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Abstract—Models for noncoherent error control in random
linear network coding (RLNC) and store and forward (SAF) have
been recently proposed. In this paper, we model different types
of random network communications as the transmission of flats
of matroids. This novel framework encompasses RLNC and SAF
and allows us to introduce a novel protocol, referred to as random
affine network coding (RANC), based on affine combinations
of packets. Although the models previously proposed for RLNC
and SAF only consider error control, using our framework, we
first evaluate and compare the performance of different network
protocols in the error-free case. We define and determine the rate,
average delay, and throughput of such protocols, and we also
investigate the possibilities of partial decoding before the entire
message is received. We thus show that RANC outperforms RLNC
in terms of data rate and throughput thanks to a more efficient
encoding of messages into packets. Second, we model the possible
alterations of a message by the network as an operator channel,
which generalizes the channels proposed for RLNC and SAF.
Error control is thus reduced to a coding-theoretic problem on
flats of a matroid, where two distinct metrics can be used for error
correction. We study the maximum cardinality of codes on flats
in general, and codes for error correction in RANC in particular.
We finally design a class of nearly optimal codes for RANC based
on rank metric codes for which we propose a low-complexity de-
coding algorithm. The gain of RANC over RLNC is thus preserved
with no additional cost in terms of complexity.

Index Terms—Affine geometry, constant-dimension codes, con-
stant-weight codes, error control codes, matroids, network coding,
network protocols, rank metric codes, routing.

1. INTRODUCTION

URING transmission through a network, the data can be

modified, as in network coding, without affecting their de-
coding. However, other modifications, such as packets in error
or lost, corrupt the nature of the transmitted message. Recently,
operator channels have been proposed to differentiate these two
types of modifications for data transmission using random linear
network coding (RLNC) [1] and store and forward (SAF) [2],
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respectively. For RLNC, it is shown that data transmission is
equivalent to the communication of a linear subspace of a given
vector space [1]; for SAF, however, a subset of a set is trans-
mitted [2]. Using these operator channels, noncoherent error
correction in RLNC and SAF can be reduced to coding theo-
retic problems on linear subspaces and subsets, respectively.

In this paper, we generalize the models described above
by viewing random data transmission through a network as
the communication of a flat of a matroid. Matroids [3] can
be viewed as the combinatorial essence of independence, and
hence are a generalization of linear independence; flats of a
matroid can be viewed as generalizations of linear subspaces.
Studying matroids allows to focus on the combinatorial aspects
of independence and combinations, without assuming any
underlying algebraic structure. Although the models for RLNC
and SAF were introduced for error control, our matroid frame-
work allows us to study protocols for both the error-free case
and the case where error control is considered. The matroids
associated to RLNC and SAF are easily determined and are well
known. In particular, we show that the matroid for RLNC—the
projective geometry—only considers a fraction of packets,
which leads to our definition and study of projective RLNC.
The projective geometry considers around ¢~! all packets,
where packets are viewed as vectors over GF(q), hence leading
to a rate loss of around one symbol per packet.

In order to thwart this rate loss, we introduce a new way
to combine packets for network coding, referred to as random
affine network coding (RANC), where packets are viewed as
points instead of vectors and new packets are created via affine
combinations. The associated matroid is the well-known and
thoroughly studied affine geometry, whose flats are affine sub-
spaces of an affine space. Unlike projective RLNC, which only
considers a fraction of all packets, RANC works on all possible
packets, thus utilizing a better encoding of messages into flats.
Moreover, since affine combinations are particular linear com-
binations, the complexity at the intermediate nodes is not in-
creased. At the receiver end, the message can be decoded using
Gaussian elimination, for an affine subspace is no more than a
translated linear subspace. Therefore, utilizing RANC instead
of (projective) RLNC does not increase the complexity at the
source, the intermediate nodes, or the destinations.

Then, using our matroid framework, we determine, evaluate,
and compare the performances of different network protocols.
We first define the data rate of a matroid as the ratio between
the amount of information carried by the flat, i.e., the logarithm
of the number of flats, and the size of the message transmitted
through the network. We also investigate the average delay
of a matroid, which reduces to the coupon collector problem
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for SAF. Combining these two parameters, we also define the
throughput of a matroid as the proportion of useful information
received by the destination. We show that RANC outperforms
RLNC in terms of data rate, while offering a similar average
delay, thus yielding a higher throughput of around one symbol
per packet. We then study the delay in more detail via the
average number of independent packets in a given number
of received packets. We hence demonstrate that this number
tends to the optimum for RLNC and RANC when the field size
increases, while the number of independent packets in SAF
grows significantly more slowly. We finally investigate the
possibilities of partial decoding. We prove that partial decoding
is highly unlikely in RLNC and RANC, while for SAF all
packets are decodable. Therefore, RLNC and RANC follow a
zero-one pattern: no packets can be decoded before receiving
the total number of packets in a message, and once this amount
is received, the whole message can be decoded.

The study described above considers an error-free transmis-
sion through the network. In the presence of errors, message
alterations (packets lost, injected, or in error) correspond to
modifications of the transmitted flat. The network can hence be
viewed as an operator channel, which generalizes the channels
defined in [1] and [2] for RLNC and SAF, respectively. We
then introduce two metrics for error correction in random
network communications. These metrics, referred to as the
lattice distance and the modified lattice distance, respectively,
are identified with previously proposed metrics for RLNC [4]
and SAF [2]. We also place constant-dimension codes used for
RLNC [1] and constant-weight codes used for SAF [2] into the
new framework of matroid codes, which are codes on flats of a
matroid sharing the same rank. We then investigate error control
for RANC with codes on affine subspaces. We derive bounds on
the maximum cardinality of such codes and determine a nearly
optimal class of codes based on liftings of rank metric codes
[5]. We finally design a decoding algorithm for these codes
based on, and with the same order of complexity as the decoder
proposed in [1] for RLNC. The rate gain of RANC over RLNC
is therefore preserved when error correction is considered, and
at no additional cost in terms of complexity.

We summarize the advantages of our matroid framework
here.

* First, this framework is very general, and offers a unified
approach for distinct problems such as SAF, RLNC, and
RANC. It offers to focus on the combinatorial properties
of network protocols, in terms of both combinations and
encoding. Also, associating a matroid to a protocol pro-
vides a new tool to study and compare the performances
of different protocols for both the error-free case and when
error control is enforced.

* Second, different properties of a protocol arising from ma-
troid theory can be discovered. For example, we demon-
strate how RLNC can be viewed as a matroid on only a
fraction of all possible packets, and hence determine the
data rate and the actual number of possible combinations
offered by RLNC. The lattice distance also illustrates the
easiest way to alter a message, hence highlighting the sen-
sitivity of network coding to errors.
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e Third, when studying error control, the advantages of using
an operator channel still apply to our general framework.
Although the matroid depends on the protocol, it is inde-
pendent of the actual network, rendering our approach non-
coherent and robust to network topology changes. More-
over, errors on the message level, such as packets lost or
injected, and errors on the packet level (bits or symbol er-
rors) can be detected and corrected using the same class
of codes. The problem of error control can be eventually
tackled using methods from algebraic coding, such as bi-
nary constant-weight codes or rank metric codes.

¢ Fourth, our model offers a wealth of alternatives to the
protocols already proposed in the literature, as many dif-
ferent types of matroids have been previously discovered
and studied. One of these alternatives introduced here,
RANC, is shown to outperform RLNC. Different matroids
may lead to different tradeoffs between the number of
possible combinations and the data rate. Also, it is known
that linear network coding is not optimal when multiple
sources are considered [6], then nonlinearly representable
matroids may offer a higher throughput than RLNC or
RANC in these cases.

The rest of the paper is organized as follows. Section II
reviews some necessary backgrounds on matroids and error
correction models for RLNC and SAF. In Section III, we
introduce the model based on matroids for error-free commu-
nications. Section IV introduces and illustrates random affine
network coding. In Section V, we evaluate and compare the dif-
ferent performance parameters of matroids. In Section VI, we
model the alterations of the message into an operator channel,
and study the codes used for error correction in random net-
work communications. Finally, Section VII details possible
extensions of our work.

II. PRELIMINARIES

A. Matroids

We review below the definition and major properties of ma-
troids and their flats. Although the concepts introduced below
arise from matroid theory, they all are generalizations of well-
known concepts in linear algebra. For an extensive account on
matroid theory, the interested reader is referred to [3].

For any set I/, we denote the set of subsets of £ with cardi-
nality 0 < 4 < |E| as P(E,4) and its power set as P(E) =
UE'O P(E,4). A matroid is a pair M = (E,T), where E and
T C P(F) arereferred to as the ground set and the independent
sets of M, respectively. The independent sets are generaliza-
tions of linearly independent vectors and satisfy the following
three axioms: & € Z;if A € Tand B C A, then B € T;if
I, I, € T with |I;| > |I3|, then there exists ¢ € I;\I5 such
that Io U {e} € Z. The third axiom, referred to as the indepen-
dence augmentation axiom, is crucial as it guarantees that any
family of independent elements can be extended to form a basis
(a maximal family of independent elements). Clearly, all bases
have the same cardinality.
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To any matroid is associated a rank function rk(A) for all
A C F, defined as the maximum number of independent ele-
ments in A. For any two subsets A, B C F, we have the sub-
modular inequality tk(AU B) + k(AN B) < rk(A) + rk(B).
The rank of a matroid is simply the rank of its ground set, and
is the number of elements in any basis. The closure cl(A) of a
subset A of the ground set is then defined as the maximal subset
B C FE suchthat B contains A andrk(B) = rk(A). The closure
is unique, as it can be shown thatcl(4) = {e € E : rk(AUe) =
rk(A)} [3, 1.4.1]. The closure and the rank are generalizations
of the span of a set of vectors and the dimension of that span,
respectively.

A flat is a set equal to its closure, which is a generalization
of a linear subspace. In particular, we refer to any flat of rank
r — 1 in a matroid of rank 7 as a hyperplane. By extension, we
refer to any family of k£ independent elements in a flat of rank
k as a basis of that flat. The set of flats of a matroid, denoted as
F, is closed under intersection. We also denote the set of flats
of rank k as Fj, and its cardinality as Ny forany 0 < k < 7.
Furthermore, the set of flats ordered by inclusion forms a lattice
(in the partially ordered set sense), where the meet of two flats
is their intersection, and their join is the closure of their union.

A matroid may contain loops and parallel elements. A loop [
is an element of the ground set belonging to no independent set:
{l} ¢ T, alternatively, [ belongs to the closure of the empty set.
A collection of elements are said to be parallel if they are pair-
wise dependent: {e;,e;} ¢ 7 fori # j; they hence all belong to
a set with rank 1. A loop and parallel elements are generaliza-
tions of the all-zero vector and collinear vectors, respectively. A
matroid is said to be simple if it does not contain any loops or
parallel elements. For any matroid M, the simple matroid ob-
tained by removing all loops and keeping only one element in
each set of parallel elements of M has the same lattice of flats
as M. For any simple matroid, we have Fo = {#}, Ny = 1 and
F1 = 7)(1271)7 Ny = |IEL

We now review three important classes of matroids. First,
the free matroid on r elements, classically denoted as U, ., has
[r] ={0,1,...,r — 1} as a ground set, and any subset of [r] is
independent. Clearly, this matroid is simple, has rank r, and any
subset of [r] is a flat.

Second, the projective geometry PG(r — 1,q) has all the
nonzero vectors of GF(q)” with leading nonzero coefficient
equal to 1 as ground set, where linear independence is used. This
matroid is simple, has rank r and its flats are in one-to-one cor-
respondence with the linear subspaces of GF(q)". Therefore,
the number of flats of rank £ is given by the Gaussian bino-

k—1 -1

mial = [[,;Zy L=—7, which satisfies ¢*"=*) < [2] <

r
k
K;lqk(’“*k) forall0 < k <r,where K, = [[;,(1—¢ %) <
1 tends to 1 when ¢ tends to infinity [7].

Third, removing a hyperplane from PG(r — 1, ¢) yields the
affine geometry AG(r — 1, ¢). This matroid is also simple with
rank 7 and its flats are the affine subspaces of GF(q)"~*; there

are ¢" ¥ Z : 1 flats of rank £ for all 0 < k < r. Any affine

subspace with rank & can be represented by a linear subspace
with dimension k — 1 translated by a point belonging to a com-
plementary linear subspace. By definition, AG(r — 1,q) is a
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submatroid of PG(r — 1, ¢), and can be viewed as a matroid on
the points in GF(q)"~!, where two points u, v are affinely in-
dependent if and only if the vectors (1,u), (1,v) € GF(q)" are
linearly independent.

B. Error Control for RLNC and SAF

We now review the existing models for error correction in
RLNC and SAF given in [1] and [2], respectively. For RLNC,
several techniques have been proposed for error correction (see
[81, [9] for coherent error correction); however, we are inter-
ested here in the operator channel approach introduced in [1] for
noncoherent error control. Suppose a message, encoded into &
linearly independent packets in GF(q)™, is transmitted through
a network using RLNC. Since the linear combinations operated
by the intermediate nodes do not modify the subspace spanned
by the packets, RLNC is viewed as the transmission of a linear
subspace of dimension k of GF(q)”. The alterations of the
message (packets lost, injected, or in error) hence correspond to
modifications of that subspace. The transmission of a message
using RLNC is hence modeled as an operator channel which
modifies the input subspace sent by the source into the output
subspace received by the destination. Accordingly, codes on
subspaces, and more especially codes on a Grassmannian re-
ferred to as constant-dimension codes, have been proposed for
error correction in RLNC. Two metrics between subspaces have
been proposed: the subspace metric and the injection metric
[4]. The maximum cardinality of a constant-dimension code,
consisting of subspaces of GF(q)” with dimension k, with
minimum injection distance d (and equivalently, minimum sub-
space distance 2d) is between gmintk(n—k—d+1),(n—k)(k—d+1)}
and Kq’lqmi“{k("*k*‘”l)*(”’k)(k’d“)}. These bounds follow
the Singleton bound in [1] and the inequalities on the Gaussian
binomial above and were tightened in [10]-[12].

A possible and highly practical construction of constant-di-
mension codes, referred to as liftings of rank metric codes,
has been proposed in [13]. Rank metric codes [14], [5], [15]
are codes on matrices in GF(q)¥*¥, where the rank distance
between two matrices is simply the rank of their difference.

The number of matrices with rank 7 in GF(q)**” is given
by [fj} H::_Ol(q” — ¢) [5]. The maximum cardinality of a

rank metric code in GF(g)**¥ with minimum rank distance

d is given by gmintk(r—d+1)w(k=d+1)} and is achieved by
Gabidulin codes [5], an analogue of Reed-Solomon codes. For
any M € GF(q)**”, the linear lifting I.(M) of M is the
row space of the matrix (I,|M), a subspace of GF(q)**" with
dimension k [13]. The injection distance between two liftings
of matrices is equal to the rank distance between the matrices,
hence the lifting of a rank metric code has the same minimum
injection distance as the original code. In particular, lifings of
Gabidulin codes are nearly optimal constant-dimension codes
for which low-complexity decoding algorithms were proposed
(11, [13].

Similarly, an operator channel has been proposed for error
correction in SAF in [2]. Suppose k packets in [¢]™ are trans-
mitted through a network with SAF, where we denote [g] =
{0,1,...,q — 1} for any integer q. Also, assume the packets
arrive at the destination in a different order to which they were
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sent in. Then only the set of packets is preserved, and SAF is
modeled as the transmission of a subset of cardinality k of [¢"].
Codes on subsets have hence been proposed for error control
in SAF with two distinct metrics: the Hamming metric and the
modified Hamming metric. Since subsets of [¢"] are in bijec-
tion with vectors in GF(2)4", codes on subsets can be viewed
as binary codes; in particular, codes on subsets with the same
cardinality can be viewed as binary constant-weight codes.
Similarly to the case of constant-dimension codes, a prac-
tical construction of constant-weight codes with length ¢"
and weight ¢' is the lifting of a nonrestricted Hamming
metric code in GF(¢"~)7'. The lifting Is(X) of any word
X = (Xo, X1,...,.Xpu4) € [q"’l]ql is obtained by adding
the header 4, encoded into ! symbols of [¢], in front of
the packet corresponding to X; for all 0 < i < ¢' — 1.
The header ¢ can be viewed as the sequence number of the
packet in the message. Alternatively, the lifting is the subset
{zo,21,...,x0_1} € P([q"],¢"), where z; = ig" " + X; for
0 < i < ¢! — 1. The lifting Is preserves the Himming distance:
du(Is(X), Is(Y)) = 2du(X,Y), and liftings of nonrestricted
Hamming metric codes can be used for error control with SAF.

III. TRANSMISSION MODEL

A. Model and Discussion

In this section, we introduce a noncoherent communication
model based on matroids for error-free data transmission
through a network. We consider a source wishing to transmit a
message M in the alphabet [A] = {0,1,..., A — 1} through
a network toward a set of destinations. Let (F,7) be a simple
matroid and denote its set of flats of rank k& as F, for all k&,
and assume that both the source and the destination know a
common injective map G from [A] to F,.

The error-free data transmission follows three steps.

» Step I: at the source. The source encodes the original mes-
sage M into a flat f = G(M) € Fj. Then a stream of
elements of f containing a basis of f is transmitted into
the network.

» Step II: in the network. Each intermediate node combines
the elements it has previously received by selecting and
retransmitting elements of their closure.

e Step III: at each destination. The destination waits until it
receives a basis of f, and then recovers the original mes-
sage by determining M = G~1(f).

We now provide several remarks regarding the matroids and
the flats used in our model. First, we consider flats of a ma-
troid, for the matroid structure ensures that the rank function is
well-behaved. Indeed, a flat of rank £ can only be described by &
independent elements, no less and no more. Also, the indepen-
dence augmentation axiom reviewed in Section II-A guarantees
that any set of fewer than k£ independent elements can be ex-
tended into a basis of k elements of the flat.

Second, a nonsimple matroid contains loops and parallel ele-
ments. By definition, a loop belongs to every flat and hence does
not carry any information about the transmitted flat. Also, two
parallel elements belong to the same flats and are combined in
the same way, hence they carry the same information. Therefore,
loops and parallel elements are unnecessary to the destination,
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and our assumption of considering simple matroids only does
not lead to any loss of generality.

Third, although flats of any rank may be sent, the following
two reasons justify our assumption to send flats of the same
rank k only. Foremost, no transmitted flat is properly contained
by another, thus rendering the decoding nonambiguous. Also,
the destination always expects the same number of indepen-
dent elements to start decoding, hence simplifying the decoding
process.

Fourth, the number of possible combinations for an interme-
diate node is given by the cardinality of the closure of the el-
ements it has received. However, not all flats of the same rank
necessarily have the same cardinality and the same number of
bases, which results in different protections to packet losses.
However, as shown below, SAF and RLNC use matroids for
which all flats of the same rank have equal cardinalities. Ma-
troids satisfying this property are referred to as perfect matroid
designs [16], [17, Sect. 3.4]. Due to their highly specific struc-
ture, very few classes of perfect matroid designs are known so
far. When considering a perfect matroid design, we shall denote
the cardinality of any flat of rank k£ as Cj henceforth, where
Cy = 0 and C; = 1 for any simple perfect matroid design.

We also comment on the validity of our model and on some
practical issues regarding its realization. Our model is general
and does not take advantage of any knowledge of the network
topology. It is hence noncoherent, and is robust to network
topology variations, such as node or link appearance/disap-
pearance. Accordingly, the intermediate nodes are assumed to
operate blindly on the elements they receive, regardless of the
source, the destination, or the actual transmitted data.

In terms of practical implementation, without loss of gener-
ality, we assume that an element is encoded in one packet of
length n over GF(q). All intermediate nodes should have an
efficient algorithm to combine elements; this combination algo-
rithm, however, does not guarantee to yield a new basis of the
flat. This operation can be viewed as a form of random sampling
on the elements of a flat. Also, the destination needs an efficient
algorithm to retrieve the original message from any basis of the
flat. For a general matroid, efficient algorithms may not exist;
however, we shall only consider matroids for which combining
elements can be done efficiently.

B. Matroids for SAF and RLNC

We now determine the matroids associated to SAF and
RLNC.

First, for SAF, the only combination possible is the selection
of an element, hence the flats are the subsets of cardinality k of
[¢"]. The associated matroid is the free matroid Uy 4= and we
have E = [¢"], Fr, = P(E,k) forall 0 < k < ¢”, and hence

Ne= (%

the protocol and the alphabet and length of packets, we denote
Ugn ¢» a8 S(g,n) or simply S when there is no ambiguity.
Second, our model differs slightly from the purely random
linear combinations typically proposed for RLNC. Indeed, a
linear combination may yield the all-zero vector or collinear
vectors: these are respectively loops and parallel elements.
However, our model considers the simple matroid associated

and Cy = k. In order to use notations reflecting
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to RLNC, which is the projective geometry PG(n — 1,¢q).
Its ground set E is the set of one-dimensional subspaces of
GF(¢)", and Fj, is a Grassmannian for 0 < k& < n, and hence

HECSH

by the intermediate nodes are linear combinations which ensure
the output vector is nonzero and has leading nonzero coefficient
equal to 1, while decoding the message at the destination is
achieved via Gaussian elimination. This simplified version of
RLNC is referred to as projective RLNC; however, since we
shall only consider projective RLNC henceforth, we shall omit
the term “projective.” We denote PG(n — 1,q) as L(gq,n) or
simply £ when there is no ambiguity henceforth.

. Clearly, the combinations operated

IV. RANDOM AFFINE NETWORK CODING (RANC)

In this section, we introduce a novel network coding
scheme, referred to as RANC, where packets are viewed as
points in an affine space and where intermediate nodes combine
packets by affine combinations. An affine combination of points
Vo, V1,...,Ve—1 € GF(q)" is any sum of the form Zi:ol a;v;,
where the scalars a; € GF(q) satisfy Zf;ol a; = 1. In other
words, an affine combination corresponds to determining the
centroid of the points v; with masses a;.

The set of all possible affine combinations of a collection of
points, referred to as the affine hull, forms an affine subspace.
The matroid associated to RANC is hence given by the affine
geometry AG(n, ¢), which we denote as A(q, n) or simply A if
there is no ambiguity about the parameter values. A collection
of points vg,vy,...,vp_1 € GF(¢)" are said to be affinely
independent if Z;:ol b;v; # 0 for all b;s not all zero and sat-
isfying Zi:ol b; = 0. By definition, the rank of a set of points
is given by the number of affinely independent points, and is
equal to the rank of their affine hull. For any vy, vy,...,Vr_1 €
GF(¢)™, we then have rk(vg,vy,...,vg—1) = rank(1|V),
where V = (vI v, ..., vl )T and rank denotes the number
of linearly independent rows of a matrix. The set F, of flats
of rank k beinT the set of affine subspaces of rank k, we have

Ny = gn—k+1| " 1] andC, = ¢* 1 forl1 <k<n+1[3

Sect. 6.2].

‘We now provide guidelines for the implementation of RANC.
First, encoding messages (viewed as the rows m; of a matrix
M € GF(q)**™=F+1) into affinely independent points
can be simply done by adding the header I} = (0I;_;)”
to obtain (I,|M) € GF(q)**™. We shall refer to this en-
coding as the affine lifting of the matrix M. Second, since
affine combinations are particular linear combinations, the
complexity of using RANC at the intermediate nodes is no
higher than using RLNC. Third, we describe the decoding
algorithm at the destination, thus showing that this does not
increase complexity either. Suppose the destination receives &
affinely independent points vg,Vvy,...,Vi_1, then the first &
columns of (1|V) € GF(q)**(+1) are linearly independent.
Therefore, Gaussian elimination on (1|V) yields (I |M/'),
where M/ = (m{,(m; — my)7,...,(mp_; — my)T)7.
The decoding is finished by adding m, to all the other rows
of M’. The complexity of the algorithm is hence dominated
by the inversion of a matrix of order k, which is similar to
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the complexity for RLNC. We finally note that the Gaussian
elimination could be modified in order to obtain the matrix
(1|1, | M) directly.

As seen in Section III-B, the simple matroid associated to
RLNC is the projective geometry with rank n, whose alphabet

only has 711 ~ q"~1 elements. This implies a loss in terms of

datarate, as the elements are not optimally encoded into packets
of length n. Similarly, any linear subspace has ﬂ ~q* el
ements, which compared to the ¢* possible linear combinations,
leads to a decrease in the number of possible combinations.
These issues are immediate consequences of the existence of
aloop (the all-zero vector) and parallel elements (collinear vec-
tors). Unlike RLNC, the matroid associated to RANC has rank
n+ 1 and ¢" elements. By construction, A(q,n) = AG(n, q) is
a submatroid of £(q,n + 1) = PG(n, q). However, we shall
demonstrate in the following that A(q,n) behaves closely to
L(g,n + 1), hence virtually allowing to work on packets of
length n + 1 instead of n.

The difference between RANC and RLNC can be intuitively
explained as follows. In RANC, the random linear combina-
tions are chosen to be affine ones, and hence knowing the first
k — 1 coefficients determines the last one. Since affine combina-
tions of affine combinations are again affine, the corresponding
header can be made one symbol shorter than in the typical
implementation of RLNC (the lifting operation reviewed in
Section II-B). The other properties of RANC, including lifting
constructions, combining complexity at intermediate nodes,
and decoding complexity, are approximately the same as in
RLNC. Therefore, by using RANC, we gain a symbol per
packet without any implementation cost.

We illustrate the difference between RLNC and RANC by
using the butterfly network, depicted in Fig. 1, where the source
S wants to transmit two messages m and n over GF(q) to the
destinations D and E. First, suppose projective RLNC is used.
The source then encodes these messages into linearly indepen-
dent vectors with their first nonzero coordinate equal to one by
adding the following headers: x = (10|m) and y = (01|n).
The only linear combination of one vector is simply the vector
itself; all the linear combinations of x and y can be expressed
asy or x + ay, where a € GF(q). There are hence ¢ + 1 com-
binations possible, and ¢ — 1 lead to successful decoding at the
destinations (if a # 0), leading to a success probability of %,
which tends to 1 for large q. We remark that our model is con-
sistent with the typical approach of RLNC, which allows com-
binations of the type ax + by instead.

Now suppose RANC is used. The source then encodes the
messages into affinely independent points by adding the fol-
lowing headers: u = (0|m) and v = (1|n). Note that the
header is one symbol long only, illustrating the gain of one
symbol per packet of utilizing RANC over RLNC. The only
affine combination of one point is the point itself; all the affine
combinations of u and v can be expressed as bu + (1 — b)v,
where b € GF(q). Therefore, there are ¢ combinations pos-
sible, and ¢ — 2 lead to successful decoding at the destinations
(if b ¢ {0, 1}) and the success probability is % This proba-
bility is zero for the binary field, since in the very particular case
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y
y = (01|n)
Z=X+ay
x = (10|m)
X
(@)
v

(b)

Fig. 1. Transmitting data on the butterfly network using RLNC or RANC.
(a) RLNC. (b) RANC.

of two points in a binary affine geometry, RANC actually re-
duces to SAF. However, for large ¢, it tends to 1 nearly as fast as
its counterpart for RLNC. Finally, note that the decoding of the
messages at destination D, which receives the points (0jm) and
(1-0blbm+ (1 —b)n), is straightforward (similarly for £): con-

1 | m .
struct the matrix (77 [ bm o+ (1 - b)n)’ which after
Gaussian elimination yields ((1) (1) i _mm+ 5 )» and obtain

m and n.

V. PARAMETERS FOR ERROR-FREE NETWORKS

A. General Assumptions

In this section, we define, determine, and compare some per-
formance parameters of different matroids, hence leading to
a performance comparison of different network protocols. In
order to carry out this study, we need to make the following as-
sumption to the model described in Section III. Since our model
is noncoherent, it makes the network topology and the statis-
tical dependency amongst packets due to the order of combina-
tions transparent at the message level. Accordingly, we suppose
that each destination receives elements chosen independently
and uniformly amongst all elements of the flat. This assump-
tion can be viewed as a generalization of the multiplicative ma-
trix channel proposed for RLNC in [18]. Moreover, it is moti-
vated by file dissemination [19] and is similar to the setting in
[20]. Note, however, that the study in [20] and [21] is based on
simple independence assumptions for RLNC and considers de-
lays for the whole set of destinations, while we shall derive fine
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results for any matroid by viewing each destination separately.
Furthermore, we believe this assumption provides a good intu-
ition on how the protocols behave and it allows for the thorough
performance study below. The parameters we introduce illus-
trate the impact of the number of possible combinations offered
by different protocols in terms of data rate, delay, and partial
decoding.

We comment on the term “error-free” used in the title of this
section. Although the destination does not necessarily recover
the whole transmitted flat immediately, it keeps receiving ele-
ments of the flat and hence it will almost surely be able to recon-
struct the whole flat sent by the source. The term error-free indi-
cates that no other flat of the same rank can be reconstructed by
the destination, and, hence, only the message sent by the source
can be decoded.

B. Matroid Rate, Average Delay, and Throughput

The data rate of the communication is given by the ratio be-
tween the amount of information decoded and the amount of

data needed to transmit a flat: loijf = Reode(A, M)R(M., k),
where Reodo(A, M) = 1:?" ]\f,lk can be viewed as the rate of the

code formed by all the poss<i1ble transmitted flats and the matroid
rate is defined as

logq Ny,
nk

We remark that Rcoqe(A, M) only depends on the encoding of
the message into a flat, and does not depend on the actual ma-
troid (we only require Ny, > A). Therefore, we only focus on the
matroid rate henceforth, which indicates how efficiently a flat of
rank £ is encoded into a message of k packets. We can further

decompose the matroid rate into R(M, k) = % . loqu‘E‘,
where the first ratio is an intrinsic property of the rrqlatroid, while
the second ratio indicates how efficiently a matroid element is
encoded into a packet. Note that the rate is entirely determined
by the lattice of flats of M, and does not depend on the cardi-
nalities of flats. Proposition 1 determines the matroid rates of

SAF, RLNC, and RANC.

Proposition 1 (Matroid Rate of SAF, RLNC, and RANC): The
matroid rates of SAF, RLNC, and RANC are, respectively, given
by

R(M, k) = (1

log, k
R < R(S,k)
n
log, (4
_ Og’1<k> <1_10qu—10gqe
nk - n
k
1—-—<R(Lk)
n
lo [n]
_ 8q |k <1_k+10quKq
nk n
—1
=R Rk
n
n
n—k‘-l—l-l—logq[k_J
N nk

k—1+log K4

n
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Proof: For SAF, the rate is determined by (1) and N, =
4" \. ginee (£ Ve < (1"
<k>,smce(k) —<k>

on R(S, k). For RLNC, we have N}, = [Z} and ¢F("—F) <

< (4:%)*, we obtain the bounds

{Z} < Kq’lqk("*k), as reviewed in Section II-A. For RANC,
_ n—k+1 n
we have Ny = ¢ [k—l]' ]

RANC allows a gain in terms of rate over RLNC of about one
symbol per packet, due to the increase in the number of flats
from around ¢*(" %) to around ¢*("~**1)_ This gain follows
the fact that RLNC only considers around ¢~! of all possible
packets of length n, while RANC considers all possible packets.

According to the assumptions made in Section V-A, the
packets arrive at the destination at random. Therefore, the
number of packets to be received in order to obtain k inde-
pendent packets, referred to as the delay of a transmission,
is a random variable. Clearly, the minimum delay is exactly
k, while the maximum delay is unbounded. We hence define
the average delay of a transmission as the expected number
of packets received in order to obtain k independent packets.
Clearly, D(M, k) > k for any matroid M. By generalizing the
approach typically used to solve the coupon collector problem
[22], we obtain for a perfect matroid design where all flats of
rank k have cardinality C}, for all k

k—1 1
DM,k) =Y ——% )
1=0

1_Ck

We now determine the value of the average delay for SAF,
RLNC, and RANC.

Proposition 2 (Average Delay of SAF, RLNC, and RANC):
The average delays of SAF, RLNC, and RANC are, respectively,
given by

k
1
k(logk +7) < D(S,k) =k i~ < k(logk +7) + 3

i=1

where v = 0.577 is Euler’s constant, and

k<D(/:k)—k+Zl_qj_k k+ —1
’ e (q—1)?
k—1 1 q
E<DAK) =k+> —— <k+—1 .
(4,%) ;q]—l (¢—1)?

Proposition 2 indicates that in RLNC and RANC, the ex-
pected number of packets needed to decode the subspace com-
pletely tends to the rank of the subspace as ¢ tends to infinity.
The delay of RANC is very close to that of RLNC since, by (2),
the average delay is determined by the cardinality of flats, which

k
only changes from qq__ll for RLNC to ¢*~! for RANC.

We now define the throughput of a matroid as the ratio be-
tween the amount of transmitted information over the amount

of data received on average by the destination. In other words, it
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measures the proportion of useful information in each packet re-
ceived by the destination. By definition, the throughput is given
by

logq Nk
nD(M, k)

R(M, k)

:kD(M,k)'

T(M, k) = 3)
This provides an indication on the desirable properties of a ma-
troid for network communications. By (3), a matroid should
maintain a low average delay, while trying to maximize its data
rate. By (2), minimizing the average delay is equivalent to mini-
mizing the ratio gk ; also, by (1) the matroid rate increases with
the number of flats V. A matroid should hence have a large
number of flats, whose cardinalities increase rapidly with their
ranks.

Combining the results in Propositions 1 and 2, the through-
puts of SAF, RLNC, and RANC are, respectively, around

1 1
(S, k) ~ logk nlogq @
T(‘C’/ k) ~1- %7 4)
T(A,k)~1—k;1. (6)

By (4)—(6), the throughputs of RLNC and RANC are higher
for small values of &, but decrease linearly with k. On the other
hand, the throughout of SAF only decreases with the logarithm
of k, hence this protocol is more appropriate for messages with
a large number of packets, which confirms the assumptions
made in [2]. The increase in rate and the constant delay between
RANC and RLNC lead to a gain in throughput of one symbol
per packet in (6).

C. Number of Received Independent Packets

We now investigate the delay in higher detail by considering
the random variable X (M, k;r) given by the number of in-
formative packets received by the destination once r packets
have been received. The variable r — X (M, k;r) measures
the random redundancy inherent to the noncoherent transmis-
sion. Therefore, Pr{X (M, k;r) = I} is equal to the prob-
ability Pr(M, k;r,l) to obtain [ independent packets once r
packets have been received. An important special case is given
by the probability Pr(M, k; k, k) to receive all the necessary in-
dependent packets to reconstruct the flat with minimum delay.

Proposition 3 below determines a recursive way of computing
Pr(M,k;r,l).

Proposition 3 (Probability of Independence Pr): We have
Pr(M,k;r,0) = 0and forr > 0

Pr(M,kir+1,1+1) = (1 - %) Pr(M, k7, 1)

%
Cri
Ck

+ P](M,k;r,l—l—l).

In particular, Pr(M, k; k, k) = H;:ll(l - gk ).

Proof: In order to obtain [ + 1 independent packets after
receiving r + 1 packets, one must have received either [ or
[ + 1 independent packets in the first 7 received packets. Hence

PI(M7k7T+1,l+1) :pOPI(M7k;rvl)+p1PI(M7k;T7l+
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1), where pg = C’g €1 is the probability to receive a packet out-

side of a flat of rank [ and p; = =4+ is the probability to receive
a packet inside of a flat of rank [ b1 Applying this recursion
successively for [ = r yields Pr(M, k; k, k). ]

We derive closed-form formulas of the probability of inde-
pendence for SAF, RLNC, and RANC in Proposition 4.

Proposition 4 ( Py for SAF, RLNC, and RANC): We have for
alll > 1

Pr(S, k;r,l)
k! r <Il€> : (!
:k’“(k—l)!{l}: kT ;(_1)_]<j>jr’
Pr(L, k;r,0)

_ W Z< 1>()H<
—W - s ) 9" —q),

s=0
P[(.A, k’; r, l)

k—-1]7%r :
=g Ty [1— 1 ] [[O(q“l — ),

where 4 " } is a Stirling number of the second kind [23]. In

l

particular
, k!
V2rke "t < Py(S, ki k k) = o < V2rke ktE

for SAF and
SIE

(1-g7)<1
1

for RLNC and RANC, respectively.

Proof: For SAF, Pr(S,k;r,l) = , where Sy(r,1) is
the number of words of length  with [ distinct symbols from
an alphabet of size k. Any word with [ distinct symbols can
be put in correspondence with the partition of [r] into [ cells,
where each cell contains the positions of a given symbol in the

Ky < Pr(L.k; k. k) = f[(

1=1

o~
|
-

K, < Pr(Ak;k k) =

~

Si(r,0)
k’r‘

word. By definition of the Stirling numbers, there are ?
such partitions. Also, once the partition is fixed, there are k(k —
1)...(k — 1+ 1) choices for the symbols. Combining, we ob-
tain the formula for Pr(S,k;r,1). For r = | = k, we obtain
Pr(S,k; k k) = kk , which combined with the refinement of
Stirling’s formula in [24] yields the upper bound.

For RLNC, we have Pr(L, k;r,1) = legr ) where Ry(r,1)

1
is the number of matrices in GF(q)**" with rank [ such that
all the columns are nonzero and the leading nonzero coeffi-

cient is equal to 1. The number of matrices with rank / and s
nonzero columns is hence given by ( Z > (¢q—1)°Ry(s,1). Also,

the number of matrices in GF(g)**" with rank / is given by
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l

[k} H,li;(l)(q’" — ¢%) [5], [7]. Summing all matrices with rank /
and s nonzero columns for [ < s < r, we obtain

r -1

> (;)(q —1)*Ry(s,1) = m [ - ).

s=l =0

By applying the reverse binomial transform [25], we obtain the
formula for Pr(L, k;r,1).

For RANC, we have Pr( A, k;r,1) = AIA(T Y, where Ay(r,1)
is the number of collections of pomts Vo, Vi,..., Ve €
GF(¢)™ in a flat of rank k with exactly ! affinely in-
dependent points. We have rk(vg,vi,...,V,. 1) =
rank(1|V) = 1 4 rank(W), where W = ((v; —
vo)T,(va — vo)T, ..., (vie1 — vo)T)T € GF(g)r—1x»
is a matrix with rank [ — 1 whose rows belong to a linear
subspace of dimension k — 1. There are ¢*~' choices for vg

and [];:H [1.Z3(¢"~" — ¢) choices for W, and hence
Ap(r,l) = qk—l[l;__ll]ni;g(q”_l — ¢*) which leads to the
result for Pr(A, k;r,1). [ |

We now investigate the moments of the probability distribu-
tion Pr(M,k;r, 1), in particular the expectation F1(M, k;r)
and the variance V3 (M, k;r). We clearly have Ej(M, k;r) <
min{k,r}, Er(M,k;r) < Ef(M,k;r+1) < Ep(M,k;r) +
1, and lim, o, Er(M, k;r) = k and lim,_ o, V7(M, k;r) =
0. Proposition 5 determines or bounds the expectation and the
variance for SAF, RLNC, and RANC.

Proposition 5 (Ey for SAF, RLNC, and RANC): For all k and

T,

Ei(S, k;r) =k [1— (1— %H ~k(l—e ). (D

Also, the variance is given by

Vi(S. kyr) =k Kl_ %>_ <1_ %” |
(-3 -]

% (1 — e_Tr') .

For RLNC and RANC, we have Pr(L,k;r,7) > K, and
Pi(A, k;r,r) > K, for all » < k by Proposition 4. Therefore,
Er(L,k;r) > K,min{r k} and Er(A, k;r) > K, min{r, k}
for all r, and accordingly, the variance tends to 0 with the field
size.

Proof: Let St(r,l) denote the number of words of length
r with [ distinct symbols, then Pr(S,k;r,l) = k="S(r,1).
Consider the bipartite graph on [k]” and P([k],a)(1 < a <
k), where two vertices are adjacent if and only if there exist
a symbols of the word in [k]” equal to the a elements in [k].
Let us count the number of edges in this graph in two different

+ k2

~ ke

ways. First, there are edges adjacent to a word in [k]"

with [ different coefficients, hence there are Zf:a (ll > Sr(r,1)

edges in the graph. Second, by the inclusion-exclusion principle,
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Fig. 2. Expected number of independent elements as a function of the number
of received elements for & = 10 transmitted elements in GF(28)2°.

we obtain that each subset of [k] with cardinality a appears in

exactly Y7_o(—1)! < ? ) (k — )" words in [k]". Therefore

Xk: (é)SI(T’l) - (S) Xa:(—l)i<?>(k—i)r

I=a =0

which yields (7) for a = 1. Using this identity for a = 2 and
combining, we also obtain the variance. [ |

In particular, for » = k, (7) indicates that only around 1 —
e~ 1 & 0.632 of the first k received packets are independent on
average. On the other hand, for RLNC and RANC, the average
number of independent packets tends to the optimal with the
field size.

The expected number of independent elements for RANC and
SAF determined or bounded above is illustrated in Fig. 2 for ¢ =
28, m =20, k = 10,and 1 < r < 30. For SAF, the k(1 — e~ %)
pattern determined in Proposition 5 is clearly displayed, while
RANC is close to optimal for practical values of q. For k =
10, Proposition 2 indicates that the average delay is given by
D(S8(28,20),10) ~ 29.3 for SAF while D(A(28%,20),10) ~
10.004 for RANC.

D. Partial Decoding

The model introduced in Section III and the parameters de-
termined so far assume the destination waits to receive k inde-
pendent packets in order to begin the decoding procedure. How-
ever, the destination may choose to operate partial decoding on
a fraction of k independent packets. The problem of partial de-
coding is hence as follows: Suppose that fewer than % indepen-
dent packets have been received, how many packets do we ex-
pect to decode? We remark that this problem is intrinsic to the
matroid, and does not depend on the assumptions on the model
made in Section V.A.

The destination can perform partial decoding if it knows a
way of recovering the messages in all the elements contained in
the flat it has received which were originally transmitted by the
source. This is equivalent to transmitting elements of a canon-
ical basis, defined as follows. A basis B(f) of a flat f is a canon-
ical basis if the elements of B(f) can be discriminated from the
other elements of f and if the information carried by any ele-
ment of B(f) can be decoded using this element only. The first
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property guarantees that the destination receiving a subflat g of
the transmitted flat f will be able to determine all the elements
transmitted by the source which lie in g, while the second prop-
erty guarantees that the destination will decode the information
carried by these elements. In other words, a canonical basis is a
systematic encoding of the message, and the destination wishes
to retrieve the systematic part of the elements of the canonical
basis. It is still unknown which flats of a matroid have a canon-
ical basis; however, it can be easily shown that the liftings asso-
ciated to SAF, RLNC, and RANC have a canonical basis given
by the set of rows of the matrix.

We illustrate partial decoding using the linear lifting for
RLNC. Suppose three messages m, n, and p over GF(q) are to
be sent using RLNC. After linear lifting, the source transmits
the following three vectors: (100 |m), (010 | n), and (001 | p),
which form the canonical basis of the transmitted flat. Suppose
the destination first receives the vector (1a0 | m + an), which
does not belong to the canonical basis and hence cannot be
decoded. Following, suppose the destination then receives
(160 | m + bn). Two members of the canonical basis clearly
belong to the closure of the received vectors, therefore the
destination can decode the two messages m and n before
receiving the entire flat.

Let Pp(M,k;l,d) be the probability to decode d elements
after receiving [ independent elements. Provided a canonical
basis exists, decoding d elements is equivalent to receiving a flat
containing d members of the canonical basis of the transmitted
flat. We determine Pp (M, k; [, d) under certain assumptions on
the matroid, which are satisfied by £, S, and A.

Proposition 6 (Probability of Partial Decoding Pp): Sup-
pose the transmitted flat of rank % contains G(I, k) flats of rank
[ for all 0 <[ < k. Furthermore, assume that forall a <[ < k,
any flat with rank a is contained in F'(a, !) flats of rank /, all of
them being contained in the transmitted flat. We then have

Po(M, ks, d) = @i(—na“(k‘d)p(a )
PR Gk a—d) B

a=d

Proof: The probability is given by Pp(M,k;l,d) =
Agzl(f,;‘;), where Np(l,d) is the number of flats of rank [ that
are contained within the transmitted flat f and which have d
decodable elements. We now determine the value of Np (I, d).

First, the set of flats of rank [ with [ decodable elements

is given by {cl(X) : |X| = [,X C B(f)}, and hence,
Np(l,l) = ]; . Now consider the bipartite graph on the

set of subflats of f of rank / and the set of flats of rank a
with a decodable elements (a < d < [), where two vertices
fi € Fi,fo € F, are adjacent if and only if f, C f;. We
now count the edges in this graph in two ways. Since there
are F'(a,l) edges adjacent to any flat of rank a, the number of

edges is given by ]; F(a,l). Also, there are (Z) edges
adjacent to any flat of rank [ with d decodable elements, hence

d

there are Zil:a (a > Np(l,d) edges. Combining, we obtain

5 (&) wotta = (£ . ®

d=a
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Denoting n =

= ((0)rte

(8) becomes nL

ND l a + 1)ND(l la)

(?)FUJ)

(ld,a) is a Pascal

o (.4 )

v, where L =

matrix: lg, = < ) [26]. Since L™!' = (mgyq) has
My g ‘“’a( d)’ we obtain the formula for
PD(M,k;l,d). [ ]

We remark that (8) provides the binomial moments of the
Pp(M, k;l,d) distribution. In particular, the expectation
Ep(M,k;l) and the variance Vp(M, k;1) are, respectively,
given by

o FLT)
Ep(M, k1) = kG(Lk)
Vi k) =k —k
p(M, k1) G, k) G(l, k)2
Corollary 1 (Pp for SAF, RLNC, and RANC): For SAF,

Pp(S,k;l,d) = 6,4 for all [,d, and hence Ep(S,k;l) = 1
and Vp(S,k;l) = 0 for all {. For RLNC, we have
Ep(L.k:l) = k&=t < kqg'=* for all I. For RANC, we
have Ep (A, k;l) = kq'~* for all .

Proof: For SAF, all elements are decodable and
Pp(S,k;l,d) = 6,_q for all [,d. This can also be demon-
k= a) and

strated via Proposition 6, where F(a,l) = 4

G(l,k) = <];>.ForRLNC, we have F(a,l) = [];:cﬂ and

k} by [27, Lemma 2], which yields Ep (L, k;1) =

!
k-1
k—1
i i
l
k- k-1
F@J%‘L— -1

We remark that Ep(A, k;k — 1) = kq=! by Corollary 1;
hence for ¢ = 2% only 0.39% of the packets can be decoded be-
fore receiving all the packets. Therefore, for practical values of
the field size, RANC (and also RLNC) hardly offers any oppor-
tunity of partial decoding.

Finally, let Pr(M,k;r,d) be the probability to de-
code d packets given that r packets (not necessarily inde-
pendent) have been received. Clearly, Pr(M, k;r,d) =
Y10 Pr(M, k;r,1)Pp(M, k; 1, d), and hence we can regroup
the results above to determine the probability Pr(M, k;r, d).
For SAF, by Corollary 1, the expected number of decodable
packets is given by Ep(S, k;r) = Er(S,k;r) ~ k(1 — e~ %),
For RLNC and RANC, we, respectively, have Er (L, k;r) <
Ep(L,k;r) < kq"™% and Er(A, k;r) < kq"*. In particular,
Er(A,k;k — 1) < kq™*, hence only g~ of the packets can
be partially decoded before receiving k packets. RANC then
follows a zero-one behavior: before receiving k packets, no
decoding is possible; once k packets are received, they are
independent with high probability and the whole message can
be decoded. This behavior is illustrated in Fig. 3, where the

G(l,k) =

=
kl_gl For RANC, we have F'(0,]) =

Z] fora>0,andG(l,k):qkl[ .
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Fig. 3. Expected number of decodable elements as a function of the number of
received elements for & = 10 transmitted elements in GF(28)20.

values of Ep(S, k;1) and Er (A, k;1) for ¢ = 28 are displayed
for £ = 10.

VI. MATROID ERROR-CORRECTING CODES

A. Operator Channel and Metrics for Error Correction

In Section III, we modeled data communication through
a network as the transmission of a flat of a matroid. How-
ever, the model in Section III did not take into account the
possible alterations undergone by the message during its
transmission through the network. These alterations due to
the network—packet losses, injections, errors, etc.—modify
not only the packets but also the flat being transmitted. A flat
f € Fy can be modified in two ways: a deletion turns f into
a proper subflat of rank & — 1, while an insertion turns f into
a proper superflat of rank k£ + 1. A deletion (an insertion,
respectively) is hence equivalent to moving one step down (up,
respectively) the lattice of flats. Any flat f can be turned into
any other flat g via a sequence of insertions and deletions. The
terms “insertion” and “deletion” were first introduced in [4] for
RLNC.

Proposition 7 below proves that the shortest way to modify
one flat into another is to perform all the insertions first, and
then all the deletions. This can be intuitively explained as fol-
lows. By performing the insertions first, the network works in
larger flats with a much higher cardinality. This large number
of combinations allows to produce bases with ‘distant’ elements
to the original flat, and hence drift away from the original flat
without taking steps on the lattice. It then suffices to go back
down by deleting some elements. On the other hand, performing
the deletions first implies to work in smaller flats, which hinders
the message from drifting away from the original flat.

Proposition 7: For any pair of flats f, g of a matroid, a union-
path U(f, g), defined as starting from f, going up the lattice of
flats to cl( fUg), and then going back down to g, is a shortest path
between f and g. Therefore, the shortest path distance s(f,g)
between f and g is given by s(f,g) = 2rk(f U g) — 1k(f) —
rk(g).

Proof: Without loss of generality, suppose rk(f) > rk(g).
We shall prove the claim by induction on s( f, g). First, the cases
s(f,9) = 0and s(f,g) = 1 are trivial. Also, if s(f,g) = 2,
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then either g C f and the union-path is the only path of length
2,0rg ;{ f and the only path of length 2 distinct from the
union-path is the intersection-path { f, f N g, g}. The intersec-
tion-path has length rk(f) + rk(g) — 2rk(f N g); however,
2rk(f U g) — tk(f) — rk(g) < rk(f) + rk(g) — 2rk(f N g)
by the submodular inequality, and hence the union-path is no
longer than the intersection-path. Therefore, the union-path is
among the shortest paths for s(f, g) = 2.

Now suppose the claim is true for all pairs of flats with a
shortest path of length no more than d, and consider f and g
such that s(f,g9) = d+ 1. Let {f,p1,...,pa, g} be a shortest
path between f and g. Since s(pg—1, g) = 2, weassume g C pg,
without loss by the discussion above. However, s(f,ps) = d
and hence U( f, p4) is a shortest path between f and p,. There-
fore, {U(f,pa)}U{g} is a shortest path between f and g which
first goes up the lattice and then down, and hence is a union-path

U(f.9)- u

We model data transmission through a faulty network as an
operator channel, where the source transmits a flat f € F and
the destination obtains another flat g € F, which is obtained
after 4 insertions and e deletions, where § = rk(f U g) — rk(f)
and e = rk(fUg) —rk(g), respectively. Accordingly, we define
the lattice distance between f and g as

dL(f: 9) =0+e
= 2tk(f U g) — rk(f) — rk(g) )
<rk(fUg)—rk(fNyg) (10)
< rk(f) +rk(g) = 2tk(f N g) (11)

where (10) and (11) follow the submodular inequality.

For SAF, the lattice distance between two subsets is their
Hamming distance; for RLNC, the lattice distance between two
linear subspaces is their subspace distance. We remark that for
both RLNC and SAF, we have equality in (10) and (11) for all
flats. This however does not hold for all matroids; those which
satisfy this property can all be expressed as direct sums of free
matroids and projective geometries [3, Prop. 6.9.1].

Let us illustrate these remarks with the affine geometry. Two
parallel hyperplanes f and g in A(q,n) are at lattice distance
2, while (10) and (11) yield n + 1 and 2n, respectively. Fur-
thermore, by considering f, g, and the whole space, it can be
easily shown that the right-hand sides (RHS) of (10) and (11)
violate the triangular inequality. This example also illustrates
how the lattice distance expresses the minimum number of op-
erations required to change one flat into the other. In our ex-
ample, changing f into g takes only two operations: first insert
an element not belonging to f to obtain the whole space, which
has a basis given by r elements of g and one outside of g; then
delete the latter element to obtain g.

The modified lattice distance

duv(f, g) = max{é, €}
=rk(f U g) — min{rk(f),rk(g)}
< max{rk(f),rk(g)} —rk(f N yg)

(12)
13)

coincides with the modified Hamming metric for SAF [2] and
with the injection distance for RLNC [4]. Similarly to the lattice
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distance, equality holds in (13) for SAF and RLNC; however,
in the example above inequality is strict and the triangular in-
equality is violated by the RHS.

We remark that both distances only depend on the lattice of
flats of the matroid. However, for any nonsimple matroid, there
exists a simple matroid with the same lattice of flats. Therefore,
our assumption in Section III of considering simple matroids
only does not lead to any loss in generality.

Corollary 2 ensures that the distances defined above are met-
rics. Therefore, error correction for random network communi-
cations can be viewed as a coding theory problem, where the
codewords are flats of a matroid associated to the network pro-
tocol and the distance between two flats is either the lattice dis-
tance or the modified lattice distance.

Corollary 2: For any simple matroid with rank 7, the lattice
distance and the modified lattice distance associated to that ma-
troid are metrics which take integer values between 0 and r.

Proof: The lattice distance is a metric according to Propo-
sition 7. For the modified lattice distance, by (9) and (12) we
have dyi(f,9) = 3du(f.g) + 1|rk(f) — rk(g)| for all flats
f,9 € F, and hence we easily obtain that dy; is also a metric.
It is clear that these metrics only have integer values between 0
and r. ]

B. Matroid Codes

For any simple matroid M, we define a matroid code as a
nonempty set of flats of a matroid with the same rank, or equiva-
lently as a subset of F. The minimum lattice (modified lattice,
respectively) distance of a matroid code is given by the min-
imum distance between two pairs of distinct codewords. By (9)
and (12), the minimum lattice distance of a matroid code is twice
its minimum modified lattice distance. All the other classical pa-
rameters of a code, such as the error correction capability, the
covering radius, the diameter, etc. can be similarly defined.

We now derive bounds on matroid codes which are natural
generalizations of the bounds derived for constant-dimension
codes and constant-weight codes. Indeed, the latter classes of
codes are so well structured and can be easily bounded because
they actually are matroid codes. In other words, by studying
matroid codes, we investigate some core properties of these
classes of codes. We denote the maximum cardinality of a ma-
troid code on the flats of rank & of M with minimum mod-
ified lattice distance d (and hence minimum lattice distance
2d) as A(M, k,d). Denoting the rank of M as r, we first re-
mark that A(M,k,1) = Nj forall 0 < k& < r. Also, since
dyv(f,g) < min{k,r—k} forall f, g € Fi, we shall use the fol-
lowing convention: A(M, k,d) = 1 forall d > min{k,r — k}.

Johnson bounds have first been derived for constant-weight
codes [28] and have been adapted to constant-dimension
codes in [10], [12]. Proposition 8 generalizes these bounds
to the case of matroid codes by restricting to a submatroid of
inferior rank in two ways. First, for any e € FE, the contrac-
tion of e from M, denoted as M /e, is the simple matroid
with set of flats F(M/e) = {f € F : e € f} [3, Chapter
3]. Note that the matroid M /e has rank » — 1 and for all
f,g € F(Mle), tkpgse(f) = tham(f) — 1 and hence
dyiamye(fr9) = dvm(f,g). Second, for any hyperplane
h € F,._1, the restriction of M to h, denoted as M]|h, is the
simple matroid with set of flats {f € F : f C h} [3, Sect.
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1.3]. For any flats f,g C h, tkaqn(f) = rkaq(f) and, hence,
dvimin(fr9) = daama(f, 9).

Proposition 8 (Johnson Bound): For all M and 0 < k <
r, denote the minimum cardinality of a flat of rank k£ and the
minimum number of hyperplanes containing a given flat of rank

k as ci and hy, respectively. Then there exist e € F and h €
F,_1 such that

AM b, d) < M AM e,k — 1, d)
Ck

Nrfl
k

(14)

A(M, k,d) <

A(M|h, k,d). (15)

Proof: 'We only prove (14), the proof of (15) being sim-
ilar. Forall f € Fande € E, let x(e,f) = 1life € f
and x(e, f) = 0 otherwise. Let C be a code on the flats of M
with rank &, minimum distance d, and cardinality A(M, k, d).
Then for all e € E, C N F(M/e) can be viewed a code on
the flats of M /e with rank & — 1, minimum distance at least
d, and cardinality ;.. x(e, f) < A(M/e,k — 1,d). Con-
versely, we have > o x(e, f) = |f| > ¢ forall f € C.
Combining, we obtain that there exists an element ¢/ € FE
for which [BJAMM/¢',k — 1,d) > Y\ep ¥ pec x(es f) >
ek AM, k,d). ]

Proposition 9 below is a generalization of the Singleton bound
for constant-dimension codes derived in [1].

Proposition 9 (Singleton Bound): Forall M,0 < k < r,and
any element e € E, we have A(M, k,d) < A(M/e,k,d—1)
and hence A(M, k,d) < minger, , [{f € Frta—1:9 C f}].

Proof: Let C be a code on Fj, with minimum distance
d and cardinality A(M, k,d). For any f € C, we define the
puncturing H.(f) as a flat in Fj(M/e) containing f. Then
by the lengths of the shortest paths on the lattice of flats of
M, we have dr,(H.(f),H.(9)) > dn(f,g) — 2 and hence
dv(He(f),He(g)) > dv(f,g) — 1 forall f, g € C. Therefore,
{H.(f) : f € C} is a code on the flats of M /e with rank £,
minimum distance at least d — 1, and cardinality A(M, k, d) <
A(M/e,k,d — 1). Applying this bound recursively yields the
second upper bound. [ |

We finish this section by noting that the concept of lifting,
used to construct good matroid codes for RLNC [1], [13] and
SAF [2], could be generalized for any matroid. However, as
shown in the case of SAF [2], these codes may not be optimal,
hence we shall not develop this idea any further.

C. Matroid Codes for the Affine Geometry

We are now interested in matroid codes on affine subspaces.

By definition, we have A(A, k, 1) = Ny = g"~*+! [k ﬁ J >
g"*(" kD forall 0 < k < m + 1. Since the affine geometry
A(g,n) is a submatroid of the projective geometry L(g,n +
1), the upper bound on codes on linear subspaces reviewed in
Section II-B yields

A(A(g,n), k,d)
< A(L(g,n+1),k,d)

< K;1qmin{(nfk+1)(k7d+1).,k(n7k7d+2)}. (16)
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As we shall see later, the upper bound on A(A(q,n),k,d) in
(16) is tight up to a scalar. However, we refine this bound below
by applying the Johnson bounds derived in Proposition 8 to
codes on affine subspaces.

Proposition 10 (Bounds on Codes on Affine Subspaces): For
all2<k<n-—1land2 <d < min{k,n—k+ 1}, we have

A(A(g,n), k,d) < """ TA(L(q,n),k—1,d) (A7)
and also
A(A(g,n), k,d)
< |1t AU - 1.k
n n—1
S i et
aatsil a9

Proof: For any e € GF(q)" and h € F,(A(g,n)),
A(g,n)/e and A(q,n)|h are isomorphic to £(¢,n — 1) and
A(gq,n — 1), respectively, [3, Prop. 6.2.5]. Also, every flat with
rank k of A(q,n) contains ¢*~! elements and is contained in

n—k+1
1

and (15) in Proposition 8 to A(g,n) hence leads to (17) and

(18), respectively. Finally, applying (18) recursively yields the

last upper bound. |

hyperplanes. Applying Proposition 9 and (14)

We remark that the first Johnson bound in (17) is good for
2k < n + 1, while the second Johnson bound in (18) is good
for 2k > n + 1. Also, the bounds obtained by applying the
Singleton bound in Proposition 9 are looser than (17), and are,
hence, omitted.

Recall that for any M € GF(q)**("=*+1)  the affine lifting
of M, hereby denoted as I4(M) € Fy, is the closure of the
rows of (I),|M), where I}, = (0|T;_;)7 € GF(g)k**=1),
Remark that rk(I4(M)) = rank(1|T},|M) = k forall M €
GF(q)**(»=k+1) hence I4 indeed maps GF(q)**("=*+1) o
F.. Proposition 11 shows that the affine lifting preserves the
distance.

Proposition 11 (Affine Lifting): For any M,N €

GF(q)" =+ we have dyi(14(M), I4(N)) = dr(M, N).
Proof: We have

rk(IA(M)UIA(N)):rank(i E: 11\\14>

_ 1 I M
—rank(o 0 M—N)

= k + rank(M — N)

since the matrix (1|I,) has rank £k, and hence
dv(Ia(M), I4(N)) = dg(M, N). ]

We now design a class of nearly optimal codes for the
affine geometry based on affine liftings of Gabidulin codes.
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11 kx(n—k+1)
Gabidulin |C € GF(¢g) Affine
(k—d+1)x (n—k+1)
Source  m € GF(q) ' encoder lifting
(I;|C) € GF(q)**"
Operator channel
Network Affine combinations
Insertions and deletions
M
Destination m«—— Gabidulin Mapping
decoder (1 -3, col;|M)

Fig. 4. Implementation scheme for affine network coding.

Let C' be a Gabidulin code on GF(q)**(™~*+1) with min-
imum rank distance d. Then by Proposition 11, its affine
lifting 14(C) = {I4(M) : M € C} is a matroid code of
A(g,n) with rank %k, minimum distance d, and cardinality
qmin{(n—k+1)(k—d+l),k(n—k—d+2)}.

As a corollary of this construction, we obtain A(A, k,d) >
grint(n—k+1)(k=d+1)k(n=k=d+2)} for 311 0 < k < n+1. Com-
bining this result with (16) and the bounds on the maximum car-
dinality of constant-dimension codes reviewed in Section II, we
obtain K, < % < 1. Therefore, RANC utilizes
codes with a similar cardinality to subspace codes for packets
longer by one symbol. This gain is clearly illustrated by the def-
inition of affine lifting, which removes the first column from the
identity matrix used in the linear lifting. The gain in data rate
in (2) derived for the error-free case is hence preserved when
error control is implemented. Furthermore, we prove below that
this gain comes with no significant cost in terms of decoding
complexity.

By construction, the lifting introduced above for RANC is
closely related to the lifting introduced in [1] for RLNC. We
now utilize this relation to design a low-complexity decoding
of affine liftings of Gabidulin codes. More generally, we prove
that decoding the affine lifting of a rank metric code can be per-
formed using a subspace distance decoder for the linear lifting
of the same code.

In order to clarify notations, we shall use the subscripts .4
and L to refer to objects (ranks and lattice distances) defined for
RANC and RLNC, respectively. We introduce the nonsingular

v € GF(q)(tDx(m+1)  \where

matrix X, 11 = nal

vi = (1,-1,—1,...,-1,0,...,0) has k nonzero coefficients.
For any affine subspace M € F(.A(q,n)) of rank k given by the
closure of the rows of the matrix M € GF(q)¥*", we denote
the linear subspace of GF(q)™*! with dimension k generated by
(1| M)X,41 as (M) € F(L(¢g,n + 1)). Multiplying on the
right by X, 41 can hence be viewed as mapping the affine sub-
spaces of GF(q)" into linear subspaces of GF(q)"**. Proposi-
tion 12 shows that this mapping preserves the lattice distance,
and that the image of the affine lifting of a matrix is the linear

lifting of the same matrix.

Proposition 12: For any affine subspace M € F(A(gq,n))
and any affine lifting [4(C) € F(A(q,n)), we have
di,a(M,14(C)) = dyp, c(r(M),1:(C)).

Proof: Since X,,4+1 is nonsingular, we have rk 4 (M) =
rank{(1|M)X, 11} = rke(r(M)). Also, it is easily shown
that (1 |1,|C)X,,+1 = (Ix|C), and hence

dL,A(M7 IA(C))

= 2rank (]—'—I;@%)

1
— rank(1|M) — rank(1 | I;|C)
1 M)X,
= 2rank < I.[C +1> —rank{(1|M)X,, 41}
— rank(I | C)
=dpc(r(M),I:(C))

where the first and the third equalities follow the definition of
the lattice distance in (9), while the second is obtained by mul-
tiplying by X,,+1 on the right. ]

By Proposition 12, decoding M using the affine lifting of a
Gabidulin code is equivalent to decoding (M) using the linear
lifting of the same code. We remark that transforming the ma-
trix M into (1| M)X,,+1 can be simply performed by adding a
column in front of M, whose value is given by 1 — Zf;oz col;,
where col; denotes the ith column of M for all 0 < 7 <
n — 1. Therefore, the decoding algorithm for the affine lifting of
a Gabidulin code follows two steps: First, obtain a matrix M,
and add the column 1 — Z;:OQ col; in front of it; Second, apply
the bounded subspace distance decoding algorithm in [1] for the
row space of the extended matrix. It is clear that the complexity
of this algorithm is on the same order as that of the algorithm in
[1] for the same Gabidulin code, which is O(n?) operations over
GF(g)" **!. In order to summarize our results, the proposed
implementation scheme for affine network coding is illustrated
in Fig. 4 for 2k < n + 1.

VII. CONCLUSION

In this paper, we introduced a novel model for the perfor-
mance study of and noncoherent error control for data trans-
missions through a network. This model, based on flats of ma-
troids, encompasses traditional techniques, such as linear net-
work coding and routing, and offers a wealth of alternatives to
these protocols. In particular, we designed a new network coding
protocol based on the affine geometry which outperforms linear
network coding in terms of data rate for the coded and noncoded
cases. We identified a class of nearly optimal codes, for which
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TABLE I
SUMMARY OF PARAMETERS FOR SAF, RLNC, AND RANC
Protocol SAF RLNC RANC
Matroid Ugn gn PG(n —1,q) AG(n,q)
Rank of the matroid n n n+1
. Combination Selection Linear combination | Affine combination
Matroid Parameters Flats Subsets Linear subspaces Affine subspaces
. n —k+1
Number of flats of rank k (4) 7 L P
-
Cardinality of flats of rank k k qq_—ll gk-1
log, k —
Rate Nl——og,,“' Nl_% ~1- A
Average delay ~ klogk ~k ~k
N § 1 1 k k=1
Performance Parameters Throughput gk ~ nlomd ~1- b ~1— o
Independent elements ~k(l—e k) ~ min{r, k} ~ min{r, k}
Partially decodable elements l ~ kq'=F kq'=F

we provide a low-complexity decoding algorithm. The results
are summarized in Table L.

This topic opens many directions for future research, some
of which are detailed later. First, the model we proposed is
based on simple assumptions, which may not accurately re-
flect the reality of the network. Hence, we need to investigate
how the specificity of the given network can be incorporated
into our model. Second, many different types of matroids have
been proposed, from the most elementary to the most sophisti-
cated. Determining which matroids are desirable for a given sit-
uation is an important research direction, as it also determines
the corresponding protocol. Third, once the matroid is fixed,
some tools are required to evaluate its performance and to com-
pare it with other matroids. Although we introduced some pa-
rameters, such as the data rate and the average delay, new pa-
rameters may reflect some situations more accurately. Fourth,
random affine network coding deserves to be investigated in
further detail. In particular, the implementation of the low-com-
plexity decoding procedure for liftings of Gabidulin codes intro-
duced in this paper has a significant impact on the feasibility of
affine network coding. Fifth, on a more practical approach, com-
bining matroids may take advantage of the original matroids.
For instance, combining SAF and RANC may lead to transmit-
ting packets with different priorities. In terms of error control,
combining matroids may also lead to unequal protection against
errors.

ACKNOWLEDGMENT

The authors would like to acknowledge the Associate Editor
Professor F. R. Kschischang and the anonymous reviewers for
their valuable comments.

REFERENCES

[1] R. Kétter and F. R. Kschischang, “Coding for errors and erasures in
random network coding,” IEEE Trans. Inf. Theory, vol. 54, no. 8, pp.
3579-3591, Aug. 2008.

[2] M. Gadouleau and A. Goupil, “Binary codes for packet error and packet
loss correction in store and forward,” presented at the Int. ITG Conf.
Source and Channel Coding, Siegen, Germany, Jan. 2010.

[3] J. G. Oxley, Matroid Theory. Oxford, U.K.: Oxford Univ. Press,
2006.

[4] D.SilvaandF. R. Kschischang, “On metrics for error correction in net-
work coding,” IEEE Trans. Inf. Theory, vol. 55, no. 12, pp. 5479-5490,
Dec. 2009.

[5]1 E. M. Gabidulin, “Theory of codes with maximum rank distance,”
Problems of Inf. Transmiss., vol. 21, no. 1, pp. 1-12, Jan. 1985.

[6] S. Riis, “Linear versus non-linear boolean functions in network flow,”
presented at the CISS, Princeton, NJ, Mar. 2004 [Online]. Available:
http://www .eecs.qmul.ac.uk/smriis/Summery.pdf

[71 M. Gadouleau and Z. Yan, “On the decoder error probability of
bounded rank-distance decoders for maximum rank distance codes,”
IEEE Trans. Inf. Theory, vol. 54, no. 7, pp. 3202-3206, Jul. 2008.

[8] R. W. Yeung and N. Cai, “Network error correction, part I: Basic con-
cepts and upper bounds,” Commun. Inf. Syst., vol. 6, no. 1, pp. 19-36,
2006.

[9] N. Cai and R. W. Yeung, “Network error correction, part II: Lower
bounds,” Commun. Inf. Syst., vol. 6, no. 1, pp. 37-54, 2006.

[10] S.-T. Xia and F.-W. Fu, “Johnson type bounds on constant dimension

codes,” Designs, Codes Cryptogr., vol. 50, no. 2, pp. 163-172, Feb.

2009.

T. Etzion and N. Silberstein, “Error-correcting codes in projective

spaces via rank-metric codes and Ferrers diagrams,” IEEE Trans. Inf.

Theory, vol. 55, no. 7, pp. 2909-2919, Jul. 2009.

M. Bossert and E. M. Gabidulin, “One family of algebraic codes for

network coding,” in Proc. IEEE Int. Symp. Information Theory, Seoul,

Korea, Jun./Jul. 2009, pp. 2863-2866.

D. Silva, F. R. Kschischang, and R. Kétter, “A rank-metric approach

to error control in random network coding,” IEEE Trans. Inf. Theory,

vol. 54, no. 9, pp. 3951-3967, Sep. 2008.

[14] P. Delsarte, “Bilinear forms over a finite field, with applications to
coding theory,” J. Combinator. Theory A, vol. 25, no. 3, pp. 226-241,
Nov. 1978.

[15] R.M. Roth, “Maximum-rank array codes and their application to criss-
cross error correction,” IEEE Trans. Inf. Theory, vol. 37, no. 2, pp.
328-336, Mar. 1991.

[16] M. Deza, Perfect Matroid Designs, N. White, Ed. Cambridge, U.K.:
Cambridge Univ. Press, 1992.

[17] P.J. Cameron, Polynomial Aspects of Codes, Matroids and Permuta-
tion Groups. [Online]. Available: http://www.maths.qmul.ac.uk/~pjc/
csgnotes/cmpgpoly.pdf

[18] D. Silva, F. R. Kschischang, and R. Kétter, “Communication over fi-
nite-field matrix channels,” IEEE Trans. Inf. Theory, vol. 56, no. 3, pp.
1296-1305, Mar. 2010.

[19] C. Gkantsidis and P. Rodriguez, “Network coding for large scale con-
tent distribution,” in Proc. IEEE Infocom, Miami, FL, Mar. 2005, pp.
2235-2245.

[20] Y. Li, E. Soljanin, and P. Spasojevi¢, “Collecting coded coupons over
generations,” in Proc. IEEE Int. Symp. Inf. Theory, Austin, TX, Jun.
2010, pp. 2448-2452.

[21] Y. Li, E. Soljanin, and P. Spasojevi¢, “Collecting coded coupons over
overlapping generations,” in Proc. IEEE Int. Symp. Network Coding,
Toronto, ON, Jun. 2010, pp. 1-6.

[22] P. Flajolet, D. Gardy, and L. Thimonier, “Birthday paradox, coupon
collectors, caching algorithms and self-organizing search,” Discr. Appl.
Math., vol. 39, no. 3, pp. 207-229, Nov. 1992.

[23] R. L. Graham, D. E. Knuth, and O. Patashnik, Concrete Mathematics:
A Foundation for Computer Science. Reading, MA: Addison-Wesley,
1994.

[24] H. Robbins, “A remark on Stirling’s formula,” The Amer. Math.
Monthly, vol. 62, no. 1, pp. 26-29, Jan. 1955.

[11]

[12]

[13]



GADOULEAU AND GOUPIL: MATROID FRAMEWORK FOR NONCOHERENT RANDOM NETWORK COMMUNICATIONS

[25] D. E. Knuth, The Art of Computer Programming Vol. 3. Reading,
MA: Addison-Wesley, 1973, vol. 3.

[26] B. Birregah, P. K. Doh, and K. H. Adjallah, “A systematic approach to
matrix forms of the Pascal triangle: The twelve triangular matrix forms
and relations,” Eur. J. Combinator., vol. 31, no. 5, pp. 1205-1216, Jul.
2010.

[27] M. Gadouleau and Z. Yan, “Packing and covering properties of sub-
space codes for error control in random linear network coding,” IEEE
Trans. Inf. Theory, vol. 56, no. 5, pp. 2097-2108, May 2010.

[28] S. M. Johnson, “A new upper bound for error-correcting codes,” IRE
Trans. Inf. Theory, vol. 8, no. 3, pp. 203-207, Apr. 1962.

Maximilien Gadouleau (S’06-M’10) received the equivalent to the M.S. de-
gree in electrical and computer engineering from Esigelec, Saint-Etienne du
Rouvray, France, in 2004 and the M.S. and Ph.D. degrees in computer engi-
neering from Lehigh University, Bethlehem, PA, in 2005 and 2009, respectively.

From 2009 to 2010, he was a Postdoctoral Researcher with CReSTIC, Uni-
versité de Reims Champagne-Ardenne, Reims, France. In 2010, he joined the
School of Electronic Engineering and Computer Science, Queen Mary, Univer-
sity of London, U.K., as a Postdoctoral Research Assistant. His current research
interests are coding theory, network coding, and cryptography and their relations
to combinatorics and graph theory.

Dr. Gadouleau is a member of the IEEE Information Theory Society.

1045

Alban Goupil was born in Nancy, France, in March 1976. He received the
Engineer degree in telecommunications from the Ecole Nationale Supérieure
des Télécommunications de Bretagne (ENST Bretagne), Bretagne, France, and
the Diplome d’Etudes Approfondies and the Ph.D. degrees in signal processing
from the Univeristy of Rennes, France, in 2000 and 2004, respectively.

He was with France Telecom R&D, Rennes, from March 2000 to September
2003. He was with CReSTIC Laboratory, University of Reims Champagne-
Ardenne from February 2004 to February 2006. He joined ETIS Laboratory,
ENSEA, from March to August 2006. Currently he is an Assistant Professor
with the University of Reims Champagne-Ardenne, where he is involved with
coding theory, digital communications, and sensor networks.



