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Universal codes in the shared-randomness model for channels with
general distortion capabilities

Bruno Bauwens * Marius Zimand T

Abstract

We put forth new models for universal channel coding. Unlike standard codes which are
designed for a specific type of channel, our most general universal code makes communication
resilient on every channel, provided the noise level is below the tolerated bound, where the
noise level ¢ of a channel is the logarithm of its ambiguity (the maximum number of strings
that can be distorted into a given one). The other more restricted universal codes that we
introduce still work for large classes of natural channels. In a universal code, encoding is
channel-independent, but the decoding function knows the type of channel. We allow the
encoding and the decoding functions to share randomness, which is unavailable to the channel.
There are two scenarios for the type of attack that a channel can perform. In the oblivious
scenario, codewords belong to an additive group and the channel distorts a codeword by adding
a vector from a fixed set. The selection is based on the message and the encoding function,
but not on the codeword. In the Hamming scenario, the channel knows the codeword and is
fully adversarial. For a universal code, there are two parameters of interest: the rate, which
is the ratio between the message length k and the codeword length n, and the number of
shared random bits. We show the existence in both scenarios of universal codes with rate
1 —t/n — o(1), which is optimal modulo the o(1) term. The number of shared random bits
is O(logn) in the oblivious scenario, and O(n) in the Hamming scenario, which, for typical
values of the noise level, we show to be optimal, modulo the constant hidden in the O(:)
notation. In both scenarios, the universal encoding is done in time polynomial in n, but the
channel-dependent decoding procedures are in general not efficient. For some weaker classes of
channels which produce the distortion based on short blocks of the codeword (rather than the
entire codeword), we construct universal codes with polynomial-time encoding and decoding.
Furthermore, for channels that work in the memoryless oblivious scenario, where they choose
the noise vector for each block randomly (rather than adversarially) and independently, there
exists a universal code with deterministic polynomial-time encoding/decoding.
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1 Introduction

In the problem of channel coding a sender needs to communicate data over a noisy channel to a
receiver. In the most general setting a message m is encoded into a codeword x. This codeword is
transmitted over the channel who distorts z into Z. Then a decoder tries to reconstruct m from Z.

> T > T > m
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The channel is viewed as an adversary and is characterized by the type of operations it uses
to produce the noise, and by a parameter ¢, which quantitatively describes the maximum noise
that we want to tolerate. Roughly speaking, most studies have focused on channels defined by a
fixed set T of possible operations that add noise and by setting ¢ to be the maximum number of
operations from 7 that the (encoder, decoder) pair can handle. Perhaps the most investigated
setting is the theory of error-correcting codes, where T consists of the single operation of 1-bit
flip (0 — 1,1 + 0). In this case, ¢ is the maximum Hamming distance between z and & that is
tolerated. Another case where there has recently been significant progress is when 7 consists of
the operations of 1-bit flip, 1-bit deletion, and 1-bit insertion. In this case, t is the maximum edit
distance between x and Z that is tolerated. Still another case is when 7 consists of the erasure
operation which transforms a bit into “?”. Other types of channel that distort in various ways
have also been investigated.

Our setting is different in two important ways. Firstly, we consider channels that can do
arbitrary distortion. We consider two different scenarios on how the channel does the distortion,
depending on whether it “knows” the codeword or only the message.

— In the Hamming scenario a channel is defined by a bipartite graph where left nodes represent
codewords that are inputs of the channel, and right nodes represent distorted codewords that are
outputs. A left and a right element are connected, if the channel may distort the codeword at
the left, to the one at the right. The level ¢ of the noise in the channel is the logarithm of the
maximal degree of a right node, i.e., the logarithm of the maximal number of input codewords of
the channel that can produce the same distorted codeword. All left degrees are at least 1. No
other assumptions are made on the channel.

— In the oblivious scenario a channel takes as input codewords from an additive group. The
channel is defined by a set of error vectors. On input a codeword for a message, it will add a
vector from this set to the codeword. The choice of the error vector does not depend on the
codeword, but on the message. The level ¢ of the noise is the logarithm of the size of the set.

Secondly, our goal for each scenario is to have a single encoding function that is channel-
independent. We call this a universal code. Differently said, a universal code is resilient to any
type of distortion, provided the noise level is within the tolerated bound. On the other hand, for
every channel there is a corresponding decoding function/!

In order to construct universal codes, we assume a special set-up for the communication
process: the universal encoder and the decoder functions are probabilistic and share random bits.
Such codes are called private codes. They have been introduced by Shannon [Sha58] (under the
name random codes), and more recently studied by Langberg [Lan04] (see also [Smi07, [GS16]).

For any given decoding function. one can construct a channel that defeats it, and thus, unlike the encoding
function, it is impossible to have a single decoding function for all channels as well. Anyway, decoding happens after
the channel attack, and typically in theoretical and practical applications, the decoder knows the type of attack,
or, at least, has a few candidates for it.



The channel does not have access to the random shared bits, although, in the Hamming setting,
the codeword might reveal some information about the randomness indirectly.

There are two important parameters. The first is the rate of the code, which is defined by
log K/log N, where K is the number of messages that we can send, and N is the number of
codewords that the channel can transmit. The second is the shared randomness of the code,
which is the number of random bits that the encoder and decoder share. Given a noise level
t =logT, we want to maximize the rate and minimize the shared randomness.

It is not difficult to show that for a universal code, the value of the product KT can not be
larger than N/(1 — €), where € is the error probability of the reconstruction of the message. This
implies that the rate of such a code is at most 1 — t/n — o(1), where n = log N, see section [4.1]
We construct universal codes with rates that converge to the optimal value and have small shared
randomness. The following simplified statements are valid for constant probability error.

Theorem 1.1 (Main Result - informal statement).

(a) There exists a universal code in the Hamming scenario with rate 1 —t/n — o(1) and shared
randomness O(n).

(b) There exists a universal code in the oblivious scenario with rate 1 —t/n — o(1) and shared
randomness O(logn).

One would expect the rate of a universal code to be lower than the rate of a code that is
optimal for a specific channel. However, the 1 —¢/n — o(1) upper bound is valid for every channel
in a large class of channels in the Hamming scenario, defined by graphs in which the left degrees
are not much smaller than the maximum right degree (see Remark [§). This class includes all
channels in the oblivious scenario. Therefore, surprisingly, the universal codes in Theorem [L.T]
have (asymptotically) optimal rate even among codes that are specifically tailored for each channel
satisfying the above condition on left degrees.

For both codes in Theorem [I.1], the universal encoding function is polynomial-time computable,
but decoding depends on the channel and requires exponential time. In some settings we obtain
polynomial time decoding. First, in the oblivious scenario, if ¢ = O(logn) the corresponding
decoding functions run in polynomial time. Secondly, using concatenation schemes, we obtain
universal codes with efficient encoding and decoding for weaker classes of channels in which the
channel acts on short blocks of the codeword, rather than on the entire codeword. Furthermore,
in a relaxed version of the oblivious scenario, in which the distortion vector is chosen at random
and independenly on blocks of the codeword, no shared randomness is required: there exists a
universal code with encoding and decoding functions computable by deterministic polynomial-
time algorithms. These results together with the full details of the corresponding models are
presented in Section and Section 3.3l

We prove lower bounds for the amount of shared randomness in both scenarios. When ¢ is a
constant fraction of n, which is typical in most applications, the amount of shared randomness
is optimal, among universal codes with optimal rate, according to our precise model for shared
randomnessg Thus, for t = Q(n), the universal codes in Theorem [[.I] are optimal for both rate
and randomness.

In this model we assume that all randomness is shared, thus no non-shared randomness is used. We are
currently investigating a model that allows the encoder to use both shared and nonshared randomness. Our results
indicate that the codes presented here, also use an optimal amount of shared randomness in this more general
model. However, the analysis is more difficult and a trade-off between rate and shared randomness exists. The
analysis will be given in an upcoming extended version of this paper. An explicit code without shared randomness
and non-optimal rate is given in appendix [A 5]



Theorem [L1] (b) shows that the oblivious scenario is a way to restrict channels to allow
universal codes with optimal rate and logarithmic shared randomness. Another sensible way to
restrict channels is to bound the computational power of the channel. Under a common hardness
assumption which implies the existence of an appropriate type of pseudo-random generators, we
show that there is a universal code with optimal rate, that uses only O(logn) randomness and is
resilient to all channels that distort adversarially like in the Hamming scenario except that they
use space bounded by a fixed polynomial (for the exact statement, see Theorem [B.3)]).

Note that one can always remove the shared randomness by letting the decoder try all possible
random strings. In this way we obtain a list decodable code in which encoding is still probabilistic
but decoding is deterministic and with list size exponential in the randomness of the code (the
list has one element for each possible random string). Thus, Theorem [[T] (b) implies a universal
list decodable code for the oblivious scenario with a deterministic decoder that produces a list of
polynomial size, which, with high probability, contains the message that was encoded. The same
implication can be derived from Theorem B.3] for channels that compute in bounded space, as
described above.

In general, by simple random coding one can easily obtain private codes, but this method uses
many random bits. In the proof of Theorem [L.1] (a) the number of shared random bits is reduced
by standard pairwise independent hashing. The proof of Theorem [I1] (b) is more involved and
uses some recently established properties of condensers related to bipartite matching.

We next present the full details of our model and state the main results formally.

1.1 Definitions and results

— A Hamming channel from a set X to X is a bipartite graph with left set X and right set X.
The set X represents the set of codewords that are the input of the channel, and X the distorted
outputs returned by the channel. On input x € X the channel may output & € X if (xz,Z) is an
edge of the graph. The distortion 1" of the channel is the maximal right degree. We assume that
the left degree of each node is at least 1.

— Let X be an additive group. An oblivious channel is a subset F of X. On input a codeword
from X, the channel adds a codeword from F. The distortion T’ is the size of F.

Ezample. Consider a bit flip channel that has n-bit strings as input and output, and may flip
at most k bits. This channel can be represented as a Hamming channel. Indeed, we have X =
X ={0,1}" and a left node is connected to a right node if its Hamming distance is at most k.
The distortion 1" of the channel is equal to the size of a Hamming ball of radius k. The bit
flip channel can also be viewed as an oblivious channel. The sum of two bitstrings is defined by
bitwise addition modulo 2, and the set FE contains all strings of Hamming weight at most k.

An encoding function is a mapping Enc: M x R — X, where the second argument is used
for the shared randomness. A decoding function is a mapping Dec: X x R — M. We use the
notation Enc,(z) = Enc(z, p) and Dec,(x) = Dec(z,p). A channel function Ch of a Hamming
channel is a mapping from left nodes to right nodes.

Definition 1.2. A private code Enc: M x R — X is (t,¢)-resilient in the Hamming scenario if
for every X and every Hamming channel from X to X with distortion at most 2t there exists a
decoding function Dec: X x R — M such that for all channel functions Ch of this channel and
allm e M

pFE’% [Dec,(Ch(Enc,(m))) =m] > 1—e.
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Figure 1: Hamming scenario
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Figure 2: Oblivious scenario

Definition 1.3. Let X be an additive group. A private code Enc: M x R — X s (t, €)-resilient
in the oblivious scenario if for every oblivious channel E C X of size at most 2¢, there exists a
decoding function Dec: X x R — M such that for allm ¢ M ande € E
Pr [Dec,(Enc,(m) +e) =m] > 1—e. (1)
PER
We can limit resilience to a class of channels C by replacing in the above definitions “every
Hamming (oblivious) channel” by “every Hamming (oblivious) channel in C”. In Section we
analyze an intermediate model, called the additive Hamming scenario, in which the universal code

belongs to an additive group and is resilient to all Hamming channels that add an error vector
from a fixed set E.

The next two theorems restate the two claims in Theorem [Tl with full specification of parameters.
Theorem 1.4. For every n,t and ¢ > 0, there exists a polynomial time computable private code
Enc: {0,1}* x {0,1}? — {0,1}" that is (t,€)-resilient in the Hamming scenario such that

e k>n—t— ﬂog%] ,

e The encoder Enc and the decoder functions Dec share d = 2n random bits.

For the results regarding the oblivious scenario, we view {0,1}" as the vector space (Fg)" in
the natural way.

Theorem 1.5. There exist constants c,c such that for every n,tmax,€ > 0, there exists a

polynomial-time computable private code Enc : {0,1}F x {0,1}% — {0,1}" that is (tmax, €)-resilient
in the oblivious scenario such that

o k>n—tpax — c(ltg’ﬁ log(1/e) + log(n/e)),

e The encoder Enc and the decoder functions Dec share d < ¢/ (logn + log(1/€)) random bits.
Note that if log(1/€) = o(logn), then the rate of the code is k/n > 1 — tyax/n — o(1).

The next code for the oblivious scenario has even better rate (for t,., larger than log* n) but
uses more shared random bits.



Theorem 1.6. There exist constants c,c such that for every n,tmax,€ > 0, there exists a
polynomial-time computable private code Enc : {0,1}* x {0,1}¢ — {0, 1}" that is (tmax, €)-resilient
in the oblivious scenario such that

o k>n—tpa — c(log®(n/e)),
e The encoder Enc and the decoder functions Dec share d < ¢/(log®(n/€)) random bits.

Remark 1. Given E as a list, the decoding algorithms in Theorems and run in time
polynomial in the size of E and space polynomial in n. Similarly, in Theorem the decoding
algorithm runs in time polynomial in the time needed to enumerate all left neighbors of a right
node of the channel. Given oracle access to the channel, it runs in space polynomial in n.

Remark 2. The codes of Theorems[[.5land [[L6] are linear for fixed randomness, i.e., Enc(x+y, p) =
Enc(z, p) + Enc(y, p) over Fy. The code in Theorem [[.4]is affine.

1.2 Related works and comparison with our results

The setting of our results has two distinctive features: there is no restriction on the type of channel
distortion, and the codes we construct are universal, meaning that the encoder does not know the
type of channel he has to cope with.

Channels with general distortion capabilities have been studied starting with the paper of
Shannon [Sha48] that has initiated Information Theory, and which contains one of the most basic
results of this theory, the Channel Coding theorem. In [Sha48], a channel is given by probability
mass functions p(y | z) (one such function for each symbol z in a given finite alphabet), with the
interpretation that when x is transmitted, y (also a symbol from a finite alphabet) is received
with probability p(y|«). In Shannon’s paper, the channel is memoryless: when the n-symbol
string z129 . .. 2, is transmitted, the string y1ys ...y, is received with probability 7" p(y; | z;).
The Channel Coding theorem determines the maximum encoding rate for which decoding is
possible with error probability converging to 0 as n grows. Csiszar and Korner [CK11, Theorem
10.8] show with a non-explicit construction the existence of an encoder that does not know the
memoryless channel. Verdu and Han [VH94] prove a Channel Coding theorem for channels that
are not required to be memoryless (in their model p(y|x) is defined for = and y being blocks of
n symbols). We note that to achieve maximum rate, the encoding function in [VH94] knows the
values p(y | z), and therefore it is not universal.

General channels have also been studied in Zero-Error Information Theory, a subfield in which
the goal is that encoding/decoding have to succeed for all transmitted messages. A channel is
given by the set of pairs S = {(z,y)|p(y|x) > 0}. S can be viewed as the set of edges of
a bipartite graph, with the same interpretation as in our definition for the Hamming scenario:
when a left node x is transmitted, the receiver gets one of x’s neighbors, chosen by the channel.
One can retain just the graph (ignoring the conditions p(y |z) > 0, so that the channel behaves
adversarially), and obtain a pure combinatorial framework. Two left nodes x;,z9 are separated
if they have no common neighbor, and encoding amounts essentially to finding a set of strings
that are pairwise separated, so that they form the codewords of a code. This model is very
general, but most results assume that the bipartite graph has certain properties, see the survey
paper [KO98|. To the best of our knowledge, all the results assume that the encoding function
knows the bipartite graph, and thus it is not universal. The settings in Zero-Error Information
Theory and our study have some similar features: besides modeling a channel by a bipartite
graph, both of them do not assume any stochastic process and, furthermore, both of them require



encoding/decoding to succeed for all messages (in our setting the success is with high probability
over the shared random bits).

Guruswami and Smith [GS16] study channels in the oblivious scenario (they call them oblivious
channels or additive channels) and in the Hamming scenario, similar to our definitions, except
that the channel may only add noise vectors of Hamming weight at most ¢, while in our setting,
we may add noise vectors from an arbitrary but fixed set E (of the same size as a Hamming ball
of radius ¢ and this set is only known to the decoder). In their setting, the encoder is probabilistic
and the decoder is deterministic. They obtain codes in the oblivious scenario with polynomial-
time encoding and decoding and optimal rate. In our results, the encoder and the decoder share
randomness and the decoder is not efficient, but the codes are universal and are resilient to a more
general type of noise, because the set E of noise vectors may contain vectors of any Hamming
weight.

The concept of a universal code in the Hamming scenario is directly inspired from the universal
compressor in [BZ19]. There, a decompressor D is a (deterministic) partial function mapping
strings to strings. For a string x, the Kolmogorov complexity Cp(z) is the length of a shortest
string p such that D(p) = x. The probabilistic compression algorithms have a target length ¢
and a target error probability € as extra inputs. More precisely, a compressor C maps every triple
(error probability €, length ¢, string z) to a string C. ¢(x) of length ¢, representing the compressed
version of x. Such a compressor is universal with overhead A if for every decompressor D there
exists another decompressor D’ such that for all triples (e, ¢,z) with £ > Cp(z) + A, we have
D'(Cc ¢(x)) = = with probability 1 — e.

It is shown in [BZ19], that there exists a universal compressor computable in polynomial time
and having polylogarithmic overhead A. In other words, for every compressor/decompressor pair
(C, D), no matter how slow C is, or even if C is not computable, the universal compressor produces
in polynomial time codes that are almost as short as those of C (the difference in length is the
polylogarithmic overhead). The cost is that decompression from such codes is slower.

The universal compressor also provides an optimal solution to the so-called document exchange
problem In this problem, Alice holds z, the updated version of a file, and Bob holds ¥, an obsolete
version of the file. Using the universal compressor, Alice can compute in polynomial time a string
q of length ¢ which she sends to Bob, and if t > Cp(x|y) + A (for some decompressor D), then
Bob can compute x from y and g. What is remarkable is that Alice does not know y. Moreover,
she does not know D. The connection to our setting comes from the fact that a decompressor D
is equivalent to a bipartite graph as in our definitions, and the condition Cp(x|y) < t is the same
as saying that x is the left neighbor of the right node y, which has degree less than 2°.

As we have already mentioned, the proof of Theorem [L4] for the Hamming scenario uses ran-
dom coding and the well-known technique of pairwise-independent hashing to reduce the number
of shared random bits from exponential to linear in n. Using a pseudo-random generator and
a hardness assumption, we can further reduce this to O(logn) for channels that are computable
within some space bound. More precisely, for each polynomial we obtain a code that is resilient to
all channels that can be computed with space at most this polynomial. The hardness assumption
is that there exists a set computable in E = DTIME(29() that is not solvable in subexponential
space. The same or similar hardness assumptions and derandomization arguments have been used
before in coding and compression [TV00, [CSWO06l [AFPS07, [VZ15].

The rest of this section regards the proofs of Theorem and Theorem for the oblivious
scenario, which use more advanced techniques to reduce the number of shared random bits to

3This problem is also called information reconciliation. In the Information Theory literature it is typically called
compression with side information at the receiver or asymmetric Slepian- Wolf coding.



logarithmic in n (respectively, polylogarithmic). These proofs are based on a similarity that exists
between the document exchange problem and channel coding. In both problems, the receiver needs
to reconstruct z from y, which is close to z in the sense that Cp(x|y) < t, or, in this paper, = is
one of the at most 2! neighbors of y in the bipartite graph that represents the channel (this holds
for the Hamming scenario; in the oblivious scenario, a similar “closeness” relation exists). The
difference is that in the document exchange problem, the receiver holds y before transmission,
while in channel coding, y is received via transmission and is the channel-distorted version of x.

The connection between the two problems has been exploited in several papers starting with
the original proof of the Slepian-Wolf theorem [SW73|, which solves the document exchange
problem using codes obtained via the standard technique in the Channel Coding Theorem.
Wyner [WynT74] gives an alternative proof using linear error correcting codes and syndromes,
and there are other papers that have used this idea [Orl93, [GDO05, [CR18]. Our approach is similar
but works in the other direction: we take linear codes obtained via the method from [BZ19] for
the document exchange problem and use them for channel coding.

The technique used in [BZ19] is based on condensers and is related to previous solutions for
several versions of the document exchange problem which used a stronger tool, namely extrac-
tors [BELO1, Muc02, MRS11l, BMVZ18, BZ14, Zim17]. We remark that all these previous papers
do not require linear codes, which are crucial for the method in this paper.

It is common to first obtain non-explicit objects using the probabilistic method and then to
attempt explicit constructions. In our case, however, it is not clear how to show the existence
of linear extractors with the probabilistic method. Instead of extractors, we use condensers, and
fortunately, a random linear function is a condenser. Moreover, the explicit condensers obtained
by Guruswami, Umans, and Vadhan |[GUV09], Ta-Shma and Umans [TU12], and Raz, Reingold
and Vadhan [RRV02] (this one is actually an extractor) happen to be linear.

There are well known similarities between extractors (or their poor relatives, condensers) and
error correcting codes (see the discussion in [Vad12, Chapt. 8]). In fact the condensers that we
use are based on Reed-Solomon codes and Parvaresh-Vardy codes. Closer to our technique is the
work of Cheraghchi [Che09], who, like us, uses linear condensers, linear extractors and the method
of syndrome decoding. He obtains codes for the class of binary symmetric channels, which are
channels that distort by adding a random noise vector from a given set. In contrast, our codes
for the oblivious scenario defeat channels that add noise adversarially, and, moreover, their rates
are close to optimal within an additive o(1) term (see Theorem [IT] (b)).

2 Universal codes for the oblivious scenario

In this section we first prove Theorem and Theorem We also show that in case the noise
vector is chosen randomly and independently on blocks of the codeword there is a universal code
with polynomial-time deterministic encoding and decoding.

2.1 Proof overview

The basic idea of our constructions is to take the code to be a linear subspace of (Fq)™ picked at
random from a class of subspaces. More precisely, the codewords belong to the null space of a
random linear function H, i.e., Hx = 0 for all codewords x, where H is chosen at random from
a certain set of matrices H. The encoder and the decoder share H. The decoder receives the
noisy & = = + e, and, since Ht = H(x + e) = Hx + He = He, he knows He, which we view as
a random fingerprint of e (also called the syndrome of e in the terminology of linear codes). If



‘H has certain properties, this allows him to find e, assuming that e is within the tolerated noise
level. The next result implements this idea in a simple way by taking H to consist of all matrices
of appropriate size. It has a short proof and produces a universal code for the oblivious scenario
with close-to-optimal rate for large n. It has the disadvantage that the number of shared random
bits is more than linear in n.

Proposition 2.1. For every n,t,e > 0 such that t+log(1/€) < n, there exists a private code that
is (t,€)-resilient in the oblivious scenario, with rate 1 —t/n — 6, where 6, = log(1/€)/n.
The encoder and the decoder share (t + log(1/€))n random bits.

Proof. The encoder and the decoder share a random linear function H : {0,1}" — {0, 1}t+lee(1/e),
Since H has rank at most ¢ + log(1/¢), the null space of H has dimension at least k = n — (¢ +
log(1/€)). The encoder Enc maps every message m € {0,1}* into the m-th element of the null
space of H (for details, see Remark [3]).

Consider now an oblivious channel E of size at most 2¢ and a message m. Let x = Enc(m, H)
be the codeword for m, and let & = x + e, where e € E is the noise added by a channel. Observe
that

Hi=H(x+e)= Hx + He = He. (2)

The decoder Dec works as follows. On input & and H, he first computes p = HZ. He knows
that He = p (by (2])), and he also knows that e belongs to E. For each e; € (Fy)™ different from
e, the probability over H that He = He; is €27!. By the union bound, with probability 1 — €,
there is only one element ¢’ in E such that He' = p, namely e. Consequently, Dec can find e with
probability 1 — €, by doing an exhaustive search. Next he finds © = Z + ¢, and finally from x he
finds m.

The rate of the code is k/n =1 —t/n —log(1/€)/n. O

Remark 3. The encoder function Enc in Proposition 2.1l can be computed in time polynomial
in n as follows. First we compute k independent vectors wvq,...,v; in the null space of H by
finding £ solutions of the equation Hx = 0 with v; having in the last k coordinates the values
(0,...,0,1,0...0) (the single 1 is in position 7). Next, we form the k-by-n matrix G having rows
v1,...,v, and finally Enc(m, H) = mG.

On the other hand, the computation of the decoder function Dec is slow, because it requires
the enumeration of all the elements in F.

The codes in Theorem and Theorem are constructed using pseudo-randomness tools to
reduce the space from which H is selected and consequently reduce the number of shared random
bits to logarithmic in n (respectively, polylogarithmic in n). The construction of the codes in
these two theorems is done in two steps:

In Step 1, we show that a linear invertible function (a concept introduced in [BZ19]) can be
converted into a universal private resilient code. Step 1 is presented in Section

In Step 2, we show how condensers (a type of functions that have been studied in the theory
of pseudorandomness) can be used to construct invertible functions. This step is based on the
technique in [BZ19] and is presented in Section

Theorem and Theorem [L.6lare obtained by taking condensers built by Guruswami, Umans,
and Vadhan [GUV09], Ta-Shma and Umans [TU12] and Raz, Reingold, and Vadhan [RRV02],
and using Step 2 to obtain invertible functions, followed by Step 1, to obtain the codes. The
details are presented in Section 2.4l



2.2 Construction of private universal codes in the oblivious scenario from
linear invertible functions

A (t, €)-invertible function is a probabilistic function that on input x produces a random fingerprint
of . The invertibility property requires that there exists a deterministic algorithm that on input
a random fingerprint of z and a list .S, the “list of suspects,” of length at most 2! that contains z,
with probability 1 — € correctly identifies x among the suspects. To be useful in the construction
of codes, we need the invertible function to be linear for any fixed value of randomness. Also, in
order to obtain codes with good rates, we want the length of the fingerprint to be t + A, for small
A.

Definition 2.2. 1. A function F : {0,1}" x {0,1}¢ — {0,1}t2 s (t, €)-invertible if there
exists a partial function g mapping a set S of n-bit strings and a (t + A)-bit string y into
gs(y) € {0,1}™ such that for every set S containing at most 2 strings and every x in S

Prigs(F(z,p)) = 2] 21— (3)

2. F is linear if for every p € {0,1}¢, the function F(-,p) is linear, i.c., for every x1,zs €
{0,1}", F(x1 + x2,p) = F(x1,p) + F(x2,p), where we view x1 and xo as elements of the
linear space (F9)", and the output of F as an element of the linear space (Fg)iT2.

The next proposition shows that, as announced, a linear, (¢,€)-invertible function can be
used to construct a (¢, €)-resilient private code in the oblivious scenario (and also in the additive
Hamming scenario discussed in section [A.G). In the oblivious scenario, the encoder and the
decoder share the random bits used by the invertible function (in the additive Hamming case,
they share more random bits, namely n+ the random bits of the invertible function).

Proposition 2.3 (Invertible function — code in the oblivious scenario). If there ezists a linear
(t, €)-invertible function F : {0,1}" x {0,1}¢ — {0,1}}T2, then there exists a private code Enc
that is (t, €)-resilient in the oblivious scenario, with rate 1 — (t + A)/n, and such that the encoder
and the decoder share d random bits.

Proof. Since F(-, p) is a linear function, it is given by a (¢t + A)-by-n matrix H, with entries in
[y, such that F(z,p) = H,x (recall that we view x as an n-vector over Fy). The matrices H, are
viewed as parity-check matrices of linear codes.

The encoding and decoding procedures are as follows:
1. The encoder Enc and the decoder Dec share a random string p € {0,1}.

2. Enc on input a message m of length n — (t + A) computes the codeword x of length n as
follows:

(a) View m as a positive integer in the natural way (based on the base 2 representation of
integers).

(b) The codeword x is obtained by picking the m-th element in the null space of H, (so
H,x = 0). Note that the dimension of the null space of H, is at least n — (t + A),
because the rank of H, is at most ¢ + A. Thus the encoder is well defined.

3. Consider an oblivious channel F of size at most 2¢.

4. The decoder Dec, on input £ = x + e, where e € E is the noise added by the channel,
attempts to find m as follows:

10



a) Dec computes p = H,Z (i.e., p is the syndrome of Z).
D H,z (i is th d f z

(b) Note that
H,z = H,(x+e)=H,x+ H,e = Hue.

Thus p is also the syndrome of e, and, consequently, F'(e, p) = p.

(¢) Dec uses the inverter function g given by (3)). It runs g on input p = F(e, p) and list E,
and with probability 1 — ¢, obtains e. Next, x = Z + e, and finally from z, he finds m.

The rate of the code is
T_|m|_n—(t—|—A)
‘.’L” v .

O

Remark 4. We make the following observations regarding the complexity of the encoder function
Enc and decoder functions Dec in Proposition 23] The invertible function is assumed to be linear
and thus F(x,p) = H,x, for some matrix H,. If the mapping p — H, is computable in time
polynomial in n, then Enc is computable in time polynomial in n. This can be shown in the same
way as in Remark [3l

For the invertible F' in Theorem 2.9land the one in the proof of Theorem [[.6l the corresponding
inverters g run in time polynomial in a standard encoding of S,y, and ¢ (the latter written in
unary). With such a g, a simple inspection of the description in part [l reveals that Dec runs in
time polynomial in the time it takes to enumerate F.

If the inverter g of F' can be evaluated in polynomial space with oracle access to S, then Dec
is computable in polynomial space given oracle access to the oblivious channel F. This is the case
for all invertible functions constructed with explicit condensers, obtained through the method in
Corollary 2.13 in [BZ19], which is also used in this paper (this follows from Remark 3 in [BZ19]).

An interesting approach to define channels is to use conditional Kolmogorov complexity. We
might consider the set E of all distortion vectors that satisfy C(e|n) < t, and there exist at most
2! such vectors. The corresponding channel is not computable, but on input n and ¢, the set E
can be enumerated. If F'is online-invertible, then the decoding algorithm explained above can
be used with a simple modification of step 4, (c). Each time an element is enumerated in F,
we rerun the monotone inverse g with the augmented set E. If one of the runs of g halts with
some output, then Dec also halts with the same output. Note that when e is enumerated in F, g
on input E, p = F(e,p) and ¢ returns e with probability 1 — e. By the monotonicity of g, later
updates of E can not change a given value of g once it has been generated, and this implies that
with probability 1 — &, no previous runs of g generated a different output. Thus Dec also returns
e with probability 1 — e.

2.3 Construction of invertible functions from condensers

A condenser is a type of function that has been studied in the theory of pseudorandomness,
which can be seen as a relaxation of randomness extractors (see [Vad12]). Informally speaking, a
condenser maps a random variable that is “sufficiently random” and ranges over a large set, to
another random variable that is “sufficiently random” and ranges over a smaller set.

A random variable has min-entropy t if each value has probability at most 27¢. The statistical
distance between two measures P and @ is sup |P(S)—Q(S)| for aset S. Given a set B, we denote
Up to be a random variable that is uniformly distributed on B. A condenser uses an additional
random variable, which is uniformly distributed over the set of d-bit strings, for some small d.
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Definition 2.4. A function C : {0,1}" x {0,1}¢ — {0,1}™ is a t — ' condenser, if for every
S C {0,1}" of size at least 2', the random variable X = C(Us,Uyq 1ya) is e-close to a random

variable X that has min-entropy at least t'.

The quantity t + d — t’' is called the entropy loss of the condenser, because the input has
min-entropy t + d and the output is close to having min-entropy t'. We view C as a bipartite
graph G in the usual way: the left nodes are the strings in {0, 1}", the right nodes are the strings
in {0,1}™ and for each x € {0,1}", p € {0,1}¢ there is an edge (x, C(z, p)) (thus, for some ,y,
there may exist multiple edges (x,y)).

Conversely, we sometimes view a bipartite graph G as a function having the left side as the
domain and the right side as the range and defined by G(z,p) = y if the pth neighbor of z is y
(assuming some fixed ordering of neighbors, and interpreting the binary string p as the writing
in binary of a positive integer).

The invertible function is constructed by concatenating the outputs of two condensers, namely
a condenser of Ta-Shma and Umans [TUI2] and a condenser of Guruswami, Umans, and Vad-
han [GUV09| (the latter with a small modification involving simple hashing - see the proof of
Corollary 2.13 in [BZ19]).

Let G = (LUR, ) be a bipartite graph, where we allow £ to be a multiset (i.e., there may be
several edges beween two vertices). We say that G admits (¢, r) matching up to size K if for any
set S C L of size at most K, if it is possible to assign to each vertex = in S a set A, containing
at least ¢ of its right neighbors (including in the count multiplicities), such that every vertex in
R belongs to at most r sets in the family {A; },es. In particular if G admits (¢, 1) matching, the
sets assigned to vertices in S are pairwise disjoint.

We use functions that are condensers for an entire range of min-entropies. More precisely,
we use families of functions {C,,} indexed by n with parameters d, €, m, tymax functions of n (all,
except € being positive integers) and satisfying

C,, has type Cy, : {0,1}" x {0,1}¢ — {0,1}™, and
(4)

C,, is an explicit t =, t + d — e condenser for all ¢ < t;.x such that 2! € N.

As usual we drop the subscript n in the notation. Note that C has entropy loss bounded by
e for inputs with min-entropy ¢ for all ¢t < t,,a, such that 2! € N.

Theorem 2.5. Let C be a condenser as in ([d). Then the corresponding graph admits ((1 —
4€)2%,2 - t ey - 2¢) matching up to size 2tmas,

Theorem 2.6. Let C' be a condenser as in (dl). Then there exists an explicit bipartite graph
G' = (L'UR',&") with left degree D' = 2%-u, L' = {0,1}", |R!| = 2™-u? that admits ((1—5¢)D’, 1)
matching up to size 2'ma=  where u = O(1/€ - n - tyaq - 2°).

If C is linear then G’ (viewed as a function) is linear as well.

As announced, we use the following condensers.

Theorem 2.7 ([TUI12|, Theorem 3.2, also Theorem 4.1). For every n, tmax < n, € > 0 there
exists an explicit function Cy : {0,1}" x {0,1}¢ — {0,1}™ such that

1. For every t < tmax, CTUu s a t —¢ t +d — epy condenser, with ey = O((tmax/logn) -
log(1/€) 4+ logn),

2. d=0(logn) and m < tpax.

12



3. Cruy is linear. More precisely, for eachy € {0,1}%, there is a m-by-n matriz A, with entries
in Fo such that Ctu(x,y) = Ayx. Furthermore the mapping y — Ay is computable in time
polynomial in n.

Theorem 2.8 ( [GUV09], Theorem 4.3, also Theorem 1.7). For every n, tmax < n, € > 0 and
constant «, there exists an explicit function Cquy : {0,1}"* x {0,1}¢ — {0,1}™ such that

1. For every t < tmax, Cquv is at =t + d condenser.
2. d=(141/a)(logn + log tmax + log(1/€)) + O(1) and m < (1 + a)tmax + 2d.

3. Cguy is linear. More precisely, for each y € {0,1}%, there is a m-by-n matriz Ay with
entries in Fy such that Cquv(x,y) = Ayx. Furthermore the mapping y — A, is computable
in time polynomial in n.

Remark 5. The linearity of Cty and Cguy are not stated explicitly in [TU12] and [GUV09]. We
give some explanations in the appendix, Section [A.2] and Section [A.3]

Theorem 2.9. For every t < n and € > 0, there exists a linear (t,€) invertible function F :
{0,1}" x {0,1}% = {0,1}**2 with d = O(logn +log(1/€)) and A = O(@ -log(1/€) + log(n/e)).
Moreover, the inverter g satisfying ) runs in time polynomial in the length of a standard encoding

of S and F(z,p).

Proof. The invertible function is obtained by combining the condensers Cty and Cgyy, with
parameters set as follows.

e For the Cpy condenser, we take the parameters €, and £, set to be t. Cry uses a random
string p; of length d; = O(logn), the output length is my < t and it has entropy loss bounded
by eru = c1((t/logn) -log(1/e1) + logn), for some constant ¢;. The graph Gy corresponding to
Ctu admits ((1 — 4€)Dq,2 - t - 2°TV) matching up to size 2¢, by Theorem Let

t1 = [etu +logt + 1].

e For the Cquy condenser, we take the parameters €, tmax set to t1 and « set to 1. Cguy
uses a random string of length do = 2(logn + logt; + log(1/e)) + O(1), its output length is
my < 2t; + O(logn/e), and it has zero entropy loss. The graph Gy corresponding to Cquy
according to Theorem [2.0] (which guarantees matching with no sharing) has left degree 2y — 9d2 .y,
and the size of its right side is 22 = [272| . u?, where u = O(1/e-n-t1). The graph Gy, admits
(1 = 5¢)2%, 1) matching up to size 211. We view Gyy as a function in the standard way.

We now define the invertible function F : {0,1}" x {0, 1}%1+% — {0,1}™1+m2 by

F(x,(p1, p2)) = Cru(z, p1) o Gguy (2, p2)

We have used o to denote string concatenation. Let us check that F'is an invertible function
with the parameters claimed in the statement of the theorem.

Consider S C {0,1}" of size |S| < 2! and let us fix z € S. Since Gy admits ((1 — 4¢)291,241)
matching up to size 2¢, there is a function that assigns to every element in S a set of (1 — 4¢)2%
of its right neighbors in Gy, such that no right element is assigned to more than 2% elements
in S. Thus if we take p; random in {0,1}%, with probability 1 — 4¢, Cry(z, p1) has at most
211 neighbors in S, one of them being obviously z. Let S; be the set of neighbors of Cry(z, p1)
in Gty and let A be the event that the size of S; is bounded by 2*. We have argued that the
probability of A is at least 1 — 4e.

13



Since Gy admits ((1 — 5€)2%, 1) matching up to size 21, conditioned on A, there is a
function that assigns to each element in S; a set containing (1 — 56)2d5 of its neighbors in Gy,
such that all these sets are pairwise disjoint. Thus, conditioned on A, if py is picked at random
in {0,1}%, with probability at least (1 — 5¢), Gy (2, p2) has a single neighbor in S;, namely
x. Let B be the event that Gy (x,p2) has a single neighbor in S;. We have argued that the
probability of B conditioned by A is (1 — 5¢).

Let us condition by A N B, which is an event that has probability at least 1 — 9¢. Under this
condition, F(z,(p1,p2)) has with probability 1 a single neighbor in S, namely z. Thus by an
exhaustive search in S, one can retrieve x from F'(z, (p1,p2)). We conclude that with probability
1 — 9¢, one can invert F(z, (p1,p2) and find z.

F' is linear because each component is linear and the assertions regarding the sizes of d and
A can be checked by inspection. The proof is concluded after a rescaling of e. O

2.4 Proofs of Theorem and Theorem

The proof of Theorem follows by plugging the invertible function from Theorem into
Proposition 2.3l The assertions from Remark [1] regarding the computational complexity of the
encoder function Enc and of the decoder functions Dec follow from Remark @l

The proof of Theorem [I.6]is similar, except that we use a condenser of Raz, Reingold, and Vad-
han [RRV02], instead of the Cty condenser from [TUI2] and the Cquy condenser from [GUV09).
Note that the condenser of Raz, Reingold, and Vadhan is actually an extractor, but we only use
the condenser property (extractors have stronger properties than condensers).

Proof. of Theorem (sketch) We use the following condenser.

Theorem 2.10 (Theorem 22, (2) in [RRV02]). For every n, tmax < n, € > 0, there exists an
explicit function Crgy : {0,1}" x {0,1}¢ — {0, 1}tmax—2 with the following properties:

1. For every t < tmax, CrRrv 8 a t =t — A condenser
2. d = O(log®(n)log?(1/€)) and A = O(d),

3. Crryv is linear. More precisely, for each y € {0,1}?, there is a m-by-n matriz A, with
entries in Fy such that Crrv(z,y) = Ayx. Furthermore the mapping y — Ay is computable
in time polynomial in n.

Remark 6. The linearity of Crry is not stated explictly in [RRV02]. We give some explanations
in the appendix, Section [A.4l

The Crpry condenser has entropy loss (t +d) — (t — A) = d+ A = O(d). Consider the
graph Gy corresponding to Crry according to Theorem This graph has left degree 2¢ =
20(0g? n1og”(1/€)) ' the size of the right side is 2fmax+Olog® nlog®(1/e) " and admits (1 — 5e)2% 1)
matching up to size 2'max. We define the invertible function F, by F(z, p) = Giry (2, p) (viewing
the graph as a function). We check that F is invertible. Let S C L with size at most 2'm=x and let
us fix x € S. By the matching property, if p is picked at random in {0, 1}d,, then with probability
1 —5¢, Grry (2, p) has a single neighbor in S, namely 2. Therefore, if we do an exhaustive search
in S for a neighbor of F'(z, p) , we find = with probability 1 — 5¢, which shows that F is invertible.
F is linear because Gy is linear, and the other parameters follow by simple inspection. O
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2.5 Universal codes with deterministic polynomial-time encoding and decod-
ing for channels with random distortion in the oblivious scenario

The universal codes for the oblivious scenario in Theorem [[.5land Theorem [L.6ldo not have efficient
decoding. In this section, we follow closely Cheraghchi [Che09] and use Justesen’s concatenation
scheme [Jus72| to turn the code from Proposition 2linto a code that does not use any randomness
and which has an encoder and a decoder that run in time polynomial in the codeword length.
The cost is that the code works against channels that distort at random, and are memoryless.
This means that the codeword consists of a number of blocks, the channel distorts by choosing
for each block a random noise vector (instead of the adversarial choice in Definition [[3]), and the
random choices for each block are independent.

We now present formally the model. For each h, X" denotes the set of binary strings of
length h, which we identify in the obvious way with (F3)". We assume that the codewords are
tuples of elements in (F3)", for some natural number n. Recall that an oblivious channel with
distortion 7T is given by a set of noise vectors E C (F2)™ of size at most T'. Let D be the number
of blocks. A D-memoryless oblivious channel takes as input a D-tuple (x1,...,zp) and outputs
(r1 +e1,...,2xp + ep), where each e; is chosen uniformly at random in F, and the D random
choices are independent. The encoding function has the type Enc : (F5)% — (F3)?, for some k
and S. The rate of the code is (S - k)/(D - n). The decoding function Dec corresponding to such
a channel has the type Dec : (F§)P — (F5)5.

We say that Enc is a universal code (¢, €) resilient against D-memoryless oblivious distortion,
if for every D-memoryless oblivious channel with distortion at most 2!, there is some decoding
function Dec, such that for every m € (FS)S ,

Dec(Enc(m) + e) = m, (5)

with probability 1 — ¢ over e = (eq,...,ep) chosen uniformly at random in EP.

Theorem 2.11. For every constant a > 0, every n, every t < n — O(1) (with the O(1) constant
depending on o), there exists Enc : (XF)% — (™0 a universal code (t,e=*P)) resilient against
random D-memoryless oblivious distortion, such that:

1. D = 2MHOW) (yith the O(1) constant depending on a),

2.5=|1-a)D|, k=n—t—0(1) (with the O(1) constant depending on «). Consequently,
Enc has rate S-k/D -n=(1—a)(1 —t/n—o(1)),

3. The encoder Enc is computable in time O(n’D) (so encoding runs in time quasilinear in the
bit-length of a codeword).

4. For every D-memoryless channel in the oblivious scenario with distortion at most 2, the cor-
responding decoding function Dec runs in time ((nD)?) (so decoding runs in time quadratic
in the bit-length of a codeword).

Remark 7. How good is the rate of the universal code in Theorem 21T Some channels require
codes with rate at most, essentially, 1 —t/n. Indeed, consider a Hamming channel G = (X, X', E C
X x X) with distortion at most 2! (recall that this means that all right degrees are at most 2!).
Suppose the channel has the property that all (or almost all) left degrees are at least 2t. This
is the case of any oblivious channel (where all left degrees and all right degrees are equal), and
also the case of the binary symmetric channel (BSC), for the appropriate definition of ¢. By a
sphere-packing argument similar to the one in the proof of Theorem .1l (see Remark [§]), any code
that satisfies (Bl has rate at most 1—t/n+log(1/(1—¢))/n. The universal code in Theorem 2.1Tlis
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quite good for such a channel because its rate is essentially within a factor 1—« of the upperbound,
and « is an arbitrarily small constant. However some channels have left degree much smaller than
the maximum right degree (for example, deletion channels). For such channels, there may exist
specific codes tailored for them with better rate than the universal code in Theorem 2,111

Proof sketch of Theorem [2.11l. For full details, we refer to Section [A.Jl The encoding is obtained
by concatenating an “outer” code Enc,,; with D “inner” codes Enc,, ,...,Enc,,. The inner codes
are obtained from the private code Enc in Proposition [2.1] by fixing the randomness to every d-

bits string, i.e., Enc,(-) del Enc(-, p). Each inner code maps a k-bit string to an n-bit string. The
outer code works with words over the alphabet ¥, and maps an S-symbol word (my,...,mg)
into a D-symbol word (cy,...,cp). Next, in the concatenation step, each ¢; is encoded with the
inner code Enc,.

(my,...,mg) —— > (c1,...,¢D) _ > (Encp, (c1),...,Enc,, (cp))
outer code inner codes

As the outer code we use Spielman’s error correcting code [Spi96]. This code works over an
arbitrary alphabet, has rate (1 — «) (for arbitrary o > 0), can correct from a constant fraction
of errors, and has encoder and decoder running in time linear in the codeword bit-length. The
decoder function of the concatenated code works in the natural way. First it decodes using the
decoding functions of the inner codes. With high probability, all decoding functions, except a
small fraction, will decode correctly. Next, the decoding function of the outer code will fix the
constant fraction of errors.

3 Universal codes for the Hamming scenario

Recall that a Hamming channel is defined by a bipartite graph where the left set X represent
codewords and the right set X’ represent distorted codewords. Each left degree is at least 1, and
the distortion is the maximal right degree. Also recall definition of resilience in the Hamming
setting.

Definition (Restated). A private code Enc: M x R — X is (t,¢)-resilient in the Hamming
scenario if for every X and every Hamming channel from X to X with distortion at most 2¢,
there exists a decoding function Dec: X xR — M such that for all channel functions Ch of this
channel and all m € M

plz%“z [Dec,(Ch(Enc,(m))) =m] > 1—e.

We first prove Theorem [[.4] which states that for all n,t and € > 0, there exist (¢,¢)-resilient
codes with & > n —t — [log %] that use d = 2n bits of shared randomness. Next we consider
two restrictions of the Hamming scenario. In Section B.2] we restrict the computational power of
the channel to algorithms that use space bounded by a given polynomial, and, under a hardness
assumption, we show that there exists a universal code for this class of channels that uses O(logn)
randomness. In Section 23] we consider weaker channels that choose the distortion on short blocks
of the codeword, rather than on the whole codeword, and we show that there is a universal code
for this class of channels with polynomial-time encoding and decoding algorithms.
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3.1 Proof of Theorem [1.4l

Theorem (Restated). For everyn,t and e > 0, there exists a polynomial time computable private
code Enc : {0,1}* x {0,1}¢ — {0,1}" that is (t,€)-resilient in the Hamming scenario such that

e k>n—t—[logl],

e The encoder Enc and the decoder functions Dec share d = 2n random bits.

Let N = 2" and T' = 2. It is enough to prove the theorem for € being a power of 2. We identify the
set of messages with [K] = {1,2,..., K} where K = e N/T. Thus the result follows for k£ = log K.

We first construct a code that uses Kn shared random bits. We split these bits in K strings
of length n and denote them by

p=1(p1,-..,pK) (6)

Thus each p; is an n-bit string chosen independently at random. We define the encoding function
Enc by Enc,(m) = pm, for each m € [K].

We need to prove that this code is (¢,¢)-resilient. Consider a channel from X to X, and for
any I € X , let Bz be the set of left neighbours of Z in the bipartite graph. The size of B; is at
most 7. For a fixed 7 € X , by the union bound, the probability that there exists m’ € [K] such
that Enc,(m’) € B; is at most K - T/N <e.

Let m € [K] and let z = Enc,(m). The string = is independent of the value of Enc,(m’), for
every m' € [K] — {m}, and thus, for every channel and every channel function Ch, the value of
Ch(z) = Ch(Enc,(m)) is also independent of Enc,(m’). Therefore, the probability that for some
m' # m we have Enc,(m') € Ben(a)s is also at most e. Consequently, with probability at least
1 — €, one can recover m from Ch(z) and p by exhaustive search.

We now reduce the number of shared random bits from Kn to 2n. The observation is that in
the above argument we only need that the codewords Enc,(1),...,Enc,(K) are pairwise indepen-
dent. It is well-known that if we pick at random a,b in the field Fon, and consider the function
hap(x) = ax + b, the values hq (1), hep(2), ..., hap(N — 1) are pairwise independent. Therefore
we replace in p from Equation (@) each p; by hgp(i), for i = 1,..., K. Now the encoder and the
decoder only need to share a and b and the conclusion follows.

3.2 Universal codes for space-bounded Hamming channels

In Theorem [I.4] the number of random bits has been reduced from exponential to 2n by pairwise-
independent hashing. If the graph that defines the channel is computationally bounded then the
number of random bits can be further reduced to O(log n) under a reasonable hardness assumption
that implies the existence of a convenient pseudo-random generator.

We consider channels given by graphs for which the edge relation is computable in SPACE[n’],
for a fixed constant £. More precisely, for any ¢, a SPACE[n’] computable graph is a family of
bipartite graphs (G,,), indexed by n € N, where the bipartite graphs have the form G,, = (X, =
{0,1}", X, = {0,1}"™ E, C X, x X,), i(n) is bounded by a polynomial in n, and such that
there exists an algorithm running in space bounded by nf that on input (z,y) returns 1 if (z,y)
is an edge in G,, and 0 if it is not. We say that a family of channels is in SPACE[n!], if the
corresponding family of graphs is in SPACE[n‘].

We show, conditioned on a hardness assumption, that, for every constant £, there exists a
private universal code resilient to all families of channels in SPACE[n¢], that has optimal rate,
and that uses O(logn) random bits.
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Hardness asumptions and pseudo-random generators

We use pseudo-random generators that extend a seed of length O(logn) to a string of length n
in time polynomial in n, and such that the output “looks” uniformly random to certain predicates
A of bounded complexity. Formally, a pseudo-random generator g : {0, 1}¢1°8™ — {0, 1}" fools a
predicate A if, for S the uniform distribution on the domain of g, and U the uniform distribution
on the range of g,

| Pr[A(g(5)) = 1] = Pr[A(U) =1]| <1/n.

Klivans and van Melkebeek [KvMO02], relativizing with oracles the seminal results of Impagliazzo
and Wigderson [[W97] and Nisan and Wigderson [NW94], have shown that certain hardness
assumptions imply the existence of pseudo-random generators of the type that we need. Let
f :{0,1}* — {0,1} be some function, A C {0,1}* be a set (viewed also as a predicate via
the identification with its characteristic function), and let us denote Cf(n) the size of a smallest
circuit with oracle A gates (besides the standard AND, OR, NO gates) that computes the function
f for inputs of length n. We denote E = U.~oDTIME[2?"]

Assumption H(A): There exists a function f in E such that, for some € > 0, C’J‘?‘(n) > 2¢M,

Let SIZEA[n¥] denote the set of circuits of size at most n¥ which have oracle A gates besides
the standard gates AND, OR, NOT.

Theorem 3.1 (Klivans and van Melkebeek [KvMO02|). If H(A) is true, then for every k, there
exists a constant ¢ and a pseudo-random generator g : {0,1}¢1°98™ — {0, 1}" that is computable in
time polynomial in n and fools every predicate computable by a circuit in SIZEA[nk].

In our application the set A will be some PSPACE complete problem, say TQBF. For such A,
one can replace H(A) by the following hardness assumption H; that is less technical and is still
plausible.

Assumption H,: There exists a function f in E which is not computable in space 2°(™).

More explictly, this means that f is in E, and for every machine M that computes f there
exists a constant € > 0 such that, for all sufficiently large n, M requires space at least 2, on
some input of length n.

Theorem 3.2 (Miltersen [Mil01]). For every A in PSPACE/poly, Hy implies H(A).

Theorem 3.3. Assume H(TQBF) is true. Then, for every {, there exists ¢ with the following
property: For every n,t,e > 0, there exists a polynomial time computable private code Enc :
{0,1}* x {0,1}% — {0,1}" that is (t,€)-resilient in the Hamming scenario to every family of
channels in SPACE[n®] such that

o k>n—t—([log(l/e)] +1logn+1),
e The encoder Enc and the decoder functions Dec share d = clogn random bits.

Moreover, given oracle access to a channel in Definition[1.3, there exists a corresponding decoding
function running in space polynomial in n.

Proof. We use the notation from the proof of Theorem [I.4] and follow the construction from this
proof. Let us fix (G,,) a family of graphs that is SPACE[n‘] computable and also fix n. Consider
the channel defined by G),. Recall that for a and b in Fan, we use the function hqp(z) = ax + b.
Each message m € [K] is encoded as hqp(m), where the pair (a,b) is the randomness shared
between the encoder and the decoder. Recall that for every message m, and for every right
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neighbor y of © = hq(m), with high probability of (a,b), the encoding of no message other than
m is adjacent to y. This allows decoding from y and justifies the following predicate.

We say that a pair (a,b) is good for (m, j) (where j is a natural number that is at most 2("™)
if

1. & = hgp(m) (viewed as a left node in Gy,) has less than j, neighbors or

2. if y is the j-th neighbor of z, for every m’ € [K] — {m}, hq(m’) is not a neighbor of y.

For every (m, j), we define the predicate A,, ; which on input (a,b) returns 1 if (a, ) is good
for (m, j), and 0 if it is not good. There exists an algorithm that on input (m, j, a, b) computes the
predicate A, ; on (a,b) and uses space bounded by a fixed polynomial in n (which is the same for
all graphs in SPACE[n]). Therefore this algorithm is computable by a circuit in SIZET®BF[¢'],
for some constant ¢ which, again, is the same for all graphs in SPACE[nf]. The last assertion holds
because in the standard proof of the PSPACE completeness of TQBF (for example, see [Sip13]),
when we reduce a problem in PSPACE to TQBF, the running time of the reduction (and therefore
also the size of the circuit computing it) depends only on the space complexity of the problem.

We work under the assumption that H(TQBF) is true. Theorem [B.1] used for A = TQBF
and k = ¢’ gives a pseudo-random generator g that fools all the predicates A,, ; (for all graphs
in SPACE[n‘]), uses a seed of length clogn (where c is a constant that depends on ¢), and is
computable in time polynomial in n.

It is shown in Theorem [[4] that for all (m,j), for random (a,b), the predicate A, ;(a,b)
returns 1 with probability 1 — e. Consequently, if we replace the random (a,b) by g(s) with a
random seed s, the predicate returns 1 with probability 1 — ¢’ for ¢ = € + 1/n. This implies that
the encoding function obtained by replacing (a, b) by ¢(s) in the encoding function in Theorem [[.4]
satisfies the conclusion of the theorem. O

3.3 Universal codes with polynomial-time encoding and decoding for piecewise
Hamming channels

The universal code in Theorem [[L4] does not have an efficient decoder. Using a concatenation
scheme, we show how to obtain a universal code in the shared randomness model with efficient
encoding and decoding for a restricted type of Hamming channels.

The restriction is that the graph G that defines a Hamming channel (see Definition [[.2]) is
required to be the product of several graphs, i.e., G = G1 XxGy X...xGp. This means that the ver-
tices of G are D-tuples (u, . ..,up), where every u; is a vertex of G;, and ((x1,...,zp), (y1,---,YD))
is an edge of G if (z;,v;) is an edge in Gj, for every i € {1,...,D}. We call such a channel a
D-piecewise Hamming channel. We recall that such a channel distorts (z;,...,zp) into an ad-
versarially chosen (yi,...,yp), where for each i, (z1,y;) is an edge in G;. A piecewise Hamming
channel has distortion 7', if all graphs G; have maximum right degree at most 7.

A universal code € has type as given in Definition[[.2] and £,(m) denotes the result of encoding
the message m, when randomness p is used. We say that £ is a universal code (¢, €) resilient against
D-piecewise Hamming distortion, if for every D-piecewise Hamming channel Ch with distortion
at most T' = 2!, there is some decoding function Dec, such that for every m in the domain of &,

Dec(Ch(E,(m), p) = m ™)

with probability 1 — € over the randomness p shared by £ and Dec.
Using a concatenation scheme similar to the one in Theorem 2.17], we build a universal code £
that is (¢, €)-resilient to all D = 2"-piecewise Hamming channels, with polynomial-time encoding
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and decoding, and which has rate (1 — a)(1 — ¢t/n — o(1)), where a > 0 is an arbitrarily small
constant.

Theorem 3.4. For every constant o > 0, every n, every t < n — O(1) (with the O(1) constant
depending on ), there exists £ : (X%)5 x (82) = (8P a universal code (t,e=*P)) resilient
against random D-piecewise Hamming distortion, such that:

1. D =2", and the number of shared random bits is A = 2nD,

2.5=|1-a)D|, k=n—t—0(1) (with the O(1) constant depending on «). Consequently,
E has rate (S-k)/(D-n)=(1—a)(1 —t/n—o(1)),

3. The encoder € is computable in time O(nD) (so encoding runs in time quasilinear in the
bit-length of a codeword).

4. For every D-piecewise Hamming channel with distortion at most 2, the corresponding decod-
ing function Dec runs in time ((nD)?) (so decoding runs in time quadratic in the bit-length
of a codeword).

The decoder is polynomial-time efficient because it replaces the exhaustive search in the space
of all possible codewords from Theorem [[.4] with searches in each segment that forms the piecewise
space of codewords. With a high probability, a small fraction of these “local” searches return
incorrect results, but these few errors are repaired by the outer code. Since each segment contains
n-bit strings and we take D = 2" segments, this process requires D - 2" = D? steps, which is
less than quadratic in the length of the codeword (which is nD). The details are presented in
Section [A.T]

4 Bounds

In this section we present two kind of bounds for universal codes: upper bounds for the rate, and
lower bounds for the amount of shared randomness.

4.1 Upper bounds for the rate of universal codes

If the encoder and the decoder do not use randomness, an upper bound for the rate can be derived
via the following standard sphere-packing argument. Consider an oblivious channel defined by a
set F of size T'. The maximal number of messages we can send with N codewords is equal to N/T,
because for any 2 messages m; and ma, the sets Enc(m;)+ E and Enc(mg) + E must be disjoint.
The same holds for the Hamming scenario, because we can view the channel as a bipartite graph,
(2 nodes are connected if their difference is in E), and the right degree is at most T" as well. In
the next theorem, we adapt this argument for private codes.

Theorem 4.1. Let Enc : {0,1}* x R — {0,1}" be a private code that is (t,e)-resilient in the
oblivious scenario, or in the Hamming scenario. Then
k t +1+log(1/(1—e))

<12
n n n

Proof. We consider the oblivious scenario. For the Hamming scenario, the argument is similar.
Let E be a set of size exactly T. For a random selection of e € E, m € {0, 1}k and p € R, we
have

Pr [Dec,(Enc,(m)+e)=m] > 1—e€.

€,m,p
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For p € R, consider the set
Ay = {(m, e) : Dec,(Enc,(m) +e) = m}

#Ap
E[Zk-Zt >1—k¢,

because the left-hand side is precisely the probability above. This implies that there must exist
a p € R for which #4, > (1 — €)2"*". Fix such a p. Note that for no two pairs (m,e) in A,, the
value of Enc,(m) + e can be equal. Hence, 2" > #A,. The statement of the theorem follows by
combining these 2 inequalities. O

For a random p, we have

Remark 8. The argument in the above proof establishes a stronger assertion. Consider a Hamming
channel defined by a bipartite graph G, and assume that every left node has degree at most 2¢
(note that the noise level is defined using the degree of right nodes). Let Enc be an encoding that
defeats this channel, i.e., Enc : {0,1}* x R — {0,1}", and there exists Dec such that for every
m € {0,1}*, with probability 1 — ¢ of p € R, for all neighbors & of Enc(m, p), Dec(Z,p) = m.
Then, the argument shows the same upper bound for the rate k/n, as the one in Theorem A1l
Thus, the upper bound holds not only for universal codes which have to defeat all Hamming
channels, but also for codes that defeat any single Hamming channel satisfying the above left
degree condition. This class of codes includes all channels in the oblivious scenario, because for
such channels the left degree and the right degrees are equal.

4.2 Lower bounds for the randomness of universal codes

We first note that there exist universal codes in which the encoder is randomized and the decoder
is deterministic, and, thus they do not share randomness. We provide a non-explicit construction
of such a code in Appendix This code does not achieve an optimal rate. In an upcoming
extended version of this paper, we show that for some choices of k in the oblivious scenario, any
universal code that is (g, t)-resilient and has optimal rate must use shared randomness. In general
the trade-off between shared randomness and rate for universal codes is very intricate and for a
(lengthy) discussion we refer to the extended version.

Therefore, in what follows we restrict to private codes, i.e., to the model in which the universal
encoder and the channel-dependent decoders share randomness, and the encoder does not have
access to other types of randomness. We show lower bounds for the number of random bits in
both the Hamming and oblivious ScenariOSH

We first show that for any private universal code in the oblivious scenario, the encoding
function must use at least Q(logt) random bits, regardless of rate, where ¢ is the noise level. The
universal code for the oblivious scenario in Theorem [[5has O(log n) random bits, and has optimal
rate in the asymptotical sense. Thus the number of random bits in Theorem [[.5l matches the lower
bound (up to the constant hidden in the O(-) notation), in the case of noise level t = Q(n), which
is typical.

Theorem 4.2. If #M > 2, ¢ < 1/2 and Enc: M x R — X is a private (t,€)-resilient code in
the oblivious scenario, then #R > t, i.e., Enc requires more than logt random bits.

Proof. Tt is enough to prove the theorem for only 2 messages. Let M = {a,b} and R =
{1,2,...,D}. Consider the channel defined by the set E given by the span of the vectors

v; = Ency(a) — Ency(b), ..., wvp =Encp(a)— Encp(b).

“In Appendix [A6 we discuss a different model, which is intermediate between oblivious and Hamming.
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Thus, E has size at most 2. We need to select m € M and e € E such that the probability
in () is at most 1/2. In the requirement (), the only relevant values of Dec are vectors of the
form

Enc,(a) + cjv1 + -+ + cpup,

with p € R and ¢ € {0,1}. Select p and ¢ randomly and consider the value of Dec,, on the above
vector, which is a value in M. Note that if we used message b instead of a in the expression above,
then the probabilities with which the messages appear do not change (since this corresponds to
flipping all bits of ¢). Assume that the value b appears with probability at least 1/2. If this is not
the case, we flip the roles of a and b in the expression above and the explanations below. There
exists a choice of ¢ € {0,1}? such that for at least half of the values p € R, the value of Dec, for
the above vector is equal to b. Let e = cyuy + --- 4+ cpvp € E be the corresponding vector. For
m = a, the probability in (I]) is at most 1/2. Hence, for ¢ < 1/2 the inequality is false, and this
implies that if D <t equation () can not be satisfied. O

We prove a similar result for the Hamming scenario.

Theorem 4.3. If #M > 2, 28 < #X, e <1/3 and Enc: M x R — X is a private (t, €)-resilient
code in the Hamming scenario, then #R > 2272 i.e., Enc requires more than 2t —2 random bits.

Again, it is enough to prove the statement for two messages. Let M = {a,b} and R =
{1,2,...,D}. Thus, we are given a universal code Enc : M x [D] — [N] for some arbitrary N
and the code is resilient in the Hamming scenario up to distortion 27" with probability €, where
T = 271, This means that for every bipartite graph with N left nodes and N right nodes, with
degree of every right node < 2T, the event (when p is chosen at random in [D])

Enc(a, p) and Enc(b, p) have a common neighbor. (*)

has probability at most e. We show in the next lemma that if ¢ < 1/3, then D > T2, from which
the conclusion follows

Lemma 4.4. For every encoding function Enc: {a,b} x [T?] — [N], there exists a bipartite graph
of the above type such that the event in (%) has probability at least € > 1/3.

Proof. We construct a bipartite graph with the set of left nodes and right nodes both equal to [N],
and with left and right degrees at most 27" (thus the lower bound is valid even for channels where
the left degree is also bounded by 27"). Consider the matrix obtained by setting the (x,y)-th
entry equal to the number of random strings p for which Enc(a, p) = x and Enc(b, p) = y. Since
there are T? strings p, the sum of all entries of this matrix is 72 as well.

The weight of a column is the sum of all its entries. Similarly for the weight of a row. A
column is heavy if its weight is > T and a heavy row is defined in the same way. Note that there
are at most T" heavy rows and at most 71" heavy columns. We consider 3 cases:

e The set of heavy columns have total weight at least 72/3.
e The set of heavy rows have total weight at least 72/3.
e None of the conditions above are true.

In the last case the construction is easy. We set all entries of heavy columns and rows equal to
zero. The remaining matrix has weight at least 72/3, and all its rows and columns have weight
less than T' (because they are not heavy).

We define the bipartite graph in which a left node x is connected to a right node y if z = y or
the (z,y) entry of the matrix is positive.

22



Since the matrix contains nonnegative integers, every column has less than T positive entries,
and hence every left node has degree at most 7. By a symmetric argument with rows, we conclude
that also the right degrees are at most 7'.

We prove that the event (F)) has probability at least 1/3. Indeed, select p randomly, and let
x = Enc(a, p) and y = Enc(b, p). With probability at least 1/3 the entry (x,y) is positive, and
this implies that x is a neighbor of both x and y. In the last case the lemma is satisfied.

Note that the first and second case are symmetric after flipping the first and second message
in Enc. Hence, it remains to prove the claim for the second case. In the matrix, we set all rows
that have weight less than T equal to zero. The assumption states that the remaining matrix has
weight at least T2/3.

The idea to prove ([¥)), is to consider a set of T' values y, which we call pointers. We connect
each heavy row to every pointer. Each nonzero column will be connected to a single pointer as
well. Since there are at most 72 nonzero columns, we can indeed satisfy the degree bound using
at most 7" pointers. Finally, choose Ch(y) to be this pointer for each nonzero column y. Now the
inequality fails for m = 2, since with probability 1/3, we have that Enc(a, p) is a heavy row and
that Enc(b, p) is a nonzero column. Hence, they are both connected to the pointer Ch(Enc(b, p)).
Now the details.

By the assumption N > 27" and taking into account that there are at most 7' heavy rows, we
can select T' rows containing only zeros. The T choosen rows are called pointers. We assign to
each nonzero column a pointer so that no pointer is assigned to more than 7' columns. Note that
there are at most 72 nonzero columns and 7" pointers, and thus this assignment is possible.

The bipartite graph connects a left node = to a right node y

e if x is a heavy row and y is a pointer, or
e if x is a nonzero column and y is its associated pointer.

The conditions on the degree are satisfied, because every left node is only connected to pointers,
and there are at most T" of them. Every right node y has degree at most 27", because we only need
to check this for pointers y, and they are connected to T heavy rows and to at most 1" nonzero
associated columns.

Finally, we need to prove that the event (%)) has probability at least 1/3. For each nonzero
column y, let Ch(y) be the associated pointer, and so also a neighbor of y. With probability 1/3
for a random p, the value of Enc(a, p) will be a heavy row and Enc(b, p) a nonzero column. This
means that Ch(Enc(b, p)) is a pointer, and hence connected to all heavy rows, thus in particular it
is also a neighbor of Enc(a, p). Thus, the event in (¥]) happens with probability at least 1/3. O

5 Final comments

In our main results, Theorem [[.4] Theorem [L.5l and Theorem [[.6] the encoding function is com-
putable in time polynomial in n, but the channel-dependent decoding functions are not efficiently
computable (except for the special cases that have been mentioned). This is to be expected given
the strong universality property of the code. We have shown that for memoryless oblivious chan-
nels, and also for piecewise Hamming channels, there are universal codes with polynomial-time
encoding and decoding (Theorem [2.11] and Theorem B4]). It would be interesting to find other
classes of channels that admit efficient universal codes. It seems natural to consider codes that
are resilient to channels that compute the distortion using algorithms with low computational
complexity. We have in mind channels that are similar to the computational channels proposed
by Lipton [Lip94], but which are more general because the distortion is bounded using our general
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setting for the Hamming scenario or the oblivious scenario, not by the Hamming weight of the
error vector as in [Lip94]. Obtaining codes that are resilient to all channels with general distortion
capabilities, that are computable by algorithms in a given complexity class (say, LOGSPACE, or
NC!, or finite automata) and that have efficient encoding and decoding would be very interesting
even if they have non-optimal rate.

Acknowledgements

We are grateful to Andrei Romashchenko for the helpful conversations we had. We also thank
Alexander Shen, for suggesting the definition of “invertible function,” which turned out to be
important for this paper.

References

[AFPS07] Luis Antunes, Lance Fortnow, Alexandre Pinto, and Andre Souto. Low-depth wit-
nesses are easy to find. In IEEE Conference on Computational Complexity, pages
46-51, 2007.

[BFLO1]  Harry Buhrman, Lance Fortnow, and Sophie Laplante. Resource-bounded Kolmogorov
complexity revisited. STAM J. Comput., 31(3):887-905, 2001.

[BMVZ18] Bruno Bauwens, Anton Makhlin, Nikolai K. Vereshchagin, and Marius Zimand. Short
lists with short programs in short time. Computational Complezity, 27(1):31-61, 2018.

[BZ14] Bruno Bauwens and Marius Zimand. Linear list-approximation for short programs
(or the power of a few random bits). In IEEE 29th Conference on Computational
Complezity, CCC 2014, Vancouver, BC, Canada, June 11-13, 201/, pages 241-247.

IEEE, 2014.

[BZ19] Bruno Bauwens and Marius Zimand. Universal almost optimal compression and
Slepian-Wolf coding in probabilistic polynomial time. CoRR/arziv, abs/1911.04268,
2019.

[Che09] Mahdi Cheraghchi. Capacity achieving codes from randomness conductors. In IEEFE
International Symposium on Information Theory, ISIT 2009, June 28 - July 3, 2009,
Seoul, Korea, Proceedings, pages 2639-2643. IEEE, 2009.

[CI17] Mahdi Cheraghchi and Piotr Indyk. Nearly optimal deterministic algorithm for sparse
Walsh-Hadamard transform. ACM Trans. Algorithms, 13(3):34:1-34:36, 2017.

[CK11] I. Csiszar and J. Korner. Information theory. Coding theorems for discrete memoryless
channels. Cambridge Press, 2011. (second edition).

[CR1§] Daniyar Chumbalov and Andrei E. Romashchenko. On the combinatorial version of
the Slepian-Wolf problem. IEEE Trans. Inf. Theory, 64(9):6054-6069, 2018.

[CSW06] M. Cheraghchi, M. Shokrollahi, and A. Wigderson. Computational hardness and
explicit constructions of error correcting codes. In 44th Allerton Conference on Com-
munication, Control and Computing, 2006.

[DP09] D. P. Dubhashi and A. Panconessi. Concentration of measure for the analysis of
randomized algorithms. Cambridge University Press, 2009.

24



[GDO5]

[GS16]

[GUV09]

[TW97]

[JusT2]

[KOYS]

[KvMO02]

[Lan04]

[Lip94]

[LV19)]

[Mil01]

[MRS11]

[Muc02]

[NW94]

[Or]93]

Nicolas Gehrig and Pier Luigi Dragotti. Symmetric and asymmetric Slepian-Wolf
codes with systematic and nonsystematic linear codes. IEEE Communications Letters,
9(1):61-63, 2005.

Venkatesan Guruswami and Adam Smith. Optimal rate code constructions for com-
putationally simple channels. Journal of the ACM (JACM), 63(4):35, 2016.

Venkatesan Guruswami, Christopher Umans, and Salil P. Vadhan. Unbalanced ex-
panders and randomness extractors from Parvaresh-Vardy codes. J. ACM, 56(4),
20009.

R. Impagliazzo and A. Wigderson. P = BPP if E requires exponential circuits: Deran-
domizing the XOR lemma. In Proceedings of the 29th Annual ACM Symposium on the
Theory of Computing (STOC '97), pages 220-229, New York, May 1997. Association
for Computing Machinery.

J. Justesen. A class of constructive asymptotically good algebraic codes. IEEE Trans-
actions on Information Theory, 18:652-656, 1972.

Janos Korner and Alon Orlitsky. Zero-error information theory. IEEE Trans. Inf.
Theory, 44(6):2207-2229, 1998.

Adam Klivans and Dieter van Melkebeek. Graph nonisomorphism has subexponen-
tial size proofs unless the polynomial-time hierarchy collapses. SIAM J. Comput.,
31(5):1501-1526, 2002.

Michael Langberg. Private codes or succinct random codes that are (almost) perfect.
In 45th Symposium on Foundations of Computer Science (FOCS 2004), 17-19 October
2004, Rome, Italy, Proceedings, pages 325-334. IEEE Computer Society, 2004.

Richard J. Lipton. A new approach to information theory. In Patrice Enjalbert,
Ernst W. Mayr, and Klaus W. Wagner, editors, STACS 94, 11th Annual Sympo-
sium on Theoretical Aspects of Computer Science, Caen, France, February 24-26,
1994, Proceedings, volume 775 of Lecture Notes in Computer Science, pages 699-708.
Springer, 1994.

Ming Li and Paul Vitanyi. An Introduction to Kolmogorov Complexity and Its Appli-
cations, 4th edition. Springer, 2019.

P. B. Miltersen. Derandomizing complexity classes. In P. Pardalos, J. Reif, and
J.Rolim, editors, Handbook on Randomized Computing, Volume II. Kluwer Academic
Publishers, 2001.

D. Musatov, A. E. Romashchenko, and A. Shen. Variations on Muchnik’s conditional
complexity theorem. Theory Comput. Syst., 49(2):227-245, 2011.

Andrei A. Muchnik. Conditional complexity and codes. Theor. Comput. Sci., 271(1-
2):97-109, 2002.

N. Nisan and A. Wigderson. Hardness vs. randomness. Journal of Computer and
System Sciences, 49:149-167, 1994.

Alon Orlitsky. Interactive communication of balanced distributions and of correlated
files. STAM J. Discrete Math., 6(4):548-564, 1993.

25



[RRV02]

[Sha48]

[Shab8]

[Sip13]

[Smi07]

[Spi9e)]

[SUV17]

[SWT3]

[TU12]

[TVOO]

[Vad12]

[VH94]

[VZ15]

[WynT74]

[Zim17]

Ran Raz, Omer Reingold, and Salil P. Vadhan. Extracting all the randomness and
reducing the error in Trevisan’s extractors. J. Comput. Syst. Sci., 65(1):97-128, 2002.

C. E. Shannon. A mathematical theory of communication. Bell Sys. Tech. Jour., 27,
1948. Monograph B-1598.

C. E. Shannon. A note on partial ordering for communication channels. Information
and Control, 1:390-397, 1958.

M. Sipser. Introduction to the theory of computation. Thomson Course Technology,
2013. third edition.

Adam D. Smith. Scrambling adversarial errors using few random bits, optimal infor-
mation reconciliation, and better private codes. Symposium on Discrete Algorithms:
Proceedings of the eighteenth annual ACM-SIAM symposium on Discrete algorithms,
7(09):395-404, 2007.

D. Spielman. Linear-time encodable and decodable error-correcting codes. IEEE
Transactions on Information Theory, 42:1723—-1731, 1996.

Alexander Shen, Vladimir Uspensky, and Nikolay Vereshchagin. Kolmogorov complex-
ity and algorithmic randomness. American Mathematical Society, 2017.

D. Slepian and J.K. Wolf. Noiseless coding of correlated information sources. IEEFE
Transactions on Information Theory, 19(4):471-480, 1973.

Amnon Ta-Shma and Christopher Umans. Better condensers and new extractors from
Parvaresh-Vardy codes. In Proceedings of the 27th Conference on Computational
Complexity, CCC 2012, Porto, Portugal, June 26-29, 2012, pages 309-315. IEEE
Computer Society, 2012.

L. Trevisan and S. Vadhan. Extracting randomness from samplable distributions. In
Proceedings of the 41st IEEE Symposium on Foundations of Computer Science, pages
32-42, 2000.

Salil P. Vadhan. Pseudorandomness. Foundations and Trends in Theoretical Computer
Science, 7(1-3):1-336, 2012.

Sergio Verdd and Te Sun Han. A general formula for channel capacity. IEEE Trans.
Inf. Theory, 40(4):1147-1157, 1994.

N.V. Vinodchandran and M. Zimand. On optimal language compression for sets in
PSPACE/poly. Theory Comput. Syst., 56(3):581-590, 2015.

Aaron D. Wyner. Recent results in the Shannon theory. IFEE Trans. Inf. Theory,
20(1):2-10, 1974.

Marius Zimand. Kolmogorov complexity version of Slepian-Wolf coding. In STOC
2017, pages 22-32. ACM, June 2017.

26



A  Appendix
A.1 Proofs of Theorem [2.11] and Theorem [3.4]

Proof of Theorem [2.11] The construction uses the Justesen concatenation scheme, which
combines an outer code, with several inner codes. First the message written with symbols from
the alphabet FS (for some integer k) is mapped by the encoder of the outer code into a codeword
over the same alphabet, and next each symbol of the codeword is mapped using the encoder of
one the inner codes.

The outer code: Following Cheraghchi [Che09], we use the linear time encodable/decodable
code constructed by Spielman [Spi96] as the outer code.

Theorem A.1 ( [Spi90]). For every constant o < 1 and every positive integer k, there exist a
constant Bspiciman > 0 and an explicit family of codes (C's)sen over the alphabet IE‘IS, such that Cg
encodes messages of length S, has rate 1 — o, and is error correcting for a fraction Bspiciman Of
errors. The encoder and the decoder run in time that is linear in the bit-length of the codewords.

More explicly, for every S € N, the encoder of Cs maps (F&)° into (F5)P, with S/D > 1 — a,
and for every codeword x € (F’;)D , and every T such that that the relative Hamming distance
between x and T iS5 Bspiciman, the decoder on input T returns the message encoded as x. The
encoder and the decoder run in time O(kD).

The inner codes: The inner codes are obtained from the universal code from Proposition 211
Recall that the encoder of this code is a function Enc(m, H), where H is a random (t+log(1/¢)) xn
matrix H with elements in Fo. For k = n— (t+1log(1/¢), the encoder maps a k-bit message m into
an n-bit codeword, which is the m-th element of the null space of H (using some canonical ordering
of the elements in the null space). The value of € will be picked later. Let d = n(t + log(1/¢)).
We use, as inner codes, D = 2¢ codes Ency,,Ency,, . .. ,Encpy,,, which are obtained from Enc
in Proposition 2] by fixing the randomness to every d-bits string, i.e., for each H € {0, 1}d,

Encpy(+) ael- Enc(-, H). Each inner code maps a k-bit string, viewed in the natural way as an
element of FS into an n-bit string, which similarly is viewed in the natural way as an element of
Equipped with the outer code and the inner codes, we construct a new encoder £ as follows.
Concatenation scheme: First, the S-symbol input message (my,...,mg) is encoded with the
outer code into a D-symbol word (c1,...,cp). Next, each ¢; is encoded with the inner code Enc,,.

(mqy,...,mg)

outer code encoding; each m; and ¢; is k-bits long

inner codes encoding

(Ency, (c1),...,Enc,, (cp))

Thus £ maps binary strings of length k - S into codewords that are binary strings of length
n-D.

Consider now a D-memoryless channel Ch in the oblivious scenario adjusted def for the obliv-
ious scenario that has distortion bounded by ¢. Recall that this means that:

1. there is a set E C F} of size T = 2!, and

2. Ch takes as input a D-tuple (z1,...,2p) € (F3)P , and outputs (y1,...,yp), where each
y; = z; + e;, for e; chosen uniformly at random in F, independently of the other choices.
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Suppose the sender encodes the message (my, ..., mg) into the codeword (z1,...,xp) (where
each z; € %) and the channel distorts it into (y1,...,yp)-

(my,...,mg)

encoding with the concatenated outer/inner code

l channel distortion; y; = x; + ¢;, for e; randomly chosen in
(yh e 7yD)

Henceforth, we consider that (z1,...,2zp) is fixed, and (y1,...,yp) is a random variable de-
pending on the randomness of the channel. The decoder of the concatenated code, first calls the
decoders of the D inner codes respectively on each component of (y1,...,yp), which return the
word (z1,...,2p), and next calls the decoder of the outer code on this latter word. We show that
with high probability, this procedure reconstructs (m,...,mg).

For each e € E, we say that the matrix H is good for e if Hey # He for all e; € E — {e}.
In the proof of Proposition 211 it is shown that if H is good for e, then the decoder on input
x + e reconstructs x and that for each e € E, at least a fraction of (1 —€) of H’s are good for e.
By a standard averaging argument, it follows that there is a set (of “good” matrices) GOODyang
containing (1 — y/€) fraction of H’s in {0,1}¢ and a set (of “good” noise vectors) GOODjise
containing (1 — /€) fraction of e’s in E, such that every H in GOOD,,nq is good for every e
in GOODyise- By rearranging the tuple (yi1,...,yp), we can assume that the first (1 — \/e)D
components correspond to the “good” matrices. On every ¢ in this segment of “good” components,
if e; = y; — x; is a “good” noise vector, the inner decoder on input y; correctly reconstructs x;.
Note that the probability (over the randomness of the channel) that e; is a “good” noise vector
is at least 1 — y/e.

Let p be the expected number of components of (y1,...,yp) on which the inner decoders are

incorrect. Note that
p<vVe- D+ (1—+e) D-ye

In the sum above, the first term corresponds to the errors made by the inner decoders in the bad

segment and the second term corresponds to the errors made by decoders in the good segment for

which the channel is choosing a bad e. Thus, u < pg, where pg ael 2y/e-D. We take v = \/e- D.

Pr[# errors > 3\/e - D] = Pr[# errors > uy + 7] < e~27°/D = 72D,

We have used a form of the Chernoff bounds[d for the case when we know an upperbound of the
expected value (see Exercise 1.1 (a) in [DP09)])

Take € such that 3v/e < Sspielman- Then, with probability at least 1—e72¢P the inner decoders
are correct on all except at most Bspiclman fraction of positions. In such a case, the outer decoder
is able to reconstruct the codeword (z1,...,xp) and then the message that is encoded into this
codeword.

We now evaluate the runtime of the encoder and the decoder. The encoder calls first the
encoder of the outer code, which takes time O(nD), and then calls the encoders of the D inner
codes, each one running O(n?) steps (by Remark [3]). Thus, the total time for encoding is O(n?D),
which is quasi-linear in nD (the bit-length of a codeword). The decoder first calls the D inner

SLet X = .7, X;, where X;, i € {1, D} are independently distributed in [0,1]. Let pg > p, where u is the

expected value of X. Then for every v > 0, Pr[X > pug + 7] < e~2°/D,
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deccoders, and each one runs in time O(Tn?), so this step takes O(DTn?), which is O((nD)?)
because T' = O(D). Next, it calls the decoder of the outer code, which runs in time O(nD). So
the total time is less than O((Dn)?), so quadratic in the bit-length of a codeword.

Proof of Theorem [3.4. We use again a concatenation scheme with an outer code and an
innner code. The outer code is Spielman’s error correcting code [Spi96], presented in Theorem [A. ]
The inner code is the code from Theorem [[.4l Its encoder Enc,(m) maps a k-bit message m into
an n-bit codeword, and p represents the random string used for both encoding and decoding (we
recall that we are in the shared randomness setting). The outer code works with strings having
symbols from the alphabet ¥*. The encoder of £ first calls the encoder of the outer code, which
maps an S-symbol message (mq,...,mg) into a D-symbol codeword (cy,...,cp). Next, each
¢; is encoded with the inner code Enc,,. The encoder and the decoder of £ share randomness

p=(p1s---,pD).

(mq,...,mg)

J outer code encoding; each m; and ¢; is k-bits long

inner code encoding using randomness p = (p1,...,pD)

(Enc,, (c1), ..., Enc,,(cp))

Thus, the encoder of £ maps a kS-bit string into an n.D-bit string, and consequently has rate
(kS)/(nD) = (S/D) - (k/n) > (1 —a) - (1 —t/n—o(1)).

Suppose a piecewise Hamming channel with graph G = G x ... x Gp distorts (x1,...,2p)
into (y1,-..,YD)-

(x1,...,2p)

l channel distortion; y; is a neighbor of x; in G;, chosen adversarially
(y17 B 7yD)

We now describe the decoder of £ corresponding to G. It first calls Decg, ,, on y; (the
decoder corresponding to the Hamming channel with graph G;, and using randomess p; ), for all
i € {1,...,D}. With probability (1 — €), Decg, p,(y;) correctly returns z;. Thus the expected
number of errors (from all inner decoders) is bounded by € - D. It follows that the probability
that the number of errors is larger than 2¢- D is at most g—2¢*D (by Chernoff bounds). We choose
€ so that 2e¢ < Bspiclman- 1t follows that with probability 1 — e—2¢°D , the fraction of errors made
by the inner decoders is smaller than the fraction of errors that can be corrected by Spielman’s
code. Therefore the decoding procedure of Spielman’s code returns the correct message with high
probability.

We next evaluate the runtime of the encoder and the decoder of £. The encoder calls the
encoder of the outer code, which runs for O(nD) steps. Next, it calls D-times the inner encoder,
and each one runs in O(n) sterps. Thus the total time is O(nD), that is the encoder runs in linear
time in the bit-length of the codeword. The decoder calls the D inner decoders, and each one
runs in 2" - n steps. Then it calls the decoder of the outer code, which runs in O(nD). Therefore,
taking into account that D = 2", the decoder runs in time O((nD)?), that is in quadratic time in
the bit-length of the codeword.
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A.2 The condenser from Theorem [2.8 is linear

We observe that a very minor modification of the condenser constructed by Guruswami, Umans,
and Vadhan in [GUV09, Theorem 4.3, also Theorem 1.7] converts it into a linear condenser. A
similar, but more general modification (because it works for finite fields of arbitrary characteristic,
while our version is for characteristic 2) has been made by Cheraghchi and Indyk [CI17].

The condenser C(f,y) from [GUV09] is viewing the first argument as a polynomial f € F,
of degree at most n — 1, where ¢ = 2%, so F, is a field of characteristic 2. More precisely if
f(Z2) = fo+ fiZ + ...+ fn_12™"1, then the first argument of the condenser is (fo,..., fa_1),
which is represented as a binary string of length nt. The second argument y is an element of F,
thus a binary string of length t. The condenser is also using E[Z], an irreducible polynomial of
degree n over Fy, and a parameter h which can be taken to be a power of 2. (Note: Requiring h
to be a power of 2 is the only modification from the version in [GUV09].)

The condenser is defined as

C(f,y) = [y, (), (f* mod E)(y), (f"" mod E)(y),....(f

We need to show that each (f*'(Z) mod E(Z))(y) is linear in f.
Let us fix y € F, and consider (for some aribitrary i) A, : (F2)™ — (F3)*, defined by

hmfl

mod E)(y)]. (8)

Ay(f) = [f"(2) mod B(Z2)(y) = [(fo+ H1Z + ...+ a1 2" mod E(2)](y)
It is known that if a and b are elements of a field of characteristic p and h is a power of p,
(a + b)hi ="+

In our case, the coefficients of the polynomials belong to F,, which has characteristic 2, and h' is
a power of 2. Therefore,

Ay(f+9) =[(f+9)"(Z) mod E(Z)](y)
= [((fo+90) + (fr +90Z + .+ (fac1 + gn1)Z2")" mod B(2)] ()
= [((fo+ 90" + (fi +90)" 2" + ...+ (faor + g01)" Z0D%) mod E(Z)] ()
= [(ff + /2" + ...+ f 2000 mod E(2)](y)
(g + g 2" + . 4 gt 20D mod E(2)](y)
—[(fo+ AZ+...+ for 27 Y)" mod E(2)](y)

g+ DnZ+ -+ gar 271" mod E(2))(y)

= Ay (f) + Ay(9)-

Thus, each component of C(f,y) from the equation (&) is linear and therefore for each y there
exists a mt-by-nt matrix H, with entries in Fy such that C(f,y) = H,f.
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A.3 The condenser from Theorem [2.7] is linear.

The condenser constructed by Ta-Shma and Umans has a structure similar to the condenser
from [GUVQ9]. The first argument is denoted f and the second argument (the “seed”) is a pair
(z,y). They use a parameter h which is a power of a prime number p.

The first argument is a polynomial of two variables of the form

FXY)= > aiX'Y, 9)

i=0,...,n—1,j=0,1

where the coefficients are in Fj, the fields with h elements, multiplications in Y are modulo
an irreducible polynomial P(Y) of degree 2 (formally, Y is an element of Fj[X]|/P(X)) with
coefficients in Fy,, and the multiplications in X are done modulo an irreducible polynomial F(X)
with coefficients in F, = F[Y]/p(Y) (formally, X is an element of F,[X]/E(X)).

The second argument consists of x € F, and y € Fj. The condenser is defined by

C(f7 (‘Tay)) = (CO(f)(‘Tay)v s 7Cm—1(f)(x7y))7

where each component consists of a polynomial C;(f) with variables X and Y evaluated at X =z
and Y = y. The polynomial C;(f) has the form

m—1
a0f+a1fh+...+am_1fh .

For any two polynomials f1, fo of the form (@) and for all ¢, we have (f; + fg)hl = 1hZ + f
because the polynomials have coefficients in a field with characteristic p and h¢ is a power of
the same prime number p, and therefore we can use the same argument as in Section [A.2l This

implies that C(f1 + f2, (z,y)) = C(f1, (z,y)) + C(f2, (z,y)).

A.4 The condenser from Theorem [2.10] is linear.

The condenser Crgy : {0,1}" x {0,1}¢ — {0,1}™ from [RRV02] (which is actually an extractor)
views the first argument x as the specification of a function wu,(-, ) of two variables (in a way that
we present below), defines some functions g1(y), h1(y), ..., 9m(y), hm(y) (where y is the second
argument), each one computable in time polynomial in n, and then sets

Crrv (7, y) = uz(91(Y), h1(y))s - - - s ua(gm(¥), hm (y)), (10)

i.e., the i-th bit is ug(gi(y), hi(y)). Thus, it is enough to check that f, ., (z) = ugz(v,w) is linear
in z. Let us now describe u,. The characteristic sequence of u, is the Reed-Solomon code of x.
More precisely, for some s, x is viewed as a polynomial p, over the field Fos. The elements of
Fos are viewed as s-dimensional vectors over Fo in the natural way. Note that in this view the
evaluation of p, at point v is a linear transformation of z, i.e., p,(v) = B,z for some s-by-n matrix
B, with entries from Fs. Finally, u,(v,w) is defined as the inner product w - p,(v) and therefore
Uy (v,w) = (wBy)x, and thus it is a linear function in . Now we plug h;(y) as w and g;(y) as v,
and we build the matrix A,, by taking its i-th row to be h;(y)B Using the Equation (I0)),
we obtain that Crrv(z,y) = 4, - x.

9i(y)*

A.5 On universal codes without shared random bits

There exists a code that is (¢, €)-resilient in the oblivious scenario with rate 1 — 2t/n — o(1) and
does not use shared randomness. The encoding function uses a large amount of randomness, but
it is not shared with the decoder. Unfortunately, the code is not explicit.
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Theorem A.2. There ezists an encoding function Enc: MxR — X withn < 2t+k+O(log(tk/e))
that is (t,e)-resilient in the oblivious scenario without shared randomness, where n = log #X and

k = log #M.

A similar result can be shown for the Hamming scenario, but in this case the rate is: % — % —o(1).

Proof. We show that a random code satisfies the properties. First we define some parameters for
later reference. Let T = 2¢ and M = #M (which equals 2¥). Let N be such that

N =2RMT/e, with R = %(log(MT)+ TlogN).

For each p € R and m € M, select Enc,(m) randomly in X'. We show that for all sets E of
size T', all m € M and all e € F, we have

# (Encg(m) +e) N (Encg(M\ {m}) + E) < e€R, (11)
where for M’ C M,
Encg(M')+ E = {Ency(m')+¢€ :p e R,m' e M',¢ € E}

and similar for Encg (m) + e. This implies that given a set E, we obtain a decoding function Dec
that satisfies ([II) using a greedy search, i.e., Dec(Z) is the first message m that appears in a search
for triples (p,m,e) that satisfy Enc,(m)+ e = x. It remains to prove that a random function Enc
satisfies this property.

Fix some E,m, e in the condition (). Assume we have already randomly selected Encg (m')
for all m’ # m, and we will now select Enc,(m) for all p € R. The probability that a random
x € X belongs to B := Encg(M \ {m}) + E is at most MT/N. This is bounded by ¢/(2R) by
choice of N. Therefore, if we choose R many such elements x at random, the expected number
of them that fall in B is at most €/2. The probability that more than eR elements are in B is at
most

exp(—eR/6)

by the Chernoff bound in multiplicative form. The probability that this happens for some set F
of size T', some element m € M and some e € E, is at most

NT .M -T-exp(—eR/6)

by the union bound. By the choice of R, this is less than 1. Hence, with positive probability the
conditions are satisfied, and in particular the encoding function exists. O

A.6 The additive Hamming scenario: intermediate resilience between the
oblivious and the Hamming scenarios

In the oblivious scenario, a universal code is resilient to channels that do not have access to the
transmitted codeword x and that corrupt it by adding a noise vector e from a fixed set E. In the
Hamming scenario, a universal code is resilient to channels that have access to the transmitted
codeword x and that corrupt it by adding a noise vector e which depends on x (because e = ¢+,
where Z is a neighbor of z in the bipartite graph). In this section we consider universal codes
that are resilient to an intermediate type of channels: they have access to = (like in the Hamming
scenario), but can only add e from a fixed set E (like in the oblivious scenario). In other words,
in the additive Hamming scenario we use the same definition of resilience applied to Hamming
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channels of the following special form. The bipartite graphs have left set X and right set X=X ,
and the edges are given by

U {2} x ({z} + B),

reX
for some set E.

P

N\

Z = x + Ch(z)
m Enc a /Ch\ Dec m

N

Figure 3: The additive Hamming scenario: Ch(z) is chosen from a fixed set E of size 2°.

Definition A.3. Let X' be an additive group. A private code Enc: M x R — X is (t, €)-resilient
in the additive Hamming scenario if for every set E C X' of size at most 2t there exists a decoding
function Dec: X X R — M such that for all channel functions Ch: X — E and all m € M

P% [Dec,(Enc,(m) + Ch(Enc,(m))) =m] > 1—e.
pe

Recall that there exists a (¢, €) universal code in the oblivious scenario with rate 1 —t/n —o(1)
that uses O(logn) random bits, and a (¢,€) universal code in the Hamming scenario with rate
1 —t/n — o(1) that uses 2n random bits. The question is how many random bits are needed for
a universal code in the additive Hamming scenario to achieve the same rate.

We show that there is a universal code in the additive Hamming scenario that uses n+O(logn)
random bits. This universal code is obtained from the following general result that shows that a
code for the oblivious scenario can be transformed into a code for the additive Hamming scenario
at the cost of using more shared randomness.

Proposition A.4. If there exists a (t, €)-resilient code Enc: M xR — X in the oblivious scenario,
then there exists a (t,e€)-resilient code Enc’: M x R’ — X in the additive Hamming scenario with
R =R x X.

The encoding function Enc’ is obtained by adding a random element from X to Enc. In this
way, for each fixed message m € M, the distribution of added elements by the channel function
does not depend on the encoding function, and this allows us to apply the oblivious scenario. We
present the details.

Proof. By definition of (¢, €)-resilience in the oblivious scenario, we have that for all m and e € E:

P;r [Dec,(Enc,(m) +e)=m] > 1—e¢ (%)

The new encoding Enc’ evaluates Enc and adds a random z € X, where p/ = (p,z). Thus
Enc;),(m) = Enc,(m) + z. The new decoding Dec’ function subtracts z and evaluates Dec, thus
Dec/, (&) = Dec,(Z — 2).

We now verify the requirement in Definition [A.3]with p’ = (p, z). Let Ch be a channel function
and let m € M. Note that since Enc’ adds z at the end of its evaluation, and Dec’ starts by
subtracting z, the variable z only appears in this condition through the channel function in the
term

Ch(Enc,(m) + z).

33



Since p and z are independent, the value of Enc,(m) + z is uniform in X’ and independent of p.
Hence, we could replace the above quantity by Ch(z). Let & = Ch(z) be this random variable,
which has values in E. The condition of definition [A.3] can now be written as

Pg [Dec,(Enc,(m) +&) =m] > 1—¢
Ps
This is a convex combination of (&) for various e € E, and hence the inequality holds. O

Thus, a resilient code in the oblivious scenario for X = {0,1}" that uses r bits of shared
randomness, can be transformed into a code for the additive Hamming scenario that has the same
rate and uses n + r bits of randomness. In particular, there exist (¢,¢€)-resilient codes that use
d = n+O(logn) randomness by Theorem This is better than the value 2n in Theorem [I.4] for
general Hamming channel, but is far from the O(logn) value achieved by the universal code for
the oblivious scenario from Theorem In the next theorem, we provide a lower bound, which
shows that the number of random bits has to be Q(n) for values k,t = €(n) (which are typical in
most applications).

Theorem A.5. Let ¢ < 1. If a code Enc: {0,1}* x {0,1}¢ — {0,1}" is (t,¢)-resilient in the
additive Hamming scenario, then d > min{k,t/2} — O(1).

Proof. Fix some encoding function Enc that uses d random bits, and assume
d < min{k,t/2} — ¢

for some constant ¢. We show that for large ¢, the code Enc can not be (¢, €)-resilient. We use
the incompressibility method. Let C(x) denote the Kolmogorov complexity of a string x, which is
given by the minimal length of a program that outputs x. For this we need to fix a programming
language, and we choose a language that makes the complexity function minimal up to an O(1)
constant, see [SUV17, [LV19] for more background. In our proof, we assume that the programs
have an extra input which is a description of the encoding function Enc, (but we omit this in the
notation). We also assume that ¢/2 < k (otherwise, we just take in the arguments below t = 2k).

Let 0" be the string containing n zeros. Note that C'(0") < O(1), because n is a parameter of
Enc, to which our programs have access. We consider a channel in the additive Hamming scenario
that for codewords of length n adds a noise vector e € E = {u € {0,1}" |C(u) < t}. Note that F
has size smaller than 2! and, thus, this channel has distortion at most 2.

Consider a message m with

t/2 < C(m) < t/2+0(1).

Such a message exists, since the total number of messages is 2* and t/2 < k. Note that for all
choices of randomness p € {0,1}% we havdd

C(Enc,(m)) < C(m)+length(p) + O(1) < t—c+O(1) < t,

where the last inequality holds for a sufficiently large large c. Thus if we denote z = Enc,(m),
then x € F, and the channel can add the noise vector x to z obtaining & = x + z = 0. On the
other hand,
C(Dec,(0™)) < length(p)+0O(1) < t/2—c+0O(1) < C(m)
Thus, for large ¢ and for all p, we have Dec,(0") # m
In other words, Dec,(Enc,(m) + Ch(Enc,(m))) 75 m for all p, thus Enc is not (¢, €)-resilient
for e < 1. O

SWe prove this by concatenating p to a program for m. From this concatenation we can always retrieve back
the splitting point, since p has length d, which is a parameter of Enc.
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