphabet size Os |5,|(1).

Then for all 6 < 1/2, there is an alphabet ¥ of size Os 52| (1), Gapy 1 _.(s) (¢+1)-CSPs. Reconfiguration is PSPACE-
hard.

Since our PCPP from achieves strong relation between the proximity and rejection probability we
can use it to instantiate the theorems above with it.
We can now prove [Corollaries 1.13|and[1.14]

Proof of|Corollary 1.13| Take the code from|Lemma 2.1| with distance greater than 1 — § for some arbitrarily small §

and take the 4-query PCPP of [Theorem 11.2{ which rejects 155 -far inputs with probability 12;5 + ¢ for some £ = £(9)

arbitrarily small relative to 6. Then, the result follows by plugging these two pieces into[Theorem 11.5 O

Proof of[Corollary 1.14} The result follows by a simple reduction from Gap, ; . (¢ + 1)-CSPx to Gapl,k% 2-
CSPs, O

5The —~L5— term is because the query we made to the B-side is only —=5—-close to uniform in total variation distance.
logl0 k& log10 &
In [GRW?23], a binary code (rather than a code over a larger alphabet) is used. However, an inspection of their argument shows that they only

use the fact the messages are binary. Thus, the alphabet size of the encoding could be taken as a large constant.
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A The Final Inner dPCP (Hadamard dPCP)
In this subsection we prove We do so in three steps:

* We present the notion of right-assignment decoding soundness, which most dPCP constructions in the literature
satisfy. We show that it implies our notion of list-decoding soundness.

* We recall the definition of robust dPCPs from [DH13]]. A construction of such dPCPs yields the desired structure
of the left-vertices in the inner dPCPs for composition (see[Theorem 8.3).

e Then we show that the folklore Hadamard dPCP (taken from [BMVY?25, Lemma 7.7]) satisfies all of our re-
quirement for the inner dPCP.

A.1 Right-Assignment Decoding to Left-Assignment Decoding

Below is the more commonly used list-decoding soundness for dPCPs. In it the list is constructed from a fixed
assignment to the right side of the dPCP, as opposed to [Definition 3.3|wherein it is constructed from a fixed assignment
to the left side of the dPCP.

Definition A.1. Let D be a decodable PCP for L. Given e € [0,1], L € N we say that D satisfies right-assignment
(L, &)-list-decoding soundness if the following holds. For any right assignment Tg : B — Xp there exists a list
{wi,...,wr} C L suchthat forany Ty : A — Z 4,

tep[fz/] (@ a0y (Talal, Tp[b]) = 1 A Dy(a, Tala]) & {(wi),}icir)] < e
(a,b)~P;

In the definition above, the right-assignment 7’5 is fixed and induces a list of candidate words in the language,
whereas in our definition of list-decoding soundness it is the left-assignment 74 that is fixed. In the following we
show a simple transformation between the two notations:

Lemma A.2. Suppose a language L has a projection dPCP D = (AU B,E, ¥4, %5, {P: }ien]s { Dt }ren)) with
right-assignment-decoding (L, )-list-decoding soundness. Then D also satisfies (L - e~ /5, 2¢/5)-list-decoding
soundness for the language L.

Proof. First, note that since D is a projection dPCP, for each a € A and an assignment to it o, each neighbour b € T'(a)
has a unique assignment that would satisfy the constraint ®, ;), and we denote it by (o) (the vertex a will always be
clear from context). Let Q be the complete decoding distribution of D.

Fix an assignment T4 : A — X4, and consider the following candidate list: for each b € B, let cand(b) be
the set of symbols o € F, such that Prog(,.p)[Talals = o] > €'/5. One can find J = 1/£'/° assignments
17,..T; : B — ¥p, such that for every b € B and every o € cand(b) there is some j € [J] such that T}[b] = 0. We
use the assignments 77, ..., T"; to invoke the right-assignment list-decoding property of the dPCP with respect to fixed
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right assignments (and with T4 being the left assignment). Thus, for each j we get a list L, = {wl,... ,wJL} cL
such that

Pr - [®(qy)(Talal, Tjb]) = 1 A De(a, Talal) ¢ {(w]), }iein] <e.

t~[nl,

(a,b)~Py

Define the list list L' = Uj¢[7] L}. To complete the proof, we will show that for any Tz : B — ¥ we have

P @ (Talal Talt) = 1A Dulo, Tala)  {u f)icigern) < T -2+ < 217
(a,b)~P:

First, note that the probability on the left hand side can be written as

tNP[fl] [®(0.)(Tala], Tp[b]) = 1 A Dy(a,Tala]) ¢ {w![t]}ie(r).je]
(a,b)~P:

= tf)[};] [®(ap)(Talal, Ts[b]) = 1 A Dy(a, Tala]) & {w![t]}ic(z),je) A Talaly € cand(b)]
(a,b)~P;

+  Pr [®(p)(Talal, Ts[b]) = 1 A Dy(a,Tala)) ¢ {w![t]}iciz),sern A Talal ¢ cand(b)].

t5nl,
(a,b)~Py

The second term is bounded by /% by the definition of the cand(b) list. For the first term, we use union bound:

Pr (o) (Talal, Ts[]) = 1 A De(a, Tala]) ¢ {w][t]}ie(zy, et A Talals € cand(b)]

tfnl,
(a,b)~Py
= [®(a.0)(Talal, To[b]) = 1 A Di(a, Tala)) & {w] [} ez je A (UjernTalals = T[B])]
(a,b)~P;
< Pr [ (o4 (Tala), T[b]) = 1 A Di(a, Tala]) ¢ {w] [t} icz) jern) A Talaly = T;[b))]

t~[n],
J€l] (a,b)~P,

= I [P (Ta [a], T[0]) = 1 A De(a, Tala]) ¢ {w][t]icizy )]
J€L] (a b)~Py

<J-e
In this third transition we used the fact that if ® (4 4)(Tala], T5[b]) = 1 and Tala], = T7[b], then we must have
Tg[b] = T}[b]. In the last transition we used the right-assignment (L, ¢)-list-decoding soundness of D. O

A.2 Going from Robust dPCPs to dPCPs

In order to present the Hadamard dPCP from prior work, we need to first present an alternative definition of dPCPs,
called robust dPCPs, introduced by [DH13]]. The main difference between robust dPCPs and our notion of dPCP is
that robust dPCPs have a different notion of list-decoding soundness.

Definition A.3 (Robust Decodable PCPs). Ler p: i — {0,1} be a circuit of size N. A PCP decoder for the
language SAT () over a proof alphabet Y. is a probabilistic polynomial-time algorithm D that on an input circuit
¢ : 3y — {0,1} of size N and an index j € [n), tosses v = r(N) random coins to sample from a distribution P;
supported over tuples containing (I, f) which are:

(1) A sequence of ¢ = q(N) locations I = (i1,...,1q) in a proof of length m(N) over the alphabet ¥; the
parameter q is referred to as the query complexity of D.

(2) A (local decoding) function f : 39 — 3o U { L} whose corresponding circuit has size at most s(N), referred to
henceforth as the decision complexity of the decoder:
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For functions § : 7+ — [0,1] and L : ZT — Z™, we say that a PCP decoder D is a dPCP for SAT (¢) with soundness
error ¢ and list size L if the following completeness and soundness properties hold for every circuit ¢ : 3 — {0,1}
of size N:

» Completeness. For any y € X} such that ¢(y) = 1, there exists a proof m € £™, also called a decodable PCP,
such that

Prif(m) =y =1,

where j € [n] is chosen uniformly at random and I, f are distributed according to P; and the verifier’s random
coins.

* Soundness. For any m € ¥™, there is a list of 0 < £ < L strings y*, ...,y satisfying ©(y*) = 1 for all i, and

furthermore
Pr s Lyt i <o
el (1, f)~P, [f( I) ¢ { yj y]}]

* Robust Soundness. We say that D is a robust dPCP system for SAT () with robust soundness error ¢ if the
soundness criterion can be strengthened to the following robust condition:

Ejepnl,(1,)~p, [agr(71, BAD(f))] < 6,

where BAD(f) :={w € X1 f(w) ¢ {J‘7y]17""y§}}.

We have the following correspondence between robust dPCPs as in [Definition A.3|and our more usual notion of
dPCPs.

Lemma A.4. Suppose a language £ C X} has a robust dPCP with the following parameters
e Length. m.
e Query complexity. d;.
e Proof alphabet. ..
* Randomness Complexity. r.
e Completeness. Perfect completeness.
* Soundness. Robust soundness error € with list size L.
Then L has a dPCP with the following parameters
o Length. The left vertex set has the form [n] x [2"] and the length ism +n - 2".
* Alphabets. The left alphabet is a subset of > and the right alphabet is Y.
* Degree. Decoding degree is 1.

* Complete Decoding distribution. Let Q be the complete decoding distribution and let the left and right sides be
A and B respectively. Then the complete decoding distribution satisfies the following.

— The marginal over A is uniform.

— For each a € A, the distribution Q(o, a, ) is uniform over d; vertices in B.
e Completeness. Perfect completeness.

* Soundness. (L - ¢=1/5 2¢/5)-list-decoding soundness.
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Proof. Fix a robust dPCP for £ as in the premise. We construct a dPCP D for £, whose parts are
D= (A UB,E,Y4,Y5B, {(I)e}eGEa {Dt}te[n]a {Pt}t6[7l])7

as follows. The right vertices correspond to the proof locations of the robust dPCP. The left vertices are labeled as
[n] x [2"] and they correspond to ever possible pair of index ¢ € [n] and randomness ¢ € [2"] when choosing the
queries given index ¢. By the randomness complexity of the robust dPCP, each query set corresponds to one of 2"
random strings. The edges e correspond to all pair (¢,¢) € A and b € B such that the decoder of the robust dPCP
given index ¢ and randomness ¢ queries the location corresponding to b in the proof. The left alphabet is 3% . For the
vertex (t,¢) € A, we think of an alphabet symbol as corresponding to answer to the d; queries made by the robust
dPCP given index ¢ and randomness ¢. It also corresponds to a labeling of its d; neighbors on the right side. We
constrain the alphabet to only consist of values which would have made the robust dPCP verifier accept. The right
alphabet is ¥, and each constraint between (¢,¢) € A and b € B checks that both assignments agree on the value
assigned to b. The decoder is the same as in the robust dPCP. That is, it thinks of the symbol assigned to (¢,¢) € A
as the dy answers to its queries in the robust dPCP and decodes accordingly. Finally, for each ¢ € [n], the decoding
distribution P chooses ¢ € [n] randomly, chooses one of d; many b € B adjacent to (¢, £) uniformly at random, and
outputs (¢, (¢,£),b).

It is straightforward to check that D has the desired length, alphabets, decoding degree, and properties for the
complete decoding distribution. For perfect completeness, for any w € L, using the perfect completeness of the robust
dPCP we get that there is an assignment to B such that the robust dPCP always accepts and decodes to w;. Then, we
assign the left side according to the assignment to B. That is, for each (¢, ¢) € A, the assignment to (¢, £) consists of
the d; symbols from . assigned to its d; neighbors. It is straightforward to check that all of the constraints of D are
satisfied and the decoder for D decodes w, with probability 1 for all ¢ € [r]. Finally, it is straightforward to see that
the definition of robust soundness corresponds directly to right-assignment (L, €)-list-decoding soundness. Then, the

desired list decoding soundness follows by applying[Lemma A.2] O

A.3 The Hadamard dPCP

We are now ready to present the Hadamard dPCP and prove [Theorem 10.3| The result follows by plugging the robust
(Hadamard) dPCP presented in [BMVY25] into the transformation of

Lemma A.5 (Lemma 7.7 from [BMVY25])). Forevery T, N € Nand e > 0 the following holds. Let p: ¥ — {0,1}
be a circuit of size at most N over an alphabet of size at most T. There exists ¢ = 1/ £9M) such that the language

SAT () has a robust dPCP (according to with the following parameters:
1. Length. m(N) = ¢®™™).
2. Alphabet Size. q.
3. Randomness complexity. r(N) = O(N?1log(q)).

4. Query Complexity. ¢©(0g|>0D),

5. Soundness. Robust soundness ¢ with list size 1/¢°0).

Proof of[Theorem 10.3] The result follows by plugging the robust dPCP of into the transformation of

The projection decision complexity and decoding complexity follow from the fact that each can be
implemented as a circuit which outputs 0 or 1 and has an input consisting of at most two symbols from alphabets
of size at most O, (1). Finally, the complete decoding distribution condition follows from the complete decoding

distribution guarantee of O
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