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Abstract—Coding schemes are presented that provide the
ability to correct and detect computational errors while using dot-
product engines for integer vector-matrix multiplication. Both
the L;-metric and the Hamming metric are considered.

Index Terms—Analog arithmetic circuits, Berlekamp codes,
Dot-product engines, In situ computing, Lee metric.

I. INTRODUCTION

We consider the following computational model. For an
integer ¢ > 2, let X, denote the subset [¢) = {0,1,...,¢—1}
of the integer set Z. Also, let ¢ and n be fixed positive integers.
A dot-product engine (in short, DPE) is a device which accepts
as input an £xn matrix A = (a; ;)ic[s),je[n) OVer Xy and a row
vector u = (u;)iecpey € Ef;, and computes the vector-matrix
product ¢ = u A, with addition and multiplication carried out
over Z. Thus, ¢ = (c;) e[y is an integer vector in Z" (more
specifically, over E?(q_1)2 +1)- In the applications of interest,
the matrix A is modified much less frequently than the input
vector u (in some applications, the matrix A is determined
once and then remains fixed, in which case only u is seen as
input). Typically, the alphabet sizd! q is a power of 2.

In recent proposals of nanoscale implementations of a DPE,
the matrix A is realized as a crossbar array consisting of
¢ row conductors, n columns conductors, and programmable
nanoscale resistors (e.g., memristors) at the junctions, with the
resistor at the junction (i, 7j) set to have conductance, Gij,
that is proportional to a; ;. Each entry u; of u is fed into a
digital-to-analog converter (DAC) to produce a voltage level
that is proportional to u;. The product, uA, is then computed
by reading the currents at the (grounded) column conductors,
after being fed into analog-to-digital converters (ADCs); see
Figure[Il For early implementations and applications of DPE’s,
as well as recent ones, see, for example, 3], [8], [L1], and [14]].

Inaccuracies while programming the resistors in the crossbar
and noise while reading the currents are examples of factors
that can affect the accuracy of the computation. Specifically,
the actually-read row vector, y = (y;)je[ny € Z", may differ
from the correct vector, ¢ = uwA. The error vector is defined
as the following vector in Z":

e=(ej)jemy =y —ud.

'One can consider the broader problem where the matrix A and the vector u
are over different integer alphabets. Yet, for the sake of simplicity, we will
assume hereafter that those alphabets are the same. It is primarily the alphabet
of the matrix that will affect the coding schemes that will be presented in this
work.

This work was done in part while visiting Hewlett Packard Laboratories,
1501 Page Mill Road, Palo Alto, CA 94304.
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Fig. 1. Schematic diagram of a DPE implementation of the computation
u +— ¢ = uA using an ¢ X n crossbar array of memristors. The
conductance G; ; of the memristor at each junction (%, j) is proportional to
a;, ;. The circles marked “A” represent analog current measuring devices (such
as transimpedance amplifiers). The current measurements can be carried out in
parallel (as shown), or serially, column-by-column, using only one measuring
device.

In such context of errors, we find it natural to define the
number of errors to be the Li-norm of e:

lell = llelli = lejl -
j€ln)
In our case—where e is an integer—this norm is also referred
to as the Manhattan weight of e, which equals the Manhattan
distance between uA and y.

Another source of computational errors could be junctions
in the crossbar becoming shorted due to faults in the program-
ming process@. In this case, the current read in the shorted
column will be above some compliance limit (“c0”), which,
in turn, will flag the respective entry in y as “unavailable” or as
an erasure. The Lj-metric has been studied quite extensively
in the coding literature, along with its finite-field Lee-metric
variant: see [[1, Ch. 9] and [13] Ch. 10]) (and Subsection [[V-A]
below).

In the other extreme, a junction in the array may become
non-programmable or get stuck at an open state, in which cases
the respective entry in y could be off the correct value by as
much as +(g—1)2. Such errors could be counted through their
contribution to the Lj-norm of the error vector. Alternatively,

2Shorts could also result from manufacturing defects, although conceivably
these can be detected before the DPE is put into operation.
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if this type of errors is predominant, one could consider the
Hamming metric instead, whereby the figure of merit is the
Hamming weight of e, equaling the number of positions in
which y differs from uA (disregarding the extent at which
the values of the respective entries actually diffefd). This
Hamming metric is suitable for handling erasures as well.

In this work, we propose methods for using the DPE
computational power to self-protect the computations against
errors. The first k (< n) entries in ¢ = uA will carry the
(ordinary) result of the computation of interest, while the
remaining n — k entries of ¢ will contain redundancy symbols,
which can be used to detect or correct computational errors,
assuming that the number of the latter (counted with respect to
either the L;-metric or the Hamming metric) is bounded from
above by some design parameter. Specifically, the programmed
¢ x n matrix A will have the structure

A=(A]A"),

where A’ is an ¢ x k matrix over X, consisting of the
first k& columns of A, and A” consists of the remaining
n — k columns; the computed output row vector for an input
vector u € XY will then be ¢ = (¢’ | ¢”), where the k-prefix
¢’ = uA' (€ ZF) represents the target computation while the
(n—k)-suffix ¢’ = wA” (€ Z"~*) is the redundancy part. In
this setting, A’ and w are the actual inputs, and A” will need
to be computed from A’, e.g., by a dedicated circuitry, prior
to—or while—programming A’ and A" into the crossbar array
(yet recall that it is expected that A’ will be modified much
less frequently than w). The error decoding mechanism will
be implemented by dedicated circuitry too. Clearly, we will
aim at minimizing n — k given the designed error correction
capability.

Example 1. Let us consider the simplest case where we would
like to be able to only detect one L;-metric error. In this case,
we select n = k41 and let the £ x 1 matrix A" = (ax)ice)
be obtained from A" = (a;;)icps),jek) bY

aik = (Z ai_,j) MOD 2, i€ [l),

JE[k)

where “MOD” stands for (the binary operation of) remainder-
ing; thus, the entries of A” are in fact over ¥, and the sum
of entries along each row of A is even. It follows by linearity
that the sum of entries of (an error-free) ¢ = (c;) jejn) = uA
must be even. On the other hand, if e € Z" is an error vector
with ||e|| = 1 then the sum of entries of y = ¢ + e will be
odd. O

Observe that the contents of A” depends on A’, but should
not depend on w. In particular, A” should be set so that the
specified error correction—detection capabilities hold when w is
taken to be a unit vector. Thus, for every row index i, the set of
(at least) ¢* possible contents of row i in A must form a subset
of X7 that, by itself (and independently of the contents of the
other rows in A), meets the correction—detection capabilities.

3Yet we will also consider a more general setting, where that difference is
bounded by some prescribed constant.

Secondly, note that a given computed k-prefix ¢’ = uA’
can be associated with different (n—k)-suffixes (redundancy
symbols) ¢’ = uwA”, depending on w. This is different from
the common coding theory setting, where the redundanc
symbols are uniquely determined by the information symbol
(the latter being the counterparts of the entries of ¢’ in our
setting). For instance, if A in Example [ is

1 0 01
A=10 1 0]1
11 00

(where ¢ = 2, k = 3, and n = 4), then, for w = (00 1),
(001)A=(1100)

while for u = (11 0),
(110)A=(1102)

(in both cases, ¢ = (1 1 0)). Indeed, we will see in the sequel
some coding schemes where we will be able to recover ¢’
correctly out of y (which will suffice for our purposes), yet
we will not necessarily recover ¢”. This means that we will
need to present the error correction—detection specification of
a DPE coding scheme slightly differently than usual; we do
this in Section [l below.

In Section [[II, we present methods for single-error correc-
tion and double-error detection in the L;-metric. Methods for
multiple-error correction for that metric are then discussed
in Section Finally, the Hamming metric is considered
in Section [Vl We will mainly focus on a regime where the
number 7 of correctable errors is fixed (i.e., small) while n
grows. Under these conditions, the required redundancy, n—k,
of our methods will be of the order of 7 - log, n in the case
of the Li-metric, and approximately twice that number in the
case of the Hamming metric. Moreover, both the encoding
and decoding can be efficiently implemented; in particular,
the decoding requires a number of integer (or finite field)
arithmetic operations which is proportional to 7n (and the
implementation can be parallelized to a latency proportional
to 7), where the operands are of the order of log, n bits long.

II. DEFINITIONS

For integer vectors x; and xs of the same length, we
denote by dz (1, 2) the Li-distance between them, namely,
dz(x1, 2) = ||&1 — ®2||. The Manhattan sphere of radius ¢
centered at y € Z" is defined as the set of all vectors in Z"
at L-distance at most ¢ from y:

Sc(y,t)={xzeZ" : de(x,y) <t} .

The volume (size) of Sz (y,t) is known to be [3], [6]:
min{¢,n}
N EAYA
Vemoty= Y 20( ][] M
- 2 1
=0
4Moreover, while systematic encoding is a matter of preference in ordinary
coding applications, in our setting it is actually a necessity: the benefits of

using the DPE would diminish if post-processing of its output were required
even when the output were error-free.



In particular, Vz(n,1) = 2n + 1, and for any fixed ¢ and
sufficiently large n we have V(n,t) = O(n'), where the
hidden constant depends on ¢.

Turning to the Hamming metric, we denote by dy (x1, x2)
the Hamming distance between ; and x2, and the Hamming
sphere of radius ¢ centered at y € Z™ is defined by

Suly,t) ={xeZ" : dy(z,y) <t}

(which has infinite size when ¢ > 0). In what follows, we
will sometimes omit the identifier “£” or “H” from d(-, ")
and S(-, ), if the text applies to both metrics.
Given Y, and positive integers £, n, and £ < n, a DPE
coding scheme is a pair (€, D), where
o« & EfIXk — ngn is an encoding mapping such that for
every A’ € X%, the image A = £(A’) has the form
(A" | A”) for some A" € X5 The set

C={ué) : Aexl* uexl}

is the code induced by £ and its members are called
codewords. Thus, C C X%, where Q = £(q—1)? + 1.
o« D:X3 — Z’é U{“e”} is a decoding mapping (the return

value “e” will designate a decoding failure).

Note that in the above definition, the decoding mapping D
is not a function of A’ (yet one could consider also a different
setting where A’ is known to the decoder).

Borrowing (somewhat loosely) classical coding terms, we
will refer to n and k as the length and dimension, respectively,
of the coding scheme. In the context of a given coding
scheme, the k-prefix (respectively, (n—k)-suffix) of a vector
@ € Z" will be denoted hereafter by &’ (respectively, ’). This
notational convention extends to £ x n matrices over Z, with A’
(respectively, A”) standing for the sub-matrix consisting of the
first k£ columns (respectively, last n — k columns) of an ¢ x n
matrix A over Z. Denoting row ¢ of a matrix X by X;, we
then have (A’); = (4;)" and (A"); = (4;)", for every i € [().

Given nonnegative integers 7 and o, a coding scheme (€, D)
is said to correct T errors and detect T + o errors (in the
L;-metric or the Hamming metric, depending on the context)
if the following conditions hold for every computed vector
¢ = uA € C and the respective read vector] y € X5,

e (Correction condition) If d(y, c) < 7, then D(y) = ¢'.
e (Detection condition) Otherwise, if d(y, ¢) < 7+ o, then
D(y) € {c,“e"}.

That is, if the number of errors is 7 or less, then the decoder
must produce the correct result of the target computation;
otherwise, if the number of errors is 7+ o or less, the decoder
can flag decoding failure instead (but it cannot produce an
incorrect result).

So, unlike the respective conditions for ordinary codes, the
sphere S(y, 7) may contain multiple codewords of C, yet they
all must agree on their k-prefixes. Similarly, the sets S(y, 7)
and S(y,7+0) \ S(y,7) may both contain codewords of C,
yet these codewords must agree on their k-prefixes.

51t is assumed hereafter that the entries of the received vector remain in
the same alphabet, ¥, as of the computed vector; while errors could push
the entries to outside that range, they can always be coerced back into X¢.

By properly defining the minimum distance of C, we can
extend to our setting the well known relationship between
minimum distance and correction capability. Specifically, the
minimum distance of C, denoted d(C) (with an identifier of
the particular metric used), is defined as the smallest distance
between any two codewords in C having distinct k-prefixes:

d(C) =

c

min d(ep,e) .

c’lsécé

The following result then extends from the ordinary coding
setting [[13, p. 14, Prop. 1.5] (for completeness, we include a
proof in Appendix [A).

Proposition 1. Let £ : X% — S be an encoding map-
ping with an induced code C, and let T and o be nonnegative
integers such that

214+ 0 <d(C).

Then there exists a decoding mapping D : ¢, — EZ) u{“e”}
such that the coding scheme (£,D) can correct T errors and
detect T + o errors.

For the special case of the Hamming metric, Proposition
can be generalized to handle erasures as well (see [13| p. 16,
Prop. 1.7] and Appendix [A).

Proposition 2. With £ and C as in Proposition [1| let 7, o,
and p be nonnegative integers such that

21 +o0+p <dy(C).

Then there exists a decoding mapping D : ¢y — EZ) u{“e”}
such that the coding scheme (£,D) can correct T errors and
detect T + o errors, in the presence of up to p erasures.

The coding schemes that we present in upcoming sections
are based on known codes, in particular known schemes for the
Lee and Manhattan metrics—primarily Berlekamp codes [}
Ch. 9], [13, Ch. 10]. Yet certain adaptations are needed due to
the fact that the computation of the redundancy symbols of the
codewords in the induced code C = {¢ = u £(A’)} has to be
done only through the computation of A’ — £(A’) (which is
independent of u). Moreover, the alphabet, 3., of the entries
of £(A’) is smaller than the alphabet, ¢, of the codewords
in C. Our coding schemes will be separable, in the sense that
for each row index i € [¢), the contents (£(A’)); will only
be a function of A/ (and not of the rest of the rows in A’);
in fact, that function will be the same for all ¢, and will not
depend on /. It is expected, however, that the designed number
of correctable errors, 7, will tend to increase with /.

III. SINGLE ERROR CORRECTION IN THE L1-METRIC

In this section, we describe a DPE coding scheme, (£1,D1),
for correcting one Lj-metric error; this scheme will then be
extended (in Subsection [I[=B) to also detect two errors.

A. The coding scheme

Given an alphabet size ¢ > 2 and a code length n, we let
m = [log,(2n + 1)] and k = n — m (thus, m will be the
redundancy). Let

o = (OZO ap ... an—l)



be a vector in Z" that satisfies the following properties.
(i) The entries of v are nonzero distinct elements in [2n+1).
(ii) For any two indexes i,j € [n),

o +o; #2n+1.

(i) agt; = ¢’, for j € [m).

We will refer to the entries of a as code locators. Code lo-
cators that satisfy conditions (i)—(iii) can be easily constructed
for every ¢ > 2: e.g., when qm_1 < n, we can take

{aj}je[n> = {17 25 37 . '7”} )

otherwise,

{aj}je[n> = ({17 2,3,..., n} \ {2n+1_qm_1}) U {qm_l}

(note that g™~ < 2n + 1 and that ¢™~2 < n, yet ¢™ ! may
be larger than n; in fact, this will always be the case when
q=2).

The encoding mapping & : $F — £ is defined as
follows: for every A" = (ai j)ic[e),je[r)» the last m columns
in A= (A" | A”) = &1 (A’) are set so that

E @i, k+j Yhtj
—~—

JjE[mM

= (=Y aijej)vop 2n 1), i€ln), @)
jelk)
where the remainder (the result of the “mMOD” operation) is
taken to be in [2n+1). Simply put, a; n—1G; n—2 - .. Qi k+104i k
is the representation to base ¢ (from the most-significant
digit down to the least) of the remainder in [2n+1) of the
(nonpositive) integer — Zj elk) %4> when divided by 2n+1.
It follows from (@) that each A = & (A’) satisfies

Aa" =0 (mod (2n+1)),

where (-)T denotes transposition and the congruence holds
component-wise. Hence, for each codeword ¢ = uA in the
induced code C we have

c-a' =uAa’ =0 (mod (2n+1)). 3)

This, in turn, implies that for every two distinct codewords
Cc1,Co € C,

(c1 —¢)-a' = (mod (2n + 1)),

and, therefore, by conditions (i)—(ii) we get that dz(c1, c2) =
llex — e2|| > 2, namely, that dz(C) > 3. We conclude from
Proposition [Tl that when using the encoding mapping defined
by @), to map A’ into A = &;(A’), we should be able to
correct one error; alternatively, we should be able to detect two
errors. We demonstrate next a single-error-correcting decoding
mapping.

Let y = (y;)jen) = ¢ +e = uA + e be the read vector
at the output of the DPE, where e € Z™ is an error vector
having at most one nonzero entry, equaling 1. The decoding
will start by computing the syndrome of y, which is defined
by

(y-a') mop (2n+1)

= (Z yjaj) MOD (2n+ 1) .

J€[n)

We then have,

SEUAO[T—FE-(XT@E'O[T (mod (2n + 1)) .

It follows that s = 0 when e = 0; otherwise, if e has £1 at
position j (and is zero otherwise), then

s =z4a; (mod (2n+1)).

Hence, due to conditions (i)—(ii), the syndrome s identifies the
error location j and the error sign uniquely.

The encoding and decoding procedures for our single-error
correction scheme are summarized in Figures 2] and 31

Input: ¢ x k matrix A" = (a; ;)ic[e),je[k) OVer Lq.
Output: ¢ x n matrix (A" | A”) = (ai j)ic[e),je[m) OVer Xq.
// m=llog,(2n+1)], k =n—m.

// « satisfies conditions (i)—(iii).

For all ¢ € [¢) do {

Set (ai7n71 Aip—2 -+ Aj k1 aiyk) to satisfy Eq .

Fig. 2. Encoding mapping &1 : A’ — (A’ | A”) for single-error correction
(or double-error detection).

Input: y = (y' | y") € ¥7.
Output: w = (w;)jemr) € E’;, or “e” (decoding failure).
// Parameters are as defined in Figure 2
Let w + 9';
Let
s+ (y-a') Mop (2n+1);

If s =0 then {
) s // vy is error-free
Else if s = «; for some j € [n), then {

If j € [k) then let w; < w; + 1;

Else if s = 2n+1—q; for some j € [n), then {
If j € [k) then let w; < w; — 1;

Else {
Return “e”.

Fig. 3. Decoding mapping D; : y — w for single-error correction.

Example 2. Let ¢ = 2 and n = 15, in which case m = 5 and
k =10. Select £ = 3 and

a=(356791011121314|124816)
(which satisfies conditions (i)-(iii)). Suppose that A’ is the
following 3 x 10 matrix:

1011010010
0001011001
0100010111

A=



For 1 = 0,1,2, the values at the right-hand side of @) are
given by

—(3+6+7+10+ 13) mop 31 23
—(7+10+ 11 + 14) mop 31 20
—(5+10+12+13+14)mMoD 31 = 8,

and, so,
1011010010(11101

0001011001(00101
0100010111|00010

A=g(A) =

Foru=(111), we get
c=uA=(1112031122[11212) .
Suppose that the read vector is
y=(1112021122[11212) .
The syndrome of y is given by

s = (y-a') mop3l

(345+6+2-740-9+2-104+11+12
+2:13+42-14+142+42-44-8+2-16) MoD 31
= 21.

Namely, s = 31 — 21 = 10 = a3, indicating that the error
location is 7 = 5 (the sixth entry) and the error value is —1
(corresponding to changing the value 3 into 2). (|

We end this subsection by demonstrating that a redundancy
of n —k = [log,(2n + 1)] is within one symbol from the
smallest possible for any coding scheme that corrects one error
in the Lj-metric. Recall that by taking w as a unit vector it
follows that for any row index i, the set of the ¢ possible
contents of A; forms an (ordinary) code C; C EZ} that is
capable of correcting one error. Hence, by a sphere-packing
argument we conclude that for distinct ¢ € C;, the (truncated)
spheres Sg(c, 1) N X} must be disjoint subsets of Xj. Yet
Sc(e,1) N T2 > n+1, and, so, ¢ = |Ci| < ¢"/(n+1),
namely, we have the lower bound

n—k>[log,(n+1)].

B. Allowing additional error detection

The presented coding scheme can be easily enhanced so
that the induced code has minimum distance 4; namely, the
scheme can detect two errors on top of correcting a single
error, or, alternatively, it can detect three errors with no attempt
to correct any error. We do this by extending the code length
by 1 and adding a parity bit to each row of A = & (A’), as we
did in Example[Tl (with A playing the role of A’ therein). This,
in turn, allows the decoder to recover the parity of the number
of errors (whether it was even or odd). An odd number is seen
as one error, and the algorithm in Figure [3 is then applied.
Otherwise, a zero syndrome will indicate no errors, while a
nonzero syndrome indicates two errors (which will be flagged
by “e”).

When ¢ > 2, this extra error detection capability can
sometimes be achieved without increasing the redundancy. To

see this, consider first the case where ¢ is odd: redefine m to be
[log,(4n+2))] (depending on n, the value of m may remain
unchanged by this redefinition), and modify condition (i)—(ii)
as follows.

(i) The entries of a are odd distinct elements in [4n+2).
(ii’) For any two indexes 7, j € [n),

o+ o5 F4n+ 2.

(Note that condition (iii), which remains unchanged, is consis-
tent with condition (i’). Also, condition (ii’) disqualifies 2n+1
to be an entryﬁ of a.) The encoding is similar to (2), except
that the remainder at the right-hand side is now computed
modulo 4n + 2. Accordingly, during decoding, the syndrome
is redefined to

s+ (y-a') mop (4n+2),

and, so, the parity of the syndrome equals the parity of the
number of errors. An odd syndrome indicates that one error
has occurred, in which case the error location and sign can be
recovered from the value of s. A nonzero even syndrome s
indicates that two errors have occurred.

Assume now that ¢ is an even integer greater than 2. In
this case, condition (i’) would contradict condition (iii), as
the latter requires that the last m—1 entries of o be even.
To overcome this impediment, we will modify the definition
of m and rewrite condition (iii). Specifically, we let m be the
smallest integer that satisfies f,,(q) > 4n—+24(—1)™ where,
for every nonnegative j € Z,

qj"rl + (=1 J

) = T
q+1

Note that fo(¢) =1 and that for every j > 0,

Fi@=(-1 fila)+ { .

i€lj)

“

if 7 is even
otherwise ’
which means that every integer in [4n+2) has a representation
of the form] > jermy bifila), for b € ¥4 Moreover, the
values f;(¢q) are all odd. Hence, rewriting condition (iii) as
follows will be consistentﬁ with condition (i’):

(iii") oty = f5(q), for j € [m).

From this point onward, we proceed as in the case of odd gq.
(We point out that since f,,,(¢) < ¢™ for m > 0, the inequality
fm(q) > 4n 4+ 2 4+ (—1)™ is generally stronger than m >
log, (4n + 2); however, the ratio f,,(q)/q™ does approach 1
as ¢ — 00.)

Example 3. Suppose that ¢ = 8 and n = 13. Since f1(8) =7
and f2(8) = 57, we can take m = 2 and

a=(3591113151719212325|17) ,

resulting in a single-error-correcting double-error-detecting
coding scheme. The redundancy n — k will be only 2 in

6 Yet the coding scheme will work also when (an—1 =) g™ 1 =2n+1,
in spite of violating condition (ii’).

"The sequence (f;(q)); can be seen as a generalization of the Jacobsthal
sequence: see for instance [7].

8 The coding scheme will work also when (an—1 =) fm-1(q) =2n+1,
in spite of violating condition (ii’).



this case (as opposed to 3 had we added a parity bit to the
construction in Subsection [IIZAl for n = 13). O

IV. LARGER MINIMUM L{-DISTANCES

In this section, we show how to extend the construction
of Section to correct more errors in the Li-metric. Our
coding schemes will make use of known construction for the
Lee metric, specifically Berlekamp codes, to be recalled in the
next subsection.

A. Lee-metric codes

Let p be an odd prime and let F' = GF(p). Representing the
elements of F as 0,1,2,...,p—1, the last (p—1)/2 elements
in this list will be referred to as the “negative” elements in F'.
The Lee metric over F' is defined similarly to the L;-metric
over Z, using the following definition of the absolute value
(in Z) of an element z € F:

z
l2l=9 ,_
p—2z

Let n and 7 be positive integers such that 27 < p, and let
h = [log,(2n + 1)]. Also, let

B=(BoB1 ... Pn-1)

be a vector of length n over the extension field ® = GF(p")
whose entries are nonzero and distinct and satisfy 3; +3; # 0
for every i,j € [n) (compare with conditions (i)—(ii) in Sec-
tion [ITTL it is easy to see that here, too, such a vector 3 always
exists). The respective Berlekamp code, Cger = Cper (3, 7), is
defined as the set of all row vectors in F'” in the right kernel of
the following 7 x n parity-check matrix, Hpey = Hper (3, 7),
over ¢:

if z is “nonnegative”
otherwise

631 B2 ... Dn
P8 . B
Hpew=| B9 B8 ... B )
2r-1 g2r—1 g1
That is,
Cger = {Cc € F" : c-chrzo} .

Thus, Cge, is a linear [n, k] code over F' with a redundancy
n —k of at most Th = 7[log,(2n + 1)].

The minimum Lee distance of Cg., is known to be at
least 27 + 1, and there are known efficient algorithms for
decoding up to 7 Lee-metric errors (see [[1, Ch. 9] and [13}
§10.6]). These decoders typically start with computing the
syndrome, s = ychr, of the received vector y € F"™, and
then implement a function Dpe, : ™ — F'™ which maps s to
the error vector € = Dpe,(s). The condition 27 < p implies
that is also the volume of a Lee-metric sphere of radius ¢
in F". Hence, by sphere-packing arguments, the size of any
Lee-metric 7-error-correcting code in F™ is bounded from
above by p"/V(n,7) [13| p. 318]. Thus, up to an additive
term that depends on 7 (but not on n) the dimension of Cge,
is the largest possible, for a given length n and number 7 of
Lee-metric errors to be corrected.

There is a close relationship between the construction
presented in Section [l and Berlekamp codes. Specifically,
when n is taken so that p = 2n + 1 is a prime, then
each row of A = &;(A’) is a codeword of Cge(a, 1),
assuming that the entries of A and « are seen as elements
of & = F = GF(2n+1). Consequently, the induced code C
forms a subset of Cper(a, 1).

With this relationship in mind, we will next present coding
schemes whose induced codes have minimum L-distances 5
and above.

B. Double-error-correcting coding scheme

In this subsection, we present a DPE coding scheme for
correcting two errors in the Lj-metric (namely, the induced
code will have minimum L+-distance at least 5). This scheme
will then be extended to also detect three errors (minimum
distance 6).

Given the alphabet 3, and the number of rows ¢, let p >
3 be a prime, and define n; = (p — 1)/2, m = [log,p],
ng = n1 +m, and n = ng + 1. The coding scheme will have
dimension &k = n; — m, lengtl'ﬁ n and, therefore, redundancy
n — k= 2m+ 1. The encoding mapping, & : T£*¢ — BE<*,
will take the form of a composition

52:%320%72051,

where the component functions are defined in Figure

e & is the encoding mapping in Figure [2 with n therein
replaced by n; (in particular, the remainder in the right-
hand side of @) is computed modulo p).

o oo+ XXM — B2 maps an ¢ x ny matrix A’ =
(ai j)iele),je[n,) over ¥y to A = (A" | A”), where the
last m columns in A are set so that

Z ai7n2+jqj = ( Z aiyja?) MOD p, 1€ [€> .
J€lm)

J€[n1)
(6)
o (o : ngm — ngn is the parity mapping defined on
the last m columns of the argument matrix; that is, an
£ x ny matrix A" = (ai,5)ic[e),jen,) OVEr Xq is mapped
to A= (A" | A”), where the entries of the last column
in A are given by

Qiny = ( Z ai7n1+j) MOD 2, i€().

J€[m)

Fig. 4. Component functions of a double-error-correcting encoding mapping
Ex=pPa0wa0€&7.

Example 4. Let ¢ = 2 and p = 31, in which case n; = 15,
m =25, no =20, n =21, and k = 10. Select £ = 3 and let «

9The seeming restriction on n imposed by requiring that 2n1 +1 is a prime
can be lifted by code shortening.



and A’ be as in Example 2l For ¢ = 0,1, 2, the values at the
right-hand side of (@) are

(334+6°+73 4103 +13%+13423+4%4+16%) MoD 31 = 16
(72 +10° +11° 4143 + 43 + 16°>) MoD 31 = 30
(5% +10% + 12% 4+ 13® + 14° + 8%) mop 31 29,
and, so,
E(A) = ¢a(pa(&1(A)))
1011010010[11101]00001]1
= 10001011001[00101{01111|0
0100010111{00010/101110
O

It follows from the definition of & that every codeword
¢ = uA in the code Cz induced by &, satisfies the following
congruences:

Y gy = 0 (modp) (7)
J€[n1)

Y cad = > cnyid (modp) ®)
J€[n1) jE€m)

Z ¢; = 0 (mod?2). Q)
JE[m+1)

Proposition 3. The induced code Cs satisfies
dL(Cg) >5.

Proof. Let y = ¢ + e be the read vector at the DPE output,
where ¢ € C and |le]] < 2. Write e = (e1 | e2) and y =
(y1 | y2), where e; (respectively, y1) is the nq-prefix of e
(respectively, y). We associate with y the integer syndrome
(s1 s2 §2) computed as in Eqs. (I0)—~(12) in Figure &

We distinguish between the following cases.

Case 1: s;1 = 0. In this case, e; = 0 (i.e., y; is error-free),
since |le1| € {1,2} implies s1 # 0.

Case 2: s1 # 0 and 33 = 0. In this case, ||e1]| € {1,2}, and
(by (@), y- contains an even number of errors, which means
that e; = 0. Therefore,

S = Z

Y0 = > Yo i@
J€[n1) jE[m)

= Z yjag— Z Cn1+jqj

j€ln1) jelm)

= D (gredai— Y enpsd
J€ln1) J€lm)

@ Z ejo)  (mod p) .
j€ln1)

On the other hand, from (Z) we also have
51 = Z eja; (modp) .

J€ln1)
Hence, we can recover e; by applying a decoder Dge, for
Cger(@, 2) to the syndrome@ (s1 82).

1OWhen applying this decoder, we regard o and (s s2) as vectors over
® = F' = GF(p). The decoder Dpe, produces an error vector in F™1, which
is mapped back to Z™! by changing each given entry z € F into +|z|, with
the negative sign taken when z is a “negative” element of F'.

Case 3: s1 # 0 and 32 = 1. This is possible only if ||e1 || =
|lez|| = 1, which means that we are able to recover ey from s;
(using the decoding mapping in Figure [3). o

Note that in case 1 in the last proof, y» may contain one
or two errors, yet we do not attempt to decode them; in fact,
their decoding might not be unique. However, y; still decodes
correctly.

The proof of Proposition B implies the decoding map-
ping Dy shown in Figure 3

Input: y = (y1 | y2) € X7.

Output: w € X},

// m1=(p—1)/2, m = [log, p|, n2 = n1 + m.
//n=na+1, k=n3—m.

// a satisfies conditions (i)—(iii).

// y1 is the nq-prefix of y.

// Dper(+) is a decoder for Cper(a, 2).

Let
S1 ( Z yjozj) MOD p (10)
J€[n1)
s34+ (Z i — Y ynlﬂ-qj) Mop p (1)
j€ln1) jelm)
3 « ( 3 ymﬂ») MOD 2 (12)
je[m+1)
If 1 = 0 then {
Let w + y'; // y1 is error-free

Else if §3 = 0 then {
Let 1 DBer(Sl 82);

Let w + (y1 —e1); // w is the k-prefix of y; — e

Else {
Let w + D1(y1).

Fig. 5. Decoding mapping D3 : y — w for double-error correction.

We include in Appendix [Bl an example of an application
of the decoder in Figure [3} for self-containment, that example
also recalls the decoding principles of Berlekamp codes.

The coding scheme (€3, D2) can be extended to also detect
three errors, by adding an overall parity bit to each row of the
encoded matrix A, as was done in Subsection [[II-Bl Moreover,
the savings shown there when ¢ > 2 carries over also to
minimum distances 5 and 6.

Specifically, for odd ¢, we redefine m to be [log,(2p)] =
[log,(4n1+2)], and requird'] ex to satisfy conditions (i”)~(ii’).
The encoding mapping & is redefined to just @2 o &, with
code length n = ny = ny + m and redundancy n — k = 2m.
The component functions £; and s are as in Figure ] except
that all remainders modulo p are now computed modulo 2p.

!1See Footnote [f for the case where g = p.



The function of the syndrome element Sy in the decoding
process is replaced by the parities of s; and sy, when com-
puted as in (IQ) and (L), except that the remainders are taken
modulo 2p (yet Cge, is still defined over F = GF(p), so
when its decoder is applied to (s1 s2), the syndrome entries
are reduced first modulo p). Specifically, assuming that at
most three errors have occurred, Table [l presents the various
combinations of parities of s; and sy, and the corresponding
Lqi-norms of e; and es. The first three rows in the table

TABLE I
DECODING TWO ERRORS AND DETECTING THREE ERRORS.

51 s2 sp=s3? Jlei]l ezl Decoder output
0 - - 0 - o
even # 0 even - 2 0  (y1 — DBer(s1 52))
odd even - 1 1 Di(y1)
even # 0 odd — 2 1 “e”
odd odd yes 1 0 Di(y1)
odd odd no 3 0 “e”
odd odd no 1 2 “e”

correspond, respectively, to the three cases in the proof of
Proposition 3l The fourth row corresponds to three errors and
therefore should result in a decoding failure. The last three
rows correspond to three different combinations of number of
errors: the distinction among them can be made by checking
whether s = 53 (mod p), and, since Cpe; (v, 2) has minimum
Lee distance 5, this condition will be met only when one error
has occurred (in which case it can be found using the decoding
mapping in Figure [3).

When ¢ is even and greater than 2, we will follow the same
strategy as in Section namely, replacing the termd3 ¢
with f;(q) defined in @), both in condition (iii) and in (6).

Example 5. Suppose that ¢ =4 and p = 101, corresponding
to nq = 50. The values f;(4) for j =0,1,2,3,4 are 1, 3, 13,
51, and 205, respectively, so we can take m = 4 and

a= (579111517 ...47495355...9799|131351).

The respective double-error-correcting triple-error-detecting
coding scheme has length n = n; + m = 54 and redundancy
n — k = 2m = 8 (and dimension k = 46). An example of an
image of the encoding mapping £ = @3 0 & is given by
12301200...0(2102|0132
03012300...0{3321|1223
21132000...0{2302{2002

A=8E(A) = ,
with
c=uA=(41476101300...0[151469|581215)
being an example of a codeword (which corresponds to the
input vector u = (2 3 1)).

Given a read vector y = (y;)je[n) € X (where Q = 28
and n = 54), its syndrome is given by

( Z yjaj) MOD (2p)

S1 =
J€[n1)

S35 = ( > oyl > yn1+jfj(q)) MOD (2p)
J€[n1) JE[m)

12See Footnote [§] for the case where fm—1(q) = p.

(where ¢ = 4, p = 101, ny = 50, and m = 4). Correction of
two errors and detecting of three then proceeds by following
Table [l where y; and y] are the prefixes of y of lengths
n1 = b0 and k = 46, respectively. O

C. Recursive coding scheme

The construction in Subsection does not seem to
generalize in a straightforward way to larger minimum L;-
distances. However, with some redundancy increase (which
will be relatively mild for code lengths sufficiently large), we
can construct coding schemes for any prescribed number of
correctable errors. We show this next.

Given the alphabet ¥, number of rows ¢, designed number
of correctable error T, let p > 27 be a prime, and define
n = (p—1)/2 and m = [log, p|. Also, let & = (a;) je[n) be
an integer vector that satisfies conditions (i)—(iii) in Section [Tl

Given a matrix A € EgX" (which, at this point, is not
assumed to be the result of any encoding), we can compute
the following ¢ x 7 syndrome matrix of A over Z:

S = (si0)ielt) vefr) = AHfe; MOD D,

where Hpey = Hper(at, 7) is the parity-check matrix defined
in (3), now seen as a matrix over Z, and the remainder
computed entry-wise. For a vector u € Eg, the syndrome
s = s(u) of ¢ = c¢(u) = uA is then given by

_ T
s = cHg, MODp
= wAHg, MOD p

= uSMODp.

If the syndrome s is available to the decoder, then the decoder
should be able to recover ¢ = uA from an erroneous copy
y = c+ e (€ Z"), provided that |le|]| < 7: this is simply
because the syndrome § of e is computable from s and the
syndrome of y,

§=eHg, Mopp = (y—c)HE, MoDp
T
= (yHBer -

and e < Dpe,(8), where Dp,,(+) is a decoder for Cpe,(cx, 7).
Thus, our encoding mapping will be designed so that, inter
alia, the decoder is able to reconstruct a copy of s.

Each entry in S, being an integer in [p), can be expanded
to its base-q representation

Siv = Z ngqjqj )

Jj€[m)

S) MOD p ,

where SEJU) € %,. For j € [m), let SU) be the ¢ x T matrix
(5(]))1'6[&,1)6[7) over X,. Clearly,

S = Z qu(j)

JE[m)

3For simplicity, we assume that o = 0, namely, no additional errors are
to be detected.



and, so,

wS MOD p

( Z qj(uS(j))) MOD p

JE[m)

( S qjs<j>) MOD p

JE[mM)

where sU) = s\ (u) = uSY) is a vector in £7. Consider an
encoding mapping & : X" — S HTM) defined by

E: A (A|S(0) | S | - |S(m71)) .
Then, for u € Zg we have
ué(A) = (c ERAFIOR s(m—l))

(where ¢ = c(u) and s = s (u)). If y = u&(A) + e
where ||e|| < 7, then, based on our previous discussion, we
will be able to recover c, as long as the Tm-suffix of y is
error-free.

The latter assumption (of an error-free suffix) can be guar-
anteed by applying a (second) encoding mapping to the £ x Tm

matrix
(Sw) | SW ... |S(m*1))

(over X,) so that 7 errors can be corrected. Note that the
matrix now has n = 7m columns (instead of n), so we can
base our encoding on a Berlekamp code over GF(p), where
is the smallest prime which is at least 2n + 1. The size of
the syndrome now will be 7m, where m = Dogq p|, namely,
becoming doubly-logarithmic in n.

We can continue this process recursively; by just applying
one more recursion level with a simple repetition encoding
mapping (which copies its input 27 4 1 times at the output),
we obtain a total redundancy of

™m + (27 + 1) = 7[log,(2n + 1)]
+0 (7'2 log, (7 log, n)) . (13)

Hence, for n large compared to 7, most of the redundancy is
due to the first encoding level. In fact, by extending the sphere-
packing argument presented at the end of Subsection [ it
follows that the redundancy is optimal, up to an additive
term that depends on 7, but not on n.

Decoding is carried out backwards, starting with recovering
the codeword that corresponds to the last encoding level,
which, in turn, serves as the syndrome of the previous en-
coding level.

Reflecting now back on our constructions in Sections [III
and if the matrix A (€ ${*") is the output of the
encoding scheme in Figure 2| then the first column of the
syndrome matrix S is zero, and therefore so is the first column
in each matrix S (and the first entry in each vector s(j)).
Hence, those zero columns can of course be removed. As
for the second column, our construction in Subsection
implies that it can be error-protected simply by a parity bit
(or, when ¢ > 2, by changing the modulus from p to 2p and
selecting the entries of a to be odd).

The approach of recursive encoding is not new, and has
been used, for example, in the context of constrained coding
(e.g., see [2l], [4], [9], [LO], [12]]). In our setting, this approach
allows us to use codes (namely, Berlekamp codes), which
are originally defined over one alphabet of size p, while the
result of the encoding (namely, the contents of the rows of
the DPE matrix) are restricted to belong to another alphabet
of size q (the challenge is evident when ¢ < p). In the next
subsection, we consider a more straightforward application of
Berlekamp codes to construct a coding scheme for the case
where ¢ is large enough; this scheme may sometimes have a
smaller redundancy than (13).

D. Coding scheme for large alphabets

We consider here the case where the number of correctable
errors 7 and the alphabet size g are such that there exists a
prime p that satisfies

2r<p<gq.

We will then assume that p is the largest prime that does not
exceed ¢, and we let F' be the finite field GF(p).

We will use a systematic encoder Epe, : F* = Cgers
where Cper = Cper(3, 7) is a Berlekamp code of a prescribed
length n over F' and redundancy

n—k < 7-[log,(2n+1)]
= 7-[(log,q) -log,(2n +1)]

(when n is sufficiently large compared to 7, the inequality is
known to hold with equality). When ¢ = p, this redundancy
is smaller than (13)); otherwise, it will be larger for 7 (much)
smaller than n, due to the factor 1ogp q (e.g., for ¢ = 8, this
factor is approximately 1.07).

Our encoding mapping € : 5% — $%" takes each row in
the pre-image matrix A’ € Ef;x’“, computes the remainder of
each entry modulo p, regards the result as a vector in F*, and
applies to it the encoder Ep,, to produce a codeword ¢ € Cpe,-.
The (n—k)-suffix, ¢”, of ¢ becomes the (n—k)-suffix of the
respective row in the image A = (4’ | A”) = £(4’) (see
Figure [6).

Input: £ x k matrix A" = (a;)ic[e),jelr) OVer Xq.
Output: ¢ x n matrix (A" | A”) = (ai j)ic[e),jem) OVer Xq.
// F = GF(p), for a prime p such that 27+ 1 <p <gq.
// Cger(B,7) is a Berlekamp code of length n over F.
// EBer : F¥ — Cger(B,7) is a systematic encoder.
For all ¢ € [¢) do {

Let ¢ < Epe; (A MOD p);

Let A7 < ¢”. // F seen as a subset of X,

Fig. 6. Encoding mapping £ : A’ — (A’ | A”) for large alphabets.

It follows from the construction that the codewords of
the induced code C, when reduced modulo p, are codewords
of Cpe;. Thus, we obtain a coding scheme that can correct 7
errors.



V. CODING SCHEME FOR THE HAMMING METRIC

In this section, we present a coding scheme that handles
errors in the Hamming metric; namely, the number of errors
equals the number of positions in which the read vector y =
(Yj)jemy € ¢ differs from the correct computation ¢ =
(Cj)je[n) = uA.

For the purpose of the exposition, we will introduce yet
another design parameter, ), which will be an assumed upper
bound on the absolute value of any error value, namely, on

max [y; — ¢ -
Such an error model may be of independent interest in DPE
applications, with the special case ¥ = Q—1 = £(q—1)? being
equivalent to the ordinary Hamming metric.

Given the alphabet ¥,, number of rows ¢, number of
columns n, number of correctable errord4 7, and an upper
bound ¥ on the error absolute value (where ¥ = ¢(q—1)? for
unconstrained error values), let p be a prime greater than 29
and let m = [log,p|. We select a respective linear 7-error-
correcting [71, k] code C over F' = GF(p) (in the Hamming
metric), which is assumed to have an efficient bounded-
distance decoder D : F™* — F™: for a received word § € F™,
the decoder returns the true error vector é € F7, provided
that its Hamming weight w(€) was at most 7.

The parameters n and 7. are related by

n=k+m(n—k).

Figure [7] presents an encoding mapping & : A’ — (A’ | A”),
where each row of A’, when reduced modulo p, is first
extended by the systematic encoder for C into a codeword
¢ of C, and then the 7 — k£ redundancy symbols (over F)
in ¢ are expanded to their base-q representations to form the
respective row in A”. Specifically,

A" = (Am) |AD | .. |A<m—1>) 7

where each block AY) is an ¢ x (7i—k) sub-matrix over ¥,
such that the rows of the ¢ x n matrix

A = (Al Zje[m) qu(J)) MOD p

form codewords of C.

Let the mapping \ : Z" — F™ be defined as follows: for a
vector & = (y)ye[n) € Z", the entries of the image \(x) =
& = (Zy)ye[n) € F™ are given by

%y, =z, MOD D, forve k), (14)

and

Thyo = ( Z xk-l—v-l—j(ﬁ—k)qj) Mop p,  for v € [i—k) .
jelm)
5)
It is easy to see that each row in A is obtained by applying the
mapping \ to the respective row in A = (A’ | A”). Moreover,

14We assume that o = 0 (as in Subsection [V-C) and that there are no

erasures.
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Input: ¢ x k matrix A" = (a;i ;)ic[),je[k) over Xq.
Output: ¢ x n matrix (A" | A”) = (ai j)ic[e),jem) OVer Xq.
// F = GF(p), for a prime p > 29.
// m = [log,p] and n =k +m(n — k).
// Cis a linear T-error-correcting |7, k] code over F.
// E: F¥ — Cis a systematic encoder.
For all ¢ € [¢) do {

Let ¢ = (y)vefn) < E(A] MoD p);

For each v € [n—k) do {

Set ((A(O))i)v (A(l))i)v (A(m_l))i)v) to be

) the base-q representation of Cgy,.
}
Let A” « (A(O) | A | ... |A(m—1)).

Fig. 7. Encoding mapping £ : A’ — (A’ | A”") for the Hamming metric.

A is a homomorphism in that it preserves vector addition and
scalar multiplication: for every @1, 2 € Z™ and by, by € Z,

/\(blccl + b2.’1}2) = 51/\(.’131) +52)\($2) ,

where b; = b; MOD p (seen as elements of F'). Consequently,
for every u € XF,

MuA) =uAmMoppeC.

The properties of A(-) immediately imply a decoding algo-
rithm (shown in Figure [8). Given the read vector y = c + e,
where w(e) < 7, an application of \ to y yields:

Ay) = Ale) + Ale) ,

where A(c) € C and w(A(e)) < w(e) < 7. Hence, a
decoder for C, when applied to A(y), will recover A(e). By
the definition of ), the vectors e and A(e) coincide, modulo p,
on their k-prefix; and since the values of the entries of e are
all within +4, the k-prefix of A\(e) uniquely determines the
k-prefix of e.

Input: y € 7.

Output: w € X}

// Parameters are as defined in Figure
// A :Z"™ — F" is defined by (I4)—(T3).
// D: F* — F" is a decoder for C.

Let € = (€;),en < D(A(y));

Set e/ = (%‘)je[k) to

ej<—{

Let w <+ ¢y — €.

&1
—|&;]

if €; is “nonnegative” in F’
otherwise

3

Fig. 8. Decoding mapping D : y — w for the Hamming metric.



Finally, we specialize to the case where C is a (normalized
and possibly shortened) BCH code. In this case,

(see [13, p. 260, Problem 8.13]), and, so, the redundancy of
our coding scheme is bounded from above by

n—k< {1 + ]%(27—1)-‘ . ﬂogp i - ﬂogqu .

~log, n

For reference, recall that for every row index ¢ € [{), the
possible contents of A; must form an (ordinary) code over X,
of minimum Hamming distance at least 27 + 1 (assuming
that 9 > ¢—1). For n sufficiently large compared to 7, BCH
codes over GF(q) are the best codes currently known for all
prime powers g except 4 and 8. Hence, we should expect the
redundancy of the coding scheme to be no less than

{1 + %(27—1% - [log, n] .
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APPENDIX A
PROOFS

Proof of Proposition[ll For any two codewords ¢1,c2 € C
and a vector y € X7, we have

d(ci,¢2) <d(y,c1) +d(y,c2) .
Hence, the inequalities

d(y,C1)§T and d(y,CQ) §T+U

can hold simultaneously, only if d(c1,¢2) < 27 + o < d(C),
namely, only when ¢} = ¢. This, in turn, implies that the
following decoding mapping is well-defined and satisfies the
correction and detection conditions above: for every y € E’é,

c if there is ¢ € C such that d(y,c) < 7

(39t

e otherwise

P - {
O

(It can be easily shown that the condition on 7 and o in
Proposition [Tl is also necessary: if 27 + o > d(C), then there
can be no decoding mapping that corrects (any pattern of up
to) 7 errors and detects T 4+ o errors.)

Proof of 21 Let ¢; and ¢y be codewords in C with distinct
k-prefixes. Ignoring the coordinates that have been erased,
these codewords will still differ on at least dy(c1,c2) — p
coordinates. Next apply Proposition with d(C) therein
replaced by d(C) — p. O

11

APPENDIX B
EXAMPLE

We include here an example of an execution of the decoder
in Figure

Example 6. Continuing Example d] for u = (11 1), we get
c=uA=(1112031122|11212]20121]2).
Suppose that the read vector is
y=(1112021122]11222|20121]2) .
The syndrome of y is computed by (I0)—(12) to yield
(s1 82 82) =(2980).

A nonzero s; indicates that (one or two) errors have occurred
in the ny-prefix, y;, of y, and a zero S then indicates that
the remaining part of y is error-free. Hence, we are in the
scenario of case 2 in the proof of Proposition[3] i.e., (s1 52) =
enger MOD p (where p = 31), which allows us to find e;
using a decoder for Cp,,. Next, we recall the principles of the
decoding algorithm for Cp,,, by demonstrating them on our
particular example.

We first observe that if ||e;|| = 1 then necessarily sy =
s3 (mod 31). Since this congruence does not hold in our case,
we deduce that that two errors have occurred, say at positions
i,7 € [n1). We have

(16)
a7)

eia; +eja;  (mod p)

S1

e +e;al  (mod p)

S9 j

where e;,e; € {—1,1}. Squaring both sides of (I6) yields
st = af +2(e;)(ejoy) +af  (mod p),

while dividing each side of by the respective side in (16)
yields
S
5_2 =a? — (e;a;)(ejoy) + a? (mod p) ,
1
where 1/s; stands for the inverse of s; modulo p. Subtracting
each side of the last congruence from the respective sides of

the previous congruence leads to
57 — %2 _ 3(eic)(ejy)
s1
It follows from (16) and (I8) that e;cv; and e;«; are solutions
of the following quadratic equation (in F' = GF(p)):

(mod p) . (18)

1
x2—slx+—<s%—8—2) =0 (modp).

3 S1
Specifically, in our case,
1 1 1
Pl =15 (mod 31) and 3= 21 (mod 31),
resulting in the quadratic equation
22 +22+13=0 (mod 31).

The two roots of this equation in GF(31) are 8 and 21: the
first points at an error with a value 1 at location 13 (since
a13 = 8), and the second points at an error with a value —1
at location 5 (since a5 = 10 = —21 moD 31). O
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