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ABSTRACT. Codes on hypergraphs are an extension of the well-studied family
of codes on bipartite graphs. Bilu and Hoory (2004) constructed an explicit
family of codes on regular t-partite hypergraphs whose minimum distance im-
proves earlier estimates of the distance of bipartite-graph codes. They also sug-
gested a decoding algorithm for such codes and estimated its error-correcting
capability.

In this paper we study two aspects of hypergraph codes. First, we com-
pute the weight enumerators of several ensembles of such codes, establishing
conditions under which they attain the Gilbert-Varshamov bound and deriving
estimates of their distance. In particular, we show that this bound is attained
by codes constructed on a fixed bipartite graph with a large spectral gap.

We also suggest a new decoding algorithm of hypergraph codes that corrects
a constant fraction of errors, improving upon the algorithm of Bilu and Hoory.

I. INTRODUCTION

Codes on graphs account for some of the best known code families in terms of
their error correction under low-complexity decoding algorithms. They are also
known to achieve a very good tradeoff between the rate and relative distance. The
most well-studied case is codes defined on a bipartite graph. In this construction,
a code of length N = mn is obtained by “parallel concatenation” of 2m codes of
a small length n which refers to the fact that each bit of the codeword is checked
by two independent length-n codes. The arrangement of parity checks is specified
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by the edges of a bipartite graph which are in one-to-one correspondence with the
codeword bits.

Codes on bipartite graphs are known to be asymptotically good, i.e., to have
nonvanishing rate R and relative distance ¢ as the code length N tends to infinity.
Constructive families of bipartite-graph codes with the best known tradeoff between
R and 6 have been found by the present authors [1]. In particular, codes constructed
in that paper surpass the product bound on the minimum distance which is a
common performance benchmark for concatenated constructions.

Moving from constructive families to existence results obtained by averaging over
ensembles of bipartite-graph codes, it is possible to derive even better rate-distance
tradeoffs. In particular, bipartite-graph codes with random local codes and random
bipartite graphs attain the Gilbert-Varshamov (GV) bound for relatively small code
rates and are only slightly below it for higher rates [1].

A natural way to generalize codes on bipartite graphs is to consider concate-
nations governed by regular t-partite hypergraphs, ¢ > 2. This code family was
studied by Bilu and Hoory in [2]. While constructive families of bipartite-graph
codes rely on the expansion property of the underlying graph, expansion is not
well defined for hypergraphs. Instead, [2] put forward a property of hypergraphs,
called e-homogeneity, which replaces expansion in the analysis of hypergraph codes.
[2] showed that there exist explicit, easily constructible families of e-homogeneous
hypergraphs, and estimated the number of errors corrected by their codes under a
decoding algorithm suggested in that paper.

In this paper we study hypergraph codes both from the perspective of weight
distributions and their decoding. The results of [1] on weight distributions are
advanced in several directions. In Theorem 2 and its corollary we prove that the
code ensemble defined by random regular t-partite hypergraphs and random local
linear codes contains codes that meet the GV bound. The region of code rates for
which this claim holds true extends as ¢ increases from the value ¢ = 2. We also
show (Theorem 7, Cor. 8) that the ensemble of hypergraph codes contains codes
that attain the GV bound even if random hypergraphs are replaced with a fized
e-homogeneous hypergraph. Specializing the last result for ¢ = 2, we establish that
expander codes of Sipser and Spielman [5] constructed from a fixed graph with a
large spectral gap and random local codes with high probability attain the GV
bound. Finally, we derive an estimate of the average weight distribution for the
ensemble of hypergraph codes with a fixed local code (see Theorem 5) that refines
substantially a corresponding result in [1] and generalizes it from ¢ = 2 to arbitrary
t.

The tradeoff between the rate and relative distance of hypergraph codes shows
an improvement over bipartite-graph codes for small values of the distance. On
the other hand, the decoding algorithm of [2] does not exploit the full power of
their codes; moreover, for small § the proportion of errors corrected by it vanishes
compared to the value of the distance. Motivated by this, we propose a new decoding
algorithm of hypergraph codes and estimate its error-correcting capability. We show
that it corrects the number of errors which constitutes a fixed proportion of the
code’s distance.

I-A. CODES ON BIPARTITE GRAPHS. Let G = (V, E) be a balanced, n-regular bi-
partite graph with the vertex set V.=V, U Vs, V1| = |Va] = m and |E| = N = nm
edges. Let us choose an arbitrary ordering of edges in E. For a given vertex v € V
this defines an ordering of edges v(1),v(2),...,v(n) incident to it. We denote this
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subset of edges by E(v). Given a binary vector z € {0,1}", let us establish a
one-to-one correspondence between the coordinates of x and the edges in E. For a
given vertex v let z(v) = (z,e € E(v)) be the subvector that corresponds to the
edges in E(v). Denote by A the second largest in the absolute value eigenvalue of
the graph G.

Consider a set of binary linear codes A,[n, Rin] of length n and rate Ry £
dim(A,)/n, where v € V. Define a bipartite-graph code as follows:

C(G{A}) = {z € {0,113 : Vyeviunz(v) € Ay}
The rate of the code C is easily seen to satisfy
(1) R(C) =2 2R, — 1.

If we assume that all the local codes are the same, i.e., A, = A, where A[n, Rin,dy =
d1n] is some linear code, then the distance of the code C' can be estimated as follows:

d/N > 55(1 - 1)2
di
(we will write C(G, A) instead of C(G,{A}) in this case). In particular, if the
spectral gap of G is large, i.e., A is small compared to d;, then the relative distance
d/N is close to the value 62, similarly to the case of the direct product code C' =
A® A
The weight distribution of bipartite-graph codes constructed from random reg-
ular bipartite graphs and a fixed local code A with a known weight distribution
was analyzed in [3, 4]. In particular, it was shown that if A is the Hamming code
then the ensemble € = (C(G, A)) contains asymptotically good codes. Generalizing
these results, paper [1] studied the weight distribution of bipartite-graph codes with
fixed and random component codes A. It was shown that for m — oo the ensemble
of codes constructed from random regular bipartite graphs and a fixed code A with
distance d; > 3 contains asymptotically good codes. It has also been shown [1] that
if the local codes are chosen randomly, then the code ensemble C contains codes
that meet the GV bound in the interval of code rates R(C) < 0.202.

I-B. CODES ON HYPERGRAPHS. Generalizing the above construction, let H =
(V,E) be a t-uniform ¢-partite n-regular hypergraph. This means that the set
of vertices V.= V3 U--- U V; of H consists of ¢t disjoint parts of equal size, say,
[Vi| = m,1 < i < t. Every hyperedge {v;,,vi,,...,v;, } contains exactly t vertices,
one from each part, and each vertex is incident to n hyperedges. Below for brevity
we say edges instead of hyperedges. The number of edges of H equals N = mn
which will also be the length of our hypergraph codes. As above, assume that the
edges are ordered in an arbitrary fixed way and denote by E(v) the set of edges inci-
dent to a vertex v. For definiteness, let us assume that edges e;;_1yn4;,7 = 1,...,n
are incident to the vertex v; € V1,1 <7 < m.

Given a binary vector € {0,1}" whose coordinates are in a one-to-one corre-
spondence with the edges of H denote by x(v) its subvector that corresponds to the
edges in E(v).

Define a hypergraph code as follows:

C(H7 {Av}) = {.’L‘ € {07 1}N : Vver(U) € Av}a

where {A4,,v € V} is a set of binary linear codes of length n. As above, if all the
codes are the same, we write C(H, A). Assume that all the codes A4, have the same
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rate Ry, then the rate of the code C satisfies
(2) R(C) 2 tRy — (t —1).

Definition 1. [2] A hypergraph H is called e-homogeneous if for every t¢ sets
Dl,DQ, RPN ,Dt with Dz g ‘/z and |D1| = ;M

t
|E(Dy, Ds,...,D:)| .
(3) N < 1:[1041' +€1<Iln<1§1<t\/04i04j7

where F(D1, Da, ..., D;) denotes the set of edges that intersect all the sets D;.

This definition quantifies the deviation of the hypergraph H from the expected
behavior of a random hypergraph. For ¢ = 2 the well-known “expander mixing
lemma” asserts that

E(Dy,D A
[B(D1, D)l ]1\]’ 2)l —araz| < —/ajag,
n

showing that regular bipartite graphs are A/n-homogeneous. This inequality is
frequently used in the analysis of bipartite-graph codes [5, 6].

Let A[n, Rin,d; = d1n] be a binary linear code. The distance of a code C'(H, A)
where H is e-homogeneous satisfies [2]

(4) d/N =6, —ci(e,61,t)
where ¢y — 0 as ¢ — 0.

One of the main results in [2] gives an explicit construction of e-homogeneous
hypergraphs H starting with a regular graph G(U, E') with degree A and second
eigenvalue . Putting V; = U,i =1,2,...,t and introducing a hyperedge whenever
the t vertices in the graph G are connected by a path of length ¢t — 1, that paper
shows that the resulting hypergraph is n-regular and e-homogeneous with n =
A=l e = 2(t — 1)A\/A. Therefore, starting with a family of A-regular bipartite
graphs with a large spectral gap, one can construct a family of regular homogeneous
hypergraphs with a small value of . Paper [2] has also established that random n-
regular hypergraphs with high probability are O(1/+/n)-homogeneous.

II. WEIGHT DISTRIBUTIONS

Below we consider ensembles of random codes on graphs and hypergraphs. In
some cases the (hyper)graph will be selected randomly. In the case of bipartite
graphs this is done as follows. Connect the edges e;_1yn4j,7 = 1,...,n to the
vertex v; € Vi, 1 = 1,...,m. Next choose a permutation on the set F with a
uniform distribution and connect the remaining half-edges to the vertices in V5 using
this permutation. Similarly, to construct an ensemble of random hypergraphs, we
choose t — 1 permutations independently with uniform distribution and use them
to connect the parts of H.

Random linear codes are selected from the standard ensemble of length-n codes
defined by n(1 — Ry) x n random binary matrices whose entries are chosen indepen-
dently with a uniform distribution.

We consider the following three ensembles of hypergraph codes.

Ensemble C;(t). A code C(H,{A,...,A:}) € C1(t) is constructed by choosing
a random t-partite hypergraph H and choosing random local linear codes A; of
length n independently for each part V; € V.
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Ensemble Cy(t, A). A code C(H, A) € Gy is constructed by choosing a random
t-partite hypergraph H and using the same fixed local code
Aln, Rin,d;] as a local code at every vertex.

Ensemble C3(t, H). A code C(H,{A,}) from this ensemble is formed by choos-
ing a fixed, nonrandom hypergraph H and taking random local linear codes A,
independently for each vertex v € V.

Our purpose is to compute ensemble-average asymptotic weight distributions for
codes in these ensembles and to estimate the average minimum distance assuming
that m — oo and n is a constant. The case t = 2 corresponds to ensembles of
bipartite-graph codes, some of which were studied in [1, 3, 4]. Below we will cover
the remaining cases for the code ensembles C;(¢t), i = 1,2,3 and any ¢ > 2. Below
B, = B,(C) denotes the number of codewords of weight w and w(z) denotes the
Hamming weight of the vector x. Before proceeding, we note that upper bounds on
the ensemble-average weight distribution in many cases also give a lower bound on
the code’s distance.

Lemma 1. Suppose that for an ensemble of codes C of length N there exists an
wo > 0 such that
lim Y EB, =0.

N—o0
wlwoN

Then for large N the ensemble contains codes whose relative distance satisfies d/N >
wo-

The proof is almost obvious because

Prld(C) <woN] < Y Pr[B,(C)>1]< Y EB,(C).

wlwo N wlwoN

II-A. ENSEMBLE C4(t).

Theorem 2. For m — oo the average weight distribution over the ensemble of
linear codes Cy(t) of length N = mn and rate (2) satisfies EB,n < 2N+ where
(5) F= wtlogy (2=t — 1) — (t — 1)h(w) if 0<w<1—2E=D/t
AW +R-1 if w>1-—2E-1/t
and
v <tn (1 +logyn) + (t/2N)logy (2N),
h(z) = —zlogy z — (1 — 2) logy(1 — 2).
Proof. The proof is an extension of the corresponding result for ¢ = 2 in [1]. Let
Ci,i =1,...,t be the set of vectors z € {0,1}" that satisfy the linear constraints
of part V; of the hypergraph H so that C(H, A) = N;C;. Let P, = Prjx € C;]. The
events x € C; for different ¢ are independent, and therefore
Prjz € C] = P!

(for any ¢ =1,...,t). Let B,(C;) be the random number of vectors of weight w in
the code C;. Then

EB,(C) = (g) Prz € (] = (g) ﬁ%@.

=1 w

ADVANCES IN MATHEMATICS OF COMMUNICATIONS VOLUME 2, No. 4 (2008), 433-450



438 A. BARG, A. MAZUMDAR AND G. ZEMOR

Let X5, be the set of vectors of weight w = wN whose nonzero coordinates are
incident to some vertices vy, , ..., v;, € Vi, s > w/n. Let w; = w(z(vy;)),j = 1,.
and let w; = w;/n. We have

v () 3 M) () 5 e

Wiy Ws g=1 Wiy, Ws

Z wi=w Z wi=w
By convexity of the entropy function, the maximum of the last expression on
w1,...,ws under the constraint nzj w; = wN is attained for w; = wm/s,j =
1,...,s. Since the sum contains no more than n® terms, we obtain

|xs w| < 2mh(m)+slogn+snh(wm/s) < 2N(mh(w/;ﬂ)+a)

where z = s/m and € = (1 4 logn)/n. A vector z € X, is contained in Cy with
probability 25*(F1=1) Thus,

By (Ch) = X220,

and the same expression is true for EB,,(C;),i = 2,...,t. Therefore,

A —CD)
EBW(O) < < > 2tN(maxw<I<1(z(h(w/m)Jrlel))Jrs).
w

Since t(R; — 1) < R — 1, we obtain EB,,(C) < 2NF @+ where
F(w) < —(t—1)h(w )+t max ( (R — 14 h(w/x)))
—(t—1)h(w) + Iga)él(a:(R — 1+ th(w/x))).
The maximum on x of (R — 1+ th(w/z)) is attained for ¢ = zg = w/(1 — z) where

tlogs z = R — 1. The two cases in the theorem are obtained depending on whether
2o < 1 or not. If £y < 1, we substitute z in the expression for F'(w) and obtain

F(w) < —(t — 1)h(w) + wt log, . :
which implies the first case of (5) on account of the identity R — 1 + th(z) =

t(1 — 2)logy(2/(1 — 2)). If zp > 1, we substitute the value 2 = 1 to obtain the
second case of (5). O

Corollary 3. Let w* be the only nonzero root of the equation

w(R —1—tlog, (1 - 2<R*1>/t)) — (t — 1)h(w).
Then the average relative distance over ensemble Cy1(t) behaves as
5(R) > {w*, if R <logy(2(1 = dav(R))"),
dav(R), if R>log,y(2(1—dav(R))),
where dgv(z) = h~1(1 — ).

The proof is analogous to the proof of Corollary 4 in [1] and will be omitted.
For t = 2 we proved in [1] that ensemble C; contains codes that reach the GV
bound if the code rate satisfies 0 < R < 0.202. This result forms a particular case
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of the above corollary. Increasing ¢, we find that the ensemble contains codes that
reach the GV bound for the values of the rate as shown below:

t =3 4 10
R < 0.507 0.737 0.998.

Thus already for t = 10 almost all codes in the ensemble €; attain the GV bound
for all but very high rates.

II-B. ENSEMBLE Ca(t, A). In this case the results depend on the amount of in-
formation available for the local codes. Specifically, [1] shows that for ¢ = 2 the
ensemble contains asymptotically good codes provided that the distance of the lo-
cal code A is at least 3. In the case when the weight distribution of the code A is
known, a better estimate is known from [3, 4].

Theorem 4. Let A be a linear code of length n with weight enumerator a(x) =
i a;x'. Let By, the random number of codewords of weight w of a code C(H, A) €
Cao(t, A). Then its average value over the ensemble satisfies

. 1 t /1 s
A}gnoo N logo EBuy < — (t — 1)h(w) + o (ﬁ Ina(e
where s* is the root of (Ina(e®))’ = nw.
This theorem enables us to estimate the asymptotics of the mean relative distance

. Ed(C
0= lim JE,)

m— 00

for the ensemble Cy. Let us consider several examples.

1. Let t = 3 and let A be the Hamming code of length n = 15 and rate R; =
11/15. Then the rate R(C2) > 0.2 and the distance § = 0.2307. The relative GV
distance for this rate is dgy(0.2) = 0.2430.

2. Let t = 3 and let A be the Hamming code of length n = 31. Then R(C3) >
16/31 and 6 =~ 0.0798. Using the same code with ¢ = 4 gives R(Cz) > 11/31 and
§ ~ 0.1607 while 6y (11/31) ~ 0.1646.

3. Let t = 3 and let A be the 2-error-correcting primitive BCH code of length
n = 31 and rate R; = 21/31. Then the rate R(C2) > 1/31 and the value of § is
~ 0.3946608. The relative GV distance for this rate is dgv(1/31) = 0.3946614.

Let us turn to the case when only the minimum distance d; of the code A is
available. In [1] we addressed the case t = 2, proving that as long as dy > 3, there
exists an € > 0 such that the ensemble-average relative distance § > € as m — oco. In
the next theorem this result is extended to arbitrary ¢ > 2. We also prove a related
result which gives an upper bound on the average weight spectrum and provides a
way of estimating the value of wy.

Theorem 5. (a) Let A be the local code of length n and distance dy used to construct
the ensemble Ca(t, A) of hypergraph codes. Let xo = xo(w) be the positive solution
of the equation

(6) wn—i—Z()wn—zx:O.

The ensemble-average weight distribution satisfies

1457 ™) gt
R logEBwN log z:l+(l)o — (t=1)h(w).

Lo
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(b) The inequality di > t/(t — 1) gives a sufficient condition for the ensemble to
contain asymptotically good codes.

Proof. In the proof we write d instead of d; to refer to the distance of the code A.

(a) Let H be a random hypergraph and C(H, A) be the corresponding code.
Recall that C = N;C;, where C; is the set of vectors that satisfy the constraints
of part i of the graph. Let U;(w,d) be the set of vectors x € {0,1}" such that
w(z) = w and w(z(v)) = 0 or w(z(v)) > d for all v € V;. Since the number of such
vectors is the same for all 4, below we write |U(w, d)| omitting the subscript. Let
us choose a vector z € {0,1}" randomly with a uniform distribution. Then

U(w,d
Pr[z € Cy|w(z) = w] < %
and for ¢ > 2,
Priz € C;|w(z) = w,z € Ci] = Prlz € Cij| w(x) = w].

Then

7) £5,(C) = () ) Prie & Clua) = ]

= () Prle € i) = wly
)

Given a vector x denote by j, the number of vertices v € V; such that w(z(v)) = £.

Clearly,
m n n Je
U (w, d)| = 0, s+ 1] '
|U(w,d)| Z ) (]Ou]dv"”]")ll:[d(E)

J0sJdsJd+15--0n
> Lje=w, jo+ 32 je=m
(>d
This sum contains no more than (m + 1) = O(N™) terms, so for N — oo its
exponent is determined by the maximum term (which has exponential growth).
We obtain

V0o, Vd sy Un
S bvg=wn, Yy ve=1

1 t
(8) Nlog|U(wN, " < - max {h(l/o,ud,ud+1,...,un)
n

~ log N
+;jw10g<2)}+ o7gn )

where vy = jy/m,l = 0,d,d+1,...,n, and h(z) = — ), z;logz;. The objective
function is concave, so the point of extremum is found from the system of equations

n ~ :
=S v =vp™, i=dd+1,...,n
(z)( V) = Vil i + n

{=d

Z fvg = wn.
t=d
Its solution is given by
(O
1+ 357 ()t
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where j is chosen so as to satisfy the last equation of the system. Evaluating >, iv;
and writing « instead of u, we observe that it should satisfy Eq. (6). This equation
has a unique root xy > 0 because putting z = p/(1 — p), we can write it as

n(Pr[X = 0]

—_— = >
s d 1) E[X|X > d],

where X is a binomial (p,1 — p) random variable. As p changes from 0 to 1, the
left-hand side of the last equation decreases monotonically from 400 to wn while
the right-hand side increases monotonically from d to n.

Finally, computing the entropy and simplifying, we obtain the estimate
1+ 3704 (5)=h

an

1
]\;Erlooﬁlog|U(wN, d)|* < log -

(b) The proof of the second part is analogous to the case of ¢ = 2 in [1]. Let
1 < w < N be the weight and let p = w/d. We have

vdl< Y (n) (Z)i(@ iﬂi)d)

i=w/n

w,

Then
P 1-t
HIOESIHE
d w

EBw(C) < (em)ptndthtpn (%)w(t—l)

— (STn/w)%(tfd(tfl))7

where s = ((ed2”)tnd)f*d<lf*1% Thus, for any w satisfying w < s/m, the average
number of vectors of weight wN tends to 0 as m — oo as long as d(t — 1) > t.
This proves that under this condition the ensemble contains asymptotically good
codes. O

Ezamples. Let A be the [7,4,3] Hamming code and let ¢ = 2. Theorem 5(a)
implies a lower bound § > 0.01024 on the average relative distance for the ensemble
C2(2, A). This improves upon previous results ([3, 4]; also Part (b) of this theorem)
which assert only that the ensemble contains asymptotically good codes. Of course,
in this case we can use the entire weight distribution of the code A to find the
estimate ¢ > 0.186 from Theorem 4; however, in cases when the weight distribution
is difficult to find, the last theorem provides new information for the ensemble of
graph codes.

Similarly, for A[23,12,7] from Theorem 5(a) we obtain the estimate ¢ > 0.0234.
Again, using the entire weight distribution, it is possible to obtain a better estimate.
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Part (a) of the last theorem implies the following corollary which shows what
happens to the average weight spectrum of the ensemble for long local codes.

Corollary 6. Let d1 = 01n. Then

N logEB,n(C) <

where v < (log N)/m + (logn)/n.

Sh() — (6= Dh() +9
1

Proof. In (8) let us bound above h(-) by logn. Then

1 t
Nlog|U(w,d1)|t <o max Zyglog< )

wa wn, t=d1

Computing the maximum amounts to solving a linear programming problem whose
dual is

wnz — min
Lz > log (Z),szl,dl—i—l,...,n; z > 0.

Its solution is given by z* = wn maxa, <¢<n log (7) /€. We obtain

1 ‘ h(x)
< — 7 < .
N10g|l/(w,d1)| \twélnglg)él - + v < twh(d1)/61 +
Employing (7) now completes the proof. O

II-C. ENSEMBLE C3(t, H).

Theorem 7. Assume that H is e-homogeneous. For m — oo the average weight
distribution over the ensemble of linear codes Cs3(t, H) satisfies EB,N < N (F+7)
where

o [—ao(l—B)+aph (f) if 7o < 1,
= 9
hw)+R-1 if ;o = 1,
where xq s the unique positive root of the equation
(9) te'log(a' /(2" —w)) =1 - R,
v=t(n+logm)/N +e.
Proof. Let C € C3(t,H) and let € {0, 1} be a nonzero vector. Denote by B; the
set of nonzero vertices of x in the part V;,i =1,...,t. Let E = |E(By, Ba, ..., B:)|.
Let b; = |B;|, 8; = b;/m, then the probability that 2 € C equals 2~ (= BONY, 8i

Assume w.l.o.g. that /1 < ff2 < --- < ;. The average number of vectors of weight
w = wN in the code C' can be bounded above as

NI, Bi + evbib2\ 1 (7 (1 .
< i=17" (1 Rl)NZiBw'
EB,< Y M( ()

w
=1

wm<bhy,ba,...,

w\ ’L\

H Bizw @

%IOgEBwN max {Hﬁz (H 61)—(1—131);@}4-7.
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Let ¢(f1,-..,0:t) be the function in the brackets in the last expression. Let us
prove that ¢ is concave in the domain D = [[;[w, 1] N{(B1,...,0:) : [[, Bi = w}.
Computing its Hessian matrix, we obtain

S1 S2 S2

2 Bi1B2 " PifBe
52 21 ﬁsé
B28
Hy=—loge | 2 77,
S2 5'2 ' S1
BiB1 Bif2 B2
where
_ w][;Bi
S1= 7=,
IL: i —w

S9 = S1 —I—Hﬁiln (1 — Hwﬁ)
The matrix Hy can be written as

Hy = —loge(sazz" + (s1 — s2)diag(B1°,.... 5 ),

where z = (1/81,...,1/8;)" and diag(:) denotes a diagonal matrix. We wish to
prove that Hy is negative definite for 3; > 0,0 < w < [[, #;. Clearly, s; > s2, and
therefore the claim will follow if we show that s, > 0. This is indeed true because
letting @ = [[; 8; and using the inequality x > In(1 + z) valid for x > —1,2 # 0,
we have

szzQ( d +1nQC_2w)>Q(1n(1+ d )—l—an_w):O.

Q-w Q-w Q
We will now show that the maximum of ¢ in D is attained on the line ¢ given by
(1 = P2 = --- = (. Note that D is an intersection of convex domains and therefore

itself convex. Moreover, the domain D is also symmetric in the sense that together
with any point p = (81, ..., ) it also contains all the points obtained from p by
permuting its coordinates, and the value of ¢ at each of these points is the same and
equal to ¢(p). Because ¢ is strictly concave, for any point p € D, p € £ it is possible
to find a point ¢ such that ¢(q) > ¢(p) (any point ¢ on the segment between p and
one of its symmetric points will do). This shows that the global maximum of ¢ in
D is attained on ¢ including possibly the point 81 = --- = 6 = 1. Thus, we obtain

1 b (W
¥ logEB,, < wﬁé};{gl{—(l —Rz+=x h(;)} + 7.

The maximum of this expression on z is attained for # determined from (9). This
equation has a unique positive root xy because the left-hand side is a falling function
of = that takes all positive values for € (w'/*,00). This concludes the proof. [

This theorem implies the following result.

Corollary 8. For all values of the code rate satisfying R > log(2(1 — dav(R))Y),
almost all codes in the ensemble Cs(t) approach the GV bound as N — oo.

Proof. From the previous theorem, the GV bound is met for the first time when
xo becomes 1. Substituting 1 in (9), we obtain a condition on w in the form
w=1-2E-"1/t Aglong as this value is less than dgv(R), the ensemble-average
relative distance approaches dgv(R) as N — oc. O
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0.25

(IT)

FIGURE 1. Average weight spectra for ensembles of graph codes:
DHt=2,R=0.2, (II) t = 3, R = 0.4; (a) ensemble C5(2, H), (b)
ensemble C;(2), (c) ensemble of random linear codes.

We note that the condition for the attainment of the GV bound turns out to
be the same as for the ensemble C;(t) constructed from random graphs. The e-
homogeneity condition, and in particular, the expander mixing lemma for bipartite
graphs are known to approximate the behavior of random graphs. This approx-
imation turns out to be good enough to ensure that both ensembles contain GV
codes in the same interval of code rates. Moreover, for small weights the average
number of codewords for the ensemble C3(¢, H) turns out to be smaller than for the
ensemble C;(t). This is illustrated in 2 examples in Fig. 1.

For ¢ = 2 codes in the ensembles C3 and €7 reach the GV bound for code rates
R < 0.202. For R > 0.202 the codes are still asymptotically good, although slightly
below the GV bound. For these values of the rate, the average relative distance
for the ensemble C3 is greater than for the ensemble C; as shown by the following
numerical examples.

R 0.3 0.5 0.7 0.9
C1(2) 0.18558 0.09276 0.03211 0.00337
C3(2,H) 0.18605 0.09492 0.03242 0.00380

Similar relations between the weight spectra and distances of the ensembles
C1(t), C3(t, H) hold also for larger values of t.
ITI. DECODING

For the case of a code C(G, A) on a bipartite graph G, decoding can be performed
by a natural algorithm [6] that alternates between parallel decoding of local codes in
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the parts Vi and V5 until, hopefully, it converges to a fixed point. In this algorithm,
the most current value of each edge (bit) is stored at the vertex in the part decoded
in the most recent iteration. However, pursuing such an edge-oriented procedure
is difficult for ¢ > 2. In [2] the following alternative is suggested: starting from the
values of the bits stored on the edges of H decode in parallel all local codes in all
parts of H and for each v € V form an independent decision about the codeword of
A that corresponds to the edges F(v). Next, the values of the bits at every vertex
are updated, so that now every vertex stores an independent opinion of its bits’
values. For the update, the value of the bit z.(v) is set to the majority value of
the decoded versions of this bit at all the vertices v’ € e\v, where e 5 v is an edge
(for this to be well-defined, the values of ¢ are assumed to be even). The decoding
then iterates, repeating this parallel decoding round until all the vertices agree on
all bits.

In [2] this algorithm is shown to correct all patterns of errors provided that their
proportion, as a fraction of the blocklength N, is less than

b1\ "2t s\ )/
(10) <U2) (é) — ¢o(e, 61, 1)

where co(e,d1,t) — 0 as e — 0. This algorithm consists of log N iterations, each of
which has serial running time linear in the blocklength N. Its analysis relies on the
e-homogeneous property of H.

For fixed values of t > 2, if one thinks of §; as a variable quantity, then the number
of correctable errors in (10) is not a constant fraction of the designed distance (4).
For example, for t = 4, (10) gives a decoding radius equal to N times the fraction

53/

2v6
For small §; this is a much smaller quantity than the relative designed distance
5411/ % This consideration is reinforced by the fact that advantages of hypergraph
codes are most pronounced for small values of the distance 9.

Our objective is to propose an alternative decoding strategy that decodes a con-
stant fraction of the designed distance.

For every i, we shall define a i-th subprocedure that decodes the subcode A on
every vertex belonging to the vertex set V;. We shall claim that if the initial number
of errors is less than a bound that we shall introduce, then for at least one i, the i-th
subprocedure applied to the initial error pattern produces a pattern with a smaller
number of errors.

Let us now describe the decoding procedure in more detail. For every vertex
v, and the associated subspace {0, 1}" where coordinates are indexed by the edges
incident to v, we will use the following threshold decoding procedure T, of the
constituent code A. This means that we introduce a number x > 2, to be optimized
later, and that we decode a vertex subcode only if its Hamming distance to the
nearest codeword is less or equal to 8 = dy /k. If every codeword of A is at distance
more than dj /x we leave the subvector untouched. Let V; = (v;1,...,v;m) be the
ith component of H. Given an N-vector z = (2(v;1),--.,2(vim)), we can decode
each of the m of its subvectors with T}, obtaining an N-vector w. Abusing notation,
we will write w = T};(z). The i-th subprocedure now consists of applying T}; to the
component V.
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As mentioned above, we shall claim that one among ¢ of the i-th subprocedures
lowers the total number of errors. However the decoding algorithm will not be able
to discern which of the i-th subprocedures is successful. So the decoder will apply
all ¢ subprocedures in parallel to the received vector, yielding ¢ output vectors. The
next decoding iteration will have to be applied to every output of the preceding
iteration, so that s iterations of the algorithm will yield ¢ output vectors. We will
only apply the algorithm for a constant number of iterations however, until we are
guaranteed that the number of remaining error for at least one of the ¢* outputs has
fallen below the error-correcting capability of Bilu and Hoory’s decoding procedure.
We then let the latter decoder take over and decode all t* candidates. At least one of
them is guaranteed to be the closest codeword, and it can be singled out simply by
computing the Hamming distance of every candidate to the initial received vector.

To give a more formal description of the algorithm, suppose that y € {0,1}" is
the vector received from the channel. In each iteration the processing is done in
parallel in all the vertices of H. Let %7 = {yfjl)} be the set of N-vectors stored at
the vertices of the component V; before the jth iteration. By the discussion above,
97 ()] < t17L.

We begin by setting #;! = {y} for all i. Iteration j,j = 1,2,...,s consists
of running t parallel subprocedures. The ith subprocedure applies decoder T}, to
every vector yl(Jl) in the set %, replacing it with the vector T,{(y()]l)), I1=1,...,|%|

K3
The outcome of this step creates ¢ potentially different decodings of every vector
yZ(Jl) € @Z—j, 1=1,...,t. In the second part of the iteration we form the sets @Z—jﬂ i =
1,...,t by replacing each vector yl(Jl) € @Z—j with its decodings obtained in all the ¢
subprocedures.

Next, we prove that one of the ¢ subprocedures will actually diminish the number
of errors. This analysis also relies on e-homogeneity, although in a way different
from [2]. Let € be the set of coordinates, i.e. the set of edges, that are in error.
For every ¢ = 1...t, let us partition the set of vertices in V; that are incident
to € into three subsets, G;, N;, B;. The set G; is the subset of vertices that will
be correctly decoded, N; is the subset of vertices that are left untouched by the
threshold decoder, and B; is the set of those vertices that are wrongly decoded to a
parasite codeword of A. The situation is summarized in Figure 2. From now on by
the E-degree of a vertex we shall mean the degree of this vertex in the subhypergraph
induced by the edge set €. It should be clear that every vertex of G; has £-degree
not more than d; /k, every vertex in N; has E-degree at least d; /x, and every vertex
in B; has &-degree at least (k — 1)dy/k.

We use a shorthand notation £(G;) to mean the set of edges that has one of its
endpoints in G;. Similarly we shall write £(N;) and E(B;).

Lemma 9. If the i-th decoding subprocedure introduces more errors than it removes,
then |E(G;)| < |€|/k. Moreover, if
PR L C.') | T
|E(Ni) U E(By)|
then

1—ui
| < —=1€&].
B(Gl < = t1e

Proof. The first part of the lemma follows from the second part, which is proved
as follows. We bound from above |E(G;)], the set of edges removed, by the set of
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(bad) vertices in error that
will be badly decoded

(neutral) vertices in error that
are left untouched

(good) vertices in error that
will be correctly decoded

FIGURE 2. Details of the set of vertices incident to edges in error.
The max E-degree in G; is less than d; /k, the min &-degree in B;
is at least (k — 1)dy/k, the min E-degree in N; is at least dy/k.

edges added, |E(B;)|: we get

dy 1 1
Dl < B = =|Bildy (1- =
T (i
1

< |8(Bz)|m-
The first inequality comes from the definition of x and the threshold decoder. The
second inequality states that (1—1/k)d; is a lower bound on the minimum &-degree
in B;. We now have

(11) €] = [E(G)| + |E(N3)| + |E(B))]
= [&(G)| + [E(B)|/(1 — ;)

which proves the lemma. o
Theorem 10. For any o > 0, if the number of errors eN is such that
st/¢=1)

1

(12) e<(1—a) TN GEVIY

they can be corrected in time O(N log N ).

Proof. The theorem will follow if we show that at least one subprocedure reduces the
error count by a constant fraction. Indeed, in this case a constant number of rounds
of the above algorithm will reduce the error count to any positive proportion of the
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designed distance whereupon the remaining errors will be removed in O(log N) steps
of Bilu-Hoory’s algorithm.

Assume toward a contradiction that all the i-th decoding subprocedures, i =
1...t, introduce more errors than they remove. Let us introduce the following

notation: |€] = eN,S; = B; UN,, |S;| = o;m. Note that since the minimum
E-degree in S; is at least di/k, we have
(13) o; < ke/dy.

Consider the subset of edges obtained from € by removing all edges incident to
“good” vertices G; for all .. We are left with a subhypergraph He with vertex
set S;, i = 1...t. Use Lemma 9 (the first part) for all i to argue that the total
fraction of edges in He is at least e(1 —¢/k). Applying the e-homogeneous property
(3) gives

K 1<i< <t

1 t < Ke t+ Ke
e S S 5 551.

This inequality does not hold (and therefore our assumption is false) if

1y (1—t/k—er/d 1/(E=1)
(14) e < 5§/(t ) (— .

t
e(l——)gal--'at—l—s min (0'1'0'3')1/2.

Applying (13) we obtain

Wt
Taking k =t + 1, rewrite the expression in the brackets on the right as
( 1 )(t+1)/(t—1) (1 (t+ 1)25) =
t+1 o1 '

By taking sufficiently large n it is possible to make € small enough so that for any
given o > 0 there holds

(1—(t+1)2%/6)H > 1 -«
This means that (14) is satisfied for all

5;/ (t=1)

/

e<(1-—a )(t—i— )/

Finally, choosing o/ < « guarantees that at least one subprocedure reduces the
error count by a constant fraction. O

We see that the upper bound on the number of correctable errors given by
Theorem 10 is a constant proportion v of the designed distance dN (4), where
v = 1/(t 4+ 1)EHD/E=D For example, for t = 3,4 we get v = 1/16 and 1/14.2,
respectively.

The next theorem provides a better estimate of v by refining the above analysis.
The way this is done is to rely on the full power of Lemma 9 instead of its first part
as above.

Theorem 11. For any o > 0, if the number of errors eN is such that

< (1 — ot/ 1) .
e<(1-a)d max min f(y, x)
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with
1—t(1—p)/(k— w0
Pl = — [t_l (L= p)/(k = p)] S
D+ (1= )/ (k= D]
then they can be corrected in time O(N log N ).

Proof. We proceed as in the previous theorem, assuming toward a contradiction
that each subprocedure increases the error count. Using the definition of u; given
above,

[E(Bi))| _ [E(NVi)]

L—pi i

Recall that the subhypergraph He is formed of the edges all of whose vertices are in
S;i. To count the total fraction of edges 3(He) in the subhypergraph He we employ
Lemma 9:

1E(Si)| =

B(He) >e(1—i 1““).

— R
=1
The &-degree of a vertex in S; (resp., B;) is at least dy / (resp., di1(k—1)/k). Hence
K (L — i)
5= 1311+ Il < £ 5 + (B 5
ke (1 — u;
< = i | N.
dl(li—l +[L)

Using the last two inequalities in (3), we obtain
(1= ) (Y (A ) e
Pl Al 01 P k—1 ! 01
To contradict this, let
) (ﬁ)t/(tl){ -3, ijﬁ —ek/0; }1/(t—1)
szl(% + i) '

We again bound the terms that involve & from below by a multiplicative term 1—q/.
Optimizing on all possible values of p; gives p; = p for all + = 1...¢, whereupon

K

the expression on the right can be replaced by (1 — a)5§/(t71)f(,u, k). The proof is
thus complete. O

Numerically, the first values of the decoding radius p given by Theorem 11 are
532

for t = 3,
p=q
é% fOI' t= 4,

attained for r satisfying (k —1)"*=1—+¢/k and =0 or 1.

Can one obtain better bounds for the decoding radius? In principle, it is possible
to obtain further improvements by introducing multiple thresholds instead of the
single decoding threshold § = d;/k, and approach p = /2 by increasing their
number. However we shall only be able to claim that using one of the multiple
thresholds reduces the number of errors for one of the subprocedures, but we shall
not be able to discern which decoding threshold achieves that. This will result
in yet another layer of parallelism, further increasing the value of the constant in
the decoding complexity. We will not pursue this line of research further here. A
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remaining challenge is to decode up to half the designed distance with an iterative
decoding procedure of reasonable complexity.
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