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Abstract—The paper considers the problem of single-link fail-
ure localization in all-optical mesh networks. Our study follows
a generic monitoring approach using supervisory lightpaths (S-
LPs), in which a set of bi-directional monitoring trails (bm-
trails) are defined and closely monitored, such that the network
controller can achieve unambiguous failure localization (UFL)
for any single link by collecting the flooded alarms from the
affected bm-trails. With a target of minimizing the number of
bm-trails (or the length of alarm codes) required for single-
link UFL, the paper provides optimal (or essentially optimal)
solutions to the bm-trail allocation problem on a number of
well known topologies. First we demonstrate that the theoretical
lower bound of [log,(|F|+ 1)| bm-trails can be achieved in any
2 - [log, (|E| + 1)] connected graph, where |E| is the number
of links. Next, we prove an essentially optimal solution for
1-by-N grid topologies (also known as chocolate bar graphs),
where [0.42 + log, (|E| + 2)] bm-trails can be achieved. Based
on the solution for chocolate bars, we further investigate bm-trail
solutions to general 2-dimensional (2D) grid topologies, and the
developed solution requires no more than 3 + [log,(|E| + 1)]
bm-trails for UFL. Such an optimal (or essentially optimal)
logarithmic behavior, although has been well observed in general
topologies in our previous studies [1], [2], is formalized for
the first time in this paper via a suite of polynomial-time
deterministic constructions that consume less than a few seconds
of running time in topologies of thousands of nodes.

I. INTRODUCTION

Fast and precise failure localization is a critical task in all-
optical mesh backbone networks, and it has been extensively
studied in the past decade [2]-[12]. Due to the transparency
in the data plane, a single failure may trigger a large number
of redundant alarms [13], [14], which not only increases the
management complexity but also makes the failure localization
more difficult. With a fast fault localization/diagnosis plane,
the network operators can real-time monitor the network per-
formance behaviour via very efficient redundancy placement
strategies (e.g., failure dependent protection), and dynamically
recover any unexpected failure event in a time scale of tens
of milliseconds.

One of the most commonly adopted approaches is deploying
a set of supervisor lightpaths (S-LPs) that are closely and
actively monitored by the respective monitors, which generate
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alarms when any failure/irregularity is detected. The alarms are
then collected by the network controller such that any failure
event can be unambiguously localized. Link monitoring serves
as the most straightforward approach by deploying single-hop
S-LPs to monitor each link; however, the simplicity is at the
expense of O(|E|) number of monitors and the alarm code
length, where |F)| is the number of links. It is highly desired
to keep the number of active monitors as small as possible
while achieving unambiguous failure localization (UFL) for
any failure event under consideration.

In general, a network topology is modeled as a graph with
two directed links between some pairs of nodes in opposite
directions. Each S-LP can be represented by a connected link
set in the topology. In the literature, a number of different
structures for the S-LPs are reported, and each structure
brings about a specific restriction in the formation of the
corresponding S-LPs. For example, a simple monitoring cycle
(m-cycle) [4]-[7] is a connected graph where each node has
a nodal degree 2; a non-simple m-cycle [15] is a connected
subgraph where all nodes have even nodal degrees; and
undirected monitoring trails (um-trails) [1], [13], [16] are
connected graphs with no more than two odd-degree nodes.
The most general structure is bi-directional monitoring trail
(bm-trail), where each S-LP is simply a connected subgraph of
the topology subject to no further restrictions. Such a structure
for S-LPs has been explored in [16], [17] by assuming that
each node can perform loop-back switching by which optical
signals coming from an incoming fiber to a node can be
switched to the same fiber segment leaving the node. It is
clear that with less restriction on the structure of S-LPs, better
performance can be achieved in terms of the number of S-LPs
required for UFL.

Ideally, according to the binary coding mechanism [1], b S-
LPs can localize any single link failure in a topology with up
to 2° — 1 links. In this case, each S-LP corresponds to a single
bit in the alarm code, which results in a monitoring system
with alarm codes of b bits in length. In other words, ideally
[log,(|E| 4+ 1)] S-LPs would be sufficient for localizing any
single link failure in a topology with a set of links E. This
lower bound on the number of S-LPs, nonetheless, may not
be easily achieved (if not impossible) due to the connectivity
constraint on routing each S-LP in different topologies. We
have discovered in our previous studies [1], [2] via solving an
optimal integer linear program (ILP) and a heuristic method,



respectively, that a logarithmic solution can be achieved on
most of the topologies without any degree-two nodes. How-
ever, it is still a open question on whether the logarithmic
bound holds for large, particularly relevant topologies. Note
that the ILP in [2] can only deal with topologies with less than
20 nodes due to the extremely large computation complexity.
The heuristic in [1], managed to solve the uni-directional m-
trail allocation problem in topologies with hundreds of nodes
and links. Although it provides a convincing performance on
typical backbone network topologies, we have also witnessed
a degradation of solution quality in terms of the number of
m-trails for UFL in some sparsely connected topologies with
large diameters (such as N-by-1 grids).

To the best of our knowledge, the previously reported ana-
Iytical studies that investigated the upper bound on the number
of S-LPs for UFL were reported for rings and complete graphs
[11, [17], where ¢ - log, (|E| + 1) bound on the number of
probes was found for localizing any link failure in a topology
with |E| links, whith some constant ¢ > 2. The result, on one
hand, is very pleasing as it provides an excellent asymptotic
upper bound on the problem. On the other hand, it opens up
perhaps a no less challenging problem in constructing truly
practical solutions that could be implemented and manipulated
for engineering purposes. To accomplish this, one has to
replace the constant ¢ = 2 for densely connected and ¢ = 3 for
lattice topologies of [1], [17], and the obtained upper bounds
should be of the form log,(|E|+ 1) + K where K is a small
constant.

Motivated by the above observation, the paper investi-
gates optimal (or essentially optimal) logarithmic solutions
for single link failure localization using bi-directed m-trails
(bm-trails) in 2 - [log, (|E| + 1)] connected graphs, as well
as in general 2-dimensional (2D) lattices (i.e. Manhattan
grids), in view of the information theoretical lower bound
[logo(|E| + 1)]. Note that a 2D grid graph is similar to
circulant graphs with every node of nodal degree 4, which have
been recognized as excellent candidate topologies for high-
reliability network design in modern communication networks
[18]-[21]. For example, circulant graphs of degree four have
been considered for the design of WDM local networks and
interconnection subsystems [18], [20], [21].

The contributions of the paper lie in the two theorems
that demonstrate the proposed constructions. Firstly, we pro-
vide an optimal construction for bm-trail allocation on 2 -
[log, (|E| + 1)]-connected very dense networks as in The-
orem 1; and this is the only optimal construction that has
been published where the information theoretical lower bound
[logo(|E| 4+ 1)] is tight. In Theorem 2 we demonstrate that,
somewhat contrary to preliminary intuition, topologies with
small constant degrees may also allow a very compact set of
error locating bm-trails. This is established by using planar
rectangular grids. Former results on the field are widely
based on combinatorial and graph theoretical techniques and
arguments. Theorem 2 does not seem to be amenable to
such methods, while employing algebraic tools that appears
to be entirely new in this field of communication engineering.
Our constructions give essentially optimal results in settings
where efficient and natural randomized approaches fail badly,

apparently by orders of magnitude.

The paper provides rigorous proofs for the correctness on
the developed constructions and the obtained upper bounds,
and in principle no simulation is needed for verification.
Nonetheless, simulation is conducted to examine a number
of most recently reported schemes for single-link UFL on
N-by-1 grids - a special case of the 2D grid topologies, in
order to demonstrate the difficulty for the schemes in handling
the topologies with very large diameters. It shows that all the
schemes take hours to converge while with far-from-optimal
solutions, in contrast to the proposed construction which takes
only a few seconds for essential optimality.

The rest of the paper is organized as follows. Section II
presents the background and formulation for the S-LP alloca-
tion problem in communication networks. Section III provides
a comprehensive analysis of the S-LP allocation problem
for fully connected topologies. In Section IV, an essentially
optimal solution is given for 2D lattice graphs. Section V
conducts a comparison between the proposed construction on
2D grids and the a number of previously reported heuristics
for the same purpose. Section VI concludes the paper.

II. BACKGROUND
A. Bi-directional Monitoring Trails (bm-trails)

In short, a bm-trail can traverse a link in different di-
rections via loop-back switching and also a node multiple
times. By properly allocating a set of bm-trail S-LPs, the
network controller is expected to localize any link failure event
by collecting the alarm signals issued by the corresponding
monitors of the affected S-LPs in a timely manner. Let the
transmitter and receiver of a bm-trail be denoted as 7' and
R, respectively. As shown in Fig. 1(a), the bm-trail can be
pre-cross-connected along the route ' — a — ¢ = a — R.

In general, a bm-trail S-LP solution consists of a set of b
S-LPs t1,t2,...,t,. Upon a single link failure, the monitor
of any S-LP traversing the failed link will generate an alarm,
which is sent to the network controller with the highest priority
via any possible signaling protocol that supports point-to-point
event-driven notifications. An alarm code [ay,...,ap—1, ap]
can be formed at the network controller by reading the status
of each S-LP, where a; = 1 means that the monitor on S-LP ¢,
alarms and aj; = 0 otherwise. Fig. 1(b) shows a solution with
three bm-trail S-LPs t1, to, t3. If link (0, 1) fails, the monitors
on t; and t3 will alarm to produce the alarm code [1, 0, 1] at the
network controller. Similarly, if link (0, 2) fails, the monitors
on all the three bm-trails S-LP will alarm and the resulting
alarm code is [1,1,1]. The alarm code table (ACT) in Fig.
1(c) is available in the network controller, which maintains all
the possible alarm codes corresponding to each failure state.
Thus, the network controller can unambiguously localize a
particular single link failure by matching the alarm code in
the ACT.

B. Problem Definition - Deployment of S-LPs for UFL

Let a graph denoted as G(E,V) be given with |E| links
and |V| nodes. In order to achieve UFL, each link e must
be assigned with a unique binary alarm code c(e) = A, =
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Fig. 1. Fast link failure localization based on bm-trail S-LPs.
[a$,a$,...... ag], where b is the length of alarm code, and af

is a binary digit, which is 1 if the I bm-trail S-LP, denoted by
t;, traverses through this link and O otherwise. As discussed
in Section I, various conditions could be imposed on ¢; which
lead to different failure location models, such as simple/non-
simple cycles, um-trails and bm-trails. A corresponding so-
lution is referred to as S-LP formation. In all three models,
the theoretical lower bound on b is b > [log, (|E| 4+ 1)], (see
[1]). In this paper, we are interested in when the above bound
is essentially tight in the bm-trail model. An bm-trail S-LP
formation is essentially optimal if b = [log, (|E| + 1) + ¢]
bm-trail S-LPs are sufficient for achieving UFL, where c is a
small constant.

The main objective of the paper is to develop a suite of
deterministic polynomial time constructions that achieve es-
sentially optimal bm-trail S-LP formation on complete graphs
and 2-dimensional lattice topologies.

C. Previous Work

The bm-trail S-LP formation problem is a structured variant
of the combinatorial group testing (CGT) process [22], [23].
In [17] the problem was taken as combinatorial group testing
on graphs. The idea of group testing dates back to World War
IT when millions of blood samples were analyzed to detect
syphilis in US military. In order to reduce the number of tests
it was suggested to pool the blood samples. From algorithmic
aspects there are two significant differences between the tasks
of pooling blood samples and monitoring of a group of links
in a graph: (1) the blood samples can be pooled arbitrarily,
while the monitored links must be connected and even in a
valid shape, (2) the monitors are always pre-configured, and
the probing is performed simultaneously without knowing the
result of other tests (non adaptive CGT).

The primary goal of any CGT algorithm is to identify
defective items among a given set of items through as few
tests as possible. In this case the set of items are the links of
a graph, the defective items are the failed links, and the tests
are monitoring structures (e.g., bm-trails). The first general
CGT method was given by Hwang and T. Sés [22], while
the shortest real-world problem size non-adaptive CGT codes
were developed by Epstein, Goodrich and Hirschberg [24].
Note that CGT algorithm codes are rather suitable to deal
with the scenarios with multi-link SRLGs; on the other hand
it is sufficient to have the code assigned to each link to

be distinguished from each other in the single-link SRLG
scenarios. This immediately leads to a trivial lower bound
[log,(]E| + 1)] on the number of probes, where each probe,
provided with a proper design, is realized by launching a single
S-LP.

Table I summarizes the best known lower and upper bounds
on the number of S-LPs reported in the literature for several
special graphs. For ring topologies, the number of optimal bm-
trails is exactly [|E|/2], which was proved first in [17], and
later for um-trails in [1]. Note that in ring topologies each
bm-trail should only be a simple path.

The study [17] developed a construction for any graph
which contains two edge disjoint spanning trees, where an
upper bound of 2 - [log, |E|] — 1 bm-trails can be achieved.
The key idea of the construction is to categorize the links
in the topology into two disjoint sets Fj, FEs of similar
sizes, where £1 U Ey = E, E1 N Ey = (), and each set
contains a spanning tree. We shall generate alarm codes of
length [log, |E1]] + [logy |E2|] for the links in E. The links
in E; will have unique codes in the first [log, |F1|] bits,
and similarly the links in F; are coded uniquely in the
last [log, |Eo|] bits. At this point every link has a unique
individual alarm code, irrespective of the values in the bits
in the alarm code that has not yet been specified. These
unspecified bits can be used to make the resulting test sets
connected and form bm-trails. Finally, we add one additional
bm-trail covering every link in F; and none in Es, which can
identify if the failed link belongs to E; or Fs. In such a way,
each link has a unique alarm code with a length:

[logy |E1 ] + [logy [Ex|] +1 ~

floga "1+ Tlogy 1] +1 =2 logy [ 1] ~1 (1)
We refine this idea further in Section III.

Nash-Williams and Tutte [25] showed that every 2k-
connected graph has k link-disjoint spanning trees. Note that
the disjoint spanning trees can be found in O(|V||E| log %)
time [26]. As a result, every 4-connected graph has always
2 link-disjoint spanning trees, thus the proof is valid for
complete graphs with more than 5 nodes'. For 2-dimensional
square grid lattices, on the other hand, a similar technique was
developed in [17] which results in 2+ 6 - [log,(n + 1)] as an
upper bound on the number of bm-trails, where the graph has
(n — 1) x (n — 1) nodes. In fact due to |E| = 2n? + 2n <
2(n + 1)? in a square grid lattice, it leads to

E|

TW ~ 3[log, |E[],
which is about 3 times of the theoretical lower bound:
[log, (|E] + 1)].

In [27], an observation made from extensive simulations on
thousands of general topologies is that, the um-trail solution on
a topology without degree-2 nodes can achieve the theoreti-
cal lower bound of 1 + [log, (|E|+ 1)] provided sufficient
running time for the construction. This was disproved by

246 [logy(n+1)] <2+ 6[log,

Based on a similar approach, an upper bound (6 + [logs (| E| + 1)) for
the um-trail formation problem was proved in [1].
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TABLE I
THE BEST KNOWN LOWER AND UPPER BOUNDS ON THE NUMBER OF
S-LPS OF DIFFERENT STRUCTURES FOR RINGS, COMPLETE GRAPHS, AND
2D GRIDS

an example in [1]. Thus, we are motivated to develop a
suite of polynomial-time deterministic constructions toward
optimal (or essentially optimal) solutions for the bm-trail S-
LP formation problem in densely meshed topologies and 2-
dimensional grid lattices. The analytical constructions should
be able to solve the bm-trail allocation problem in topologies
with thousands of nodes by using only seconds.

III. OPTIMAL BM-TRAIL SOLUTION IN DENSELY MESHED
GRAPHS

We shall need a simple inequity, which is proved in the
appendix.

Lemma 1: The following inequality holds for every positive
integer b > 3:

20 —1

2b 1 2b+1 _q
> 2

b b+1

Next let us prove a lemma which is an important building
block for the subsequent description on the proposed construc-
tion and its proof.

Lemma 2: The nonzero binary codewords of length b can
be distributed into b buckets, where the i™ bucket contains
codewords only with 1 for the ¢ bit, and the size of each
bucket is at least LLb’lJ and at most [Lb’l]

Proof: The proof is inductive, and we will give a recursive
construction for such a distribution of codewords. See Fig. 2
as an illustration of each recursive step.

Clearly, for b = 1,2 the statement trivially holds. Let us
assume that the codewords of length b are already distributed
into b buckets, where the i bucket has words only with 1 for

I : ) b_
the i™ bit, and the size of each bucket is at least | 25~ | and at

most [?T_W We define such a distribution as almost uniform
distribution of b bits.

Next, we consider the nonzero codewords of length b + 1,
and prove that the codewords can follow the almost uniform
distribution of b+ 1 bits. Clearly we can distribute the 2° — 1
codewords with 0 in the (b + 1) bit such that the first b
bits are distributed almost uniformly (according to the given
assumption under the inductive proof); namely the first b
buckets are filled up with at least LLb’lj and at most [?T’l]
codewords. At the end these buckets must have at least

Lgb;il_ L| and at most [ =11 codewords.

b+1
Next, let us consider the rest of the codewords. Obviously,
any of them can be placed into the (b+ 1) bucket, because

they all have 1 bit at position b + 1. The codeword which

2-] 1> . 2

bucket 1 bucket 2 bucket b bucket b+ 1
/
2b—1
b
20+l -
b1

Fig. 2. Example of the construction in the proof of Lemma 2.

has 1 at the (b + 1)™ position and O in the rest positions
(i.e. 100...0) must be placed into the (b + 1)™ bucket. The
remaining 2° — 1 codewords can be distributed by the first
b bits almost uniformly into the b buckets. In such a way,
each bucket has at least 2 - LL&’IJ codewords, which is at
least fgb; ;1_ 11 according to Lemma 1. Some of the newly
added codewords must be moved to the (b+ 1)™ bucket, until
every bucket has at least Lgb;_;l’lj and at most [21)[:1711. Such
an action is always possible. This is argued as follows: first,
codewords are moved from each of the first b buckets to the
(b + 1)™ bucket so that every bucket among the first b has
(22217 elements. In case the (b+ 1)™ bucket has less than

I—leﬁl_lfl

) | codewords, one more codeword from each bucket
is further moved to the (b + 1) bucket until it has LQb; ;1’1

codewords. Such a process will not get stuck at a position
in which one bucket has less than LQb; ;l’lj codewords while
all the others have this number, because the total number of
nonzero codewords is 2°71 — 1. In such a way, every bucket
has at least Lzb;i;lj and at most [21)1:1’1] codewords. Thus,
we proved Lemma 2. [ ]

Theorem 1: Let G(V,E) be a 2 - [logy (|JE|+1)] con-
nected graph. G(E,V) can be optimally covered with
[logo(|E| + 1)] bm-trails to achieve single-link UFL.

Proof: Let b = [logy(]E| + 1)]. Clearly at least b bm-
trails are required for UFL in a graph with E links. In the
following we will show that b is also the upper bound. Our goal
for the proof of the theorem is to come up with a construction
that achieves the theoretical lower bound, and then we will
prove the correctness of the construction.

1) The proposed construction: Recall that the goal of the S-
LP formation process is to assign a binary alarm code to each
link so that ¢; is a connected subgraph. This can be ensured
if each ¢; has a spanning tree as a subgraph. Since every 2k-
edge-connected graph has k£ edge disjoint spanning trees [28],
[29], the construction can achieve the desired lower bound if
the graph is 2 - b connected, which is sufficient to yield b =
[log, (|E| +1)] edge disjoint spanning trees. Let .S; denote
the " spanning tree, where i = 1,...,b, and the spanning
trees are all disjoint (i.e. S; N.S; = 0 if 7 # j).

According to Lemma 2, the 2 — 1 nonzero codewords of
b bits in length can be grouped into b buckets of size at least
LQbT’lJ, where the i bucket has alarm codes where the i
bit is 1. Our construction simply assigns the codes of the -
th bucket to the i-th spanning tree S;, while the remaining
edges which are not in the 1%, ..., b spanning trees, namely




EN\{S1US2U---US}, will be assigned the left and unused
codes arbitrarily. This finishes the construction.

2) Correctness of the constructed bm-trail solution: Since
t; contains S;, each bm-trail must be connected and spans the
whole graph G. Besides, each link has a unique alarm code
because nonzero unique codewords were assigned to the links
of the graph. To conclude the proof we need to show that
each bucket has at least |V'| — 1 codewords. By observing the
equation b- (|[V|—1) < |E| < 2° — 1, we see that each bucket
has at least [V]| — 1 < LQbT’lJ elements. Thus, we proved
Theorem 1. [ ]

The theorem is applicable to complete graphs with at least
18 nodes because they have % = 153 links that can be
uniquely coded in 8 bits. In this case the graph is at least 16
connected.

IV. ESSENTIALLY OPTIMAL BM-TRAIL SOLUTION IN
GENERAL GRID TOPOLOGIES

This section considers general 2D grids denoted by S, »,
where m and n corresponds to the number of links in the
vertical and horizontal direction, respectively. Harvey, et al.
[17] provided an 3[log, |E|] upper bound on the number of
bm-trails according to Eq. (1) in the case of m = n.

In this section, we generalize the study of [17] and inves-
tigate the scenario of 2D grid graphs with arbitrary m and n.
We give a novel polynomial-time deterministic construction
that requires no more than 3 + [log, (|E| 4 1)] bm-trails. We
first solve the bm-trail allocation problem for a special case
of Sp,,n with either n =1 or m = 1 (called as chocolate bar
graphs); and then a solution for general 2D grid topologies is
developed based on the chocolate bar solution.

A. Solution for Chocolate Bar Graphs

A general chocolate bar graph is denoted as C,(E,V),
which has |V| = 2n+2 vertices denoted as z1 g, . .., 1 p (the
lower points), and zg 1, ..., %o, (the upper points). Fig. 3(a)
shows an example of a chocolate bar with n = 6. For link set
E, we have lower horizontal links (z1,%1,+1) € E, upper
horizontal links (o ;,%o,i+1) € Efori =0,...,n—1, and the
middle vertical links (xo;,21,;) € E whenever i =0,...,n.

Theorem 2: For a chocolate bar graph C,(E,V) b =
[logy(n+1)]+ 2 bm-trails achieve single-link UFL for b > 2,
which is at most [0.42 + log, (|E| + 2)] bm-trails.

Proof: The proof is developed by way of a polynomial-
time deterministic construction composed of two steps. We
will first introduce the construction, and then explain in detail
how the construction can achieve the desired bound on the
number of bm-trails.

1) Alarm code assignment for the chocolate bar graph:
Let us assign binary alarm codes to the links of C), in the
following way (see also Fig. 3). We first generate n bitvectors
rlr? ...r" of length B, where r'*! is assigned to a lower
horizontal link (z1,21,i+1) € E, where ¢ = 0,...,n — 1.
The generation of these codes is provided in Lemma 3. On
the other hand, to the higher horizontal link (z¢; 71’07¢+1) S
E we assign the bitwise complement of ri*!, denoted by
'l = "1 © 1 where @ stands for the bitwise modulo 2

D e D D D R CD &

ri oro

ro@r3 [ r3dry| radrs

(d) The links of t3

Lo L

(e) The links of tg341 (f) The links of o342

Fig. 3. An example of a chocolate bar graph and the corresponding optimal
solution for bm-trails. The bit of each bit position is drawn in each 1 x 1
rectangular. The r!,r2,...r"™ codes assigned to the links are listed in the

Table II
TABLE I
THE NONZERO ELEMENTS OF Fg AS BINARY POLYNOMIALS MODULO
14z + a3,
Exponential| Polynomial Code
a® 1 r! =100
al T r? =010
a? x? r3 =001
a? 2 =142 mod 1+ z+ ° rt =110
at z + z? r® =011
ab z-(x+ax2)=1+x+2% mod 1 +2+a% | r8 =111
ab z-(I+zx+22)=1+2%2 mod 1+x+23 | v’ =101

addition (XOR) and 1 is the all 1 vector of length 9. Also
to the middle vertical link (x; ;,x0,) we assign the bitvector
ri@ritt fori=1,...,n — 1. Finally to the link (21,0, 20,)
bitvector r!* @ 1 is assigned, and to the link (21,5, Z0,,) We
attach r”.

In choosing the list of bitvectors rt, for i = 1,...,n—1,
we make the following three assumptions:

(A1) The vectors r! are pairwise different fori = 1,...,n.
(A2) The vectors r’ @ r*t! are all nonzero and pairwise
different for 7 =1,...,n — 1.

(A3) The first bits of the vectors r! and r™ are the same.

The following statement provides an approach to construct
n < 2% — 1 bitvectors r’ which satisfy the requirements (A1),
(A2), (A3).

Lemma 3: Let B := [logy(n + 1)] and B > 2. Then a
series of n < 2% — 1 nonzero codes r!, r2, ..., r™ can be
generated in polynomial time to satisfy properties (A1), (A2)
and (A3).

Proof: With B := [log,(n+1)], ¢ = 2% is the smallest
power of 2 which is greater than n. Following the widely used
technique in classical error correcting codes, our code vectors
will be vectors from a linear space over the two element
field . We shall consider the finite (Galois) field I, with
g elements. See Appendix A for a short overview of such
finite fields.

According to Theorem 2.5 in [30], F, always exists and



it forms a vector space of dimension ‘B over its subfield .
This way we can identify F, with bit vectors of length B,
where the all zero vector corresponds to the O element of
IF,. In particular, nonzero vectors correspond to the nonzero
elements of the field. Also, according to Theorem 2.8 in [30],
IF, contains a primitive element «, which is a nonzero element
such that all the powers a = a',a?,...,a97! are pairwise
different. See also Table II where the elements and the related
codes are listed for ¢ = 8 (B = 3).

Finding a primitive element in F, can be done in polynomial
time with exhaustive search, because any nonzero element «
can be verified for being a primitive element by raising to a
power and checking if the power equals to 1 with an exponent
less than g — 1.

We now set r’ to be the (bit vector of the) element o~ 1.
Condition (A1) is satisfied as n < 2% — 1.

Suppose now that (A2) fails. Then there must exist 0 < ¢ <
j <mn—1 such that o' ¢ '™ = o & /! holds in F,. But
then we have o'(1@®«) = o/ (16 «) which (using that B > 1
and hence that 1 @ « is not 0) would imply that o = o,
contradicting to the fact that « is a primitive element.

To establish (A3), we note that (assuming B > 2) a and
a™ span a subspace of dimension at most 2 of F, over [,
hence we can select the basis of I, so that both element have
0 coordinates with respect to the first basis vector. ]

2) The proposed construction for chocolate bar graphs: In
the chocolate bar construction, ¢; is actually a simple path in
Cy, from x1 ¢ to g ,,. In the rest of the paper C,, can also be
denoted as Cy, ,,z,.,- As a result, B bm-trails from z ¢ to
2o, are formed in C,, each corresponding to one bit position
of the vectors. An example is given with n = 5, where the
resultant 5 um-trails by the construction are shown in Fig.
3(b), 3(c), 3(d).

In addition to the above mentioned bm-trails, we need
to add two more bm-trails. This is exemplified in Fig. 3(e)
and 3(f). Let the two bm-trails correspond to tg4; and
ty 4o, respectively, where tgyq is composed of the links
(1,0, 20,0)> (1,0, To,n) and the path consisting of all the links
(x1,4,21,i41) 1 =0,...n—1, while ¢t is composed of the
links (1,0, %0,0), (1,0, Zo,n) along with the path consisting
of all the links (20, %0,i41), ¢ =0,...n—1. As aresult, tp511
and tg 4o can identify whether a failed link was a horizontal
or vertical link, and whether the link was (z1,0,20,0) oOr
(-rl,na xO,n)'

Corollary 1: Eacht; j =1,...,B+2 forms a single bm-
trail, and every bm-trail is a simple path.

The corollary clearly holds according to the construction.

3) Correctness of the constructed solution: We will show in
the following paragraphs that the set of bm-trails ¢, ..., ts 12
are able to localize any single link failure in chocolate bar C,.
Obviously, t1, ts4+1 and tysyo can unambiguously localize
any failed link among (x10,%0,0) and (z1,,%on) because
the faulty link can be one of (1,0,%0,0) OF (Z1n,To,n) if
and only if both 41 and tyyo are faulty. If both ¢4 and
te 42 alarm (i.e., report failure), the status of ¢; can be used to
determine which of the two links (z1,0,Z0,0) OF (Z1,n,%0.n)
is at fault according to (A3).

For the other links, the statuses of ¢g311 and tp.o can be

used to determine whether the faulty link is in the group of
lower links, the group of upper links, or the group of middle
links. With (A1), the links in the first two groups are pairwise
different, while with (A2) it implies that the codes in the
group of middle links are pairwise different. Therefore, all
the links in each of the 3 groups are distinguishable such that
unambiguous failure localization is possible within each group,
and hence in C,,.

4) The number of bm-trails in the construction: Since the
chocolate bar graph has 3n + 1 links, we have

Bl -1

B = [log,( +1)] < [—1.58 + log, (| E| + 2)].
As a result the construction requires at most b = B + 2 =
[0.42 + log, (| E| + 2)] bm-trails. [

B. 2D Rectangular Grids

In this section, the construction for the chocolate bar graphs
is generalized for 2D rectangular grids. A (m+ 1)-by-(n+1)
grid graph is denoted as .Sy, ,,, whose vertices are denoted as
x;,5 for 0 <4 <m and 0 < j < n. The vertical links of S, »,
are (x; j,%i41,5) for 0 < i < mand 0 < j < n. Analogously,
the horizontal links of Sy, ,, are (z; ;,2; ;+1) for 0 <i <m
and 0 < j < n.

Theorem 3: A 2D rectangular grid graph S, ,,(E,V) can
be covered with 3+ [log, (| E| + 1)] bm-trails to achieve UFL,
for m,n > 1.

Proof: We shall have two monitoring sets of bm-trails.
The first set has size b; = [logy(m + 1)]42, while the second
has size by = [logy(n + 1)] +2. Informally speaking, the first
set gives the horizontal position of a failed link, while the
other gives the vertical coordinate. This will be sufficient to
locate the failed link unambiguously. In total, we shall have
no more than B = b; 4+ bs monitoring bm-trails.

1) The proposed construction: We are going to extend the
bm-trails ¢; (i = 1,...,b;) from the chocolate bar graph
C), to the whole square grid S, . We do it step by step
as follows: first we reflect the bm-trail ¢; with respect to
the line connecting x10 to x1,, such that ¢; is extended
to the second chocolate bar defined by the vertices x; ; and
23,5, for j = 0,...,n. The second chocolate bar is extended
analogously by reflection to the third chocolate bar, defined by
x9,; and w3 ;, and so on. This reflection process is repeated
until the whole S,, , is covered, where the 2D rectangular
grid is treated as a series of chocolate bar graphs of C,.
As shown in Fig. 4(a), at every second line the chocolate
bar graph is upside down, and the i-th chocolate bar graph

C), consists of vertices ;0,...,%in and iy1,0,...,Tit1,n,
where ¢ = 0, ..., m—1. By applying the reflection process for
all the bm-trails ¢; (i = 1,...,by), we will obtain b; bm-trails.

It is clear that the result of the reflection process must
be a connected subgraph without fragmentation, thereby its
eligibility as a bm-trail is ensured.

With the whole situation transposed, exactly the same
method is applied to specify the vertical position 7 of the faulty
link e. For the remaining b, bm-trails of the rectangular grid
Sm.n We start out with the vertically placed chocolate bar C',



(a) S3,5 decomposed into chocolate bars graphs
in horizontal way

(b) S3,5 decomposed into chocolate bars in
vertical way

(c) An example of ¢; for
i=1,...,b1 —2

(d) An example of ¢; for
i=by+1,...,8—2

s

(e) The links of tp, 1

iftigatatt

(g) The links of tp_1 (h) The links of ¢t

(f) The links of ¢,

Fig. 4. An example of a 2D lattice graph of size 3 x 5.

at the left end of the grid (see Fig. 4(b)) and extend the b bm-
trails of this C'Z, to the whole grid with the mirror-reflection
procedure employed before, nonetheless from left to right in
order to extend the bm-trails to all the vertical chocolate bars
in the grid. By doing this b, bm-trails can be obtained.

With the b; and by bm-trails, we complete the construction.

2) Correctness of the constructed bm-trail solution: In case
of a single failure %3, 1, t3,, tp—1, and tp (see also Fig.
4(e), 4(f), 4(g), and 4(h)) can identify whether a horizontal
or a vertical link has failed and if the link is on the left or
right border of the rectangular grid (it is on the first or last
row/column). Since the failed link belongs to at least one of
the horizontal chocolate bar graph C),, the corresponding b, —2
bm-trails can identify the column of the failed link. Similarly,
the failed link belongs to at least one of the vertical chocolate
bar graph C,, the corresponding by — 2 bm-trails can identify

the row of the failed link. As a result, it is known if the link
is horizontal or vertical, and its column and row thus can be
localized.

3) The number of bm-trails in the construction: Bm-trails
ty,—1, th,» tB—1, and tp are only used to decide if the link
is horizontal or vertical and if the link is on the boundary of
the grid, which indeed can be done with only two bm-trails
instead of four, namely ¢, _; Utp, and t5_1 Utg. Since Sy,
has totally |E| = 2-m-n+n-+m links, the number of bm-trails
is:

B = [logy(m +1)] 4 [logy(n +1)] +2 <
[1+1logy(m+1) +logy(n+1)]+2=
[logy 2+ logy(m + 1) +logy(n+1)] +2 =
floga 2+ (m+1) - (n+1)] +2 =
[logy 2mn +2n+2m + 2] +2 =
2 + [logy(2|E| — 2mn + 2)] <
2+ [logy(2IE| +2)] = 3+ Nlogy(E| + )] ()

for m,n > 1. Note that the first inequality holds because of
the general inequality [A] + [B]| < [A+ B] + 1, while the
second follows from m - n > 0. ]

More generally, a similar construction can be used to cover a
cubic graph of any dimension for single link UFL with O(1)+
log, |E| bm-trails. In this case the alarm code is divided into
three parts, and each of them corresponds to a chocolate bar
graph.

V. SIMULATION

We have seen the convincing performance of a number of
previously reported heuristic approaches on general topolo-
gies, and these heuristics can efficiently solve the m-trail
allocation problem in very densely meshed and square 2D
grid networks. However, in our experiments those heuristics
had difficulties to solve the problem in spare topologies with
relatively large diameters. To demonstrate the usefulness and
uniqueness of the proposed constructions, we conduct simu-
lation on chocolate bar graphs (or N-by-1 grids) to examine
a number of previously reported heuristic approaches listed
below, and we will show that the heuristics yield very awkward
performance in the considered network settings even when
granted with several hours of computation time, while the
proposed construction can optimally solve the problem in
milliseconds.

1) Random Code Assignment - Random Code Swapping
(RCA-RCS): a heuristic by our previous study in [1].

2) Monitoring Trail Allocation (MTA): a heuristic by [31],
which is a deterministic approach that builds the um-
trails in parallel for achieving UFL.

3) Random Next Hop policy (RNH): a heuristic by [32]
which is a randomized version of the MTA heuristic®.

4) Cycle Accumulation (CA): a generic approach by em-
ploying Dijkstra’s algorithm to distinguish each pair of
links [16].

2We thank the authors for sharing the source codes.
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Fig. 5. Simulation results on C'2g, Ca0, and Cg for the number of bm-trails.

We consider the three schemes: RCA-RCS, MTA, and
RNH in chocolate bar graphs Cs, Cyo and Cgo. A high-
performance server with 3GHz Intel Xeon CPU 5160 was
used in the simulation. The result of the proposed 2D grid
construction is calculated first using the theoretical optimum
given in Section IV-A2: [0.42 + log, (| E| + 2)], which yields
the minimum number of bm-trails for UFL as 7, 7, and
8 for Cyy, Cip and Cgy with |E| = 61, 121, and 191,
respectively. We are interested in the difference between the
result by each considered heuristic and the one obtained via
the proposed construction. It is important to note that RCA-
RCS and RNH are both randomized approaches where longer
computation time guarantees better performance (or smaller

numbers of bm-trails). Therefore, we are further interested to
see how much long the two schemes can converge close to
the optimal solution, where the computation time describes
the efficiency (and inefficiency) of the two schemes in the
considered scenarios.

Fig. 5 demonstrates the comparison results. Clearly, both
RCA-RCS and RNH show better solution quality by granting
longer running time, while MTA is a deterministic algorithm
that iteratively finds the longest segment as the next um-trail.
Since all the three topologies are very sparse whose diameters
are much longer than the average nodal degree, MTA needs
6 and 15 more bm-trails in Cyy and Cyy than the optimum
(i.e., 7), respectively, as shown in 5(a) and 5(b). On the other
hand, both RCA-RCS and RNH are seen to converge very
slowly as the network has a larger diameter. As shown in Fig.
5(a), RCA-RCS needs to take over 400 seconds to achieve one
more bm-trail away from the optimal in Csg, but over 800 and
1,000 seconds to achieve about 10 bm-trails from the optimal
in Cyg and Cygp, respectively, as shown in 5(b) and 5(c).

Note that CA requires 93 bm-trails which are not shown
in the figures since it is out of the range. We do not show
RNH in 5(b) and 5(c), and MTA in 5(c), because they
were not solvable in the topologies Co and Cyo by running
out of 2GB memory (which is the computation specification
for the simulation). This is mainly because both methods are
designed for networks when the average nodal degree is not
much smaller than the diameter of the network. Therefore, the
two schemes had a large amount of candidate segments which
drained the memory usage.

In summary, the simulation results clearly show the merit
of the proposed 2D grid construction compared with the
previously reported heuristics.

VI. CONCLUSIONS

The paper considered the optimal S-LP allocation problem
in all-optical mesh networks of very densely connected and
grid topologies for achieving unambiguous failure localiza-
tion (UFL) under any single link failure. We have derived
essentially tight upper bounds on the number of bm-trails
for the topologies of interest via deterministic constructions
and rigorous proofs. The bounds obtained are [log(|E| + 1)]
and 3 + [log, (|JE| 4+ 1)] for 2 - [log, (|E|+ 1)] connected
and grid topologies, respectively, which are close to the
theoretical lower bounds [log(|E| 4+ 1)]. We demonstrated via
case studies in chocolate bar graphs that the derived bound can
hardly be reached by some recently reported random algorithm
based heuristics.
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APPENDIX
A. Proof of Lemma 1
We prove inequality
20—1 21 2b—1
9. > > .
L b e b+1 — ( b ]

For the first inequality one can readily check that it holds for
b = 3,4,5. Note also that the inequality fails for b = 2. We
have

2b+1_1
>
b+1 —

2b 1

Q.L 2 J_

2b+1 -1
|
) -5

After clearing denominators, the nonnegativity of the above
quantity for b > 6 is equivalent to 2°+! — (202 4 3b +2) > 0.
But for b > 4 we have 3b+2 < 3b+ b = 4b glbf, hence it

b+
suffices to see that 2°*1 — 362 > 0, or f(b) := 2 > 1.
We have f(6) = 128 > 1. Moreover, for every real b > 3,

3b2
108
Fb+1) 18
f(0)

“4)

1\’ 1\°
oo —) »2(1-%) =8
( b+1>“< 4) 6

It implies that f(b) > 1 whenever b > 6 is an integer. The

b
second inequality holds because % is a convex increasing
function, and at b = 4 the difference is QST’l - 244’1 =245 >

1. This proves Lemma 1.

B. A Brief Introduction to Galois Fields

In the arithmetic of ordinary numbers there are infinitely
many numbers, while the fields Fy, have only 2° elements.
However, the operations of addition, subtraction, multiplica-
tion and division (except division by zero) may be performed
in a way that satisfies the familiar rules from the arithmetic of
ordinary numbers. Concerning [y, a widely accepted approach
is to represent the elements as polynomials of degree strictly
less than b over Fy. Operations are then performed modulo
R where R is an irreducible polynomial of degree b over FFs.
For example the field Fg can be interpreted as the polynomials
modulo 1 + = + z3. This way we can consider Fg as the set
of binary polynomials of degree at most 2 (indeed there are
8 such polynomials). Addition is the usual binary polynomial
addition. For example

A+z+2)+(1+2%) =2

Multiplication is the usual polynomial multiplication, followed
by reduction if necessary (modulo 1+ x + x3). By reduction



we mean replacing =3 by x + 1 as long as it is possible. For
example
1+z+aHa? =2+ 25 +2* =
@+ ) ra@@z+) =2+ +1+2° 4o =1

In this representation x is a primitive element, indeed 7 is the
smallest positive integer exponent m for which 2™ = 1.

Janos Tapolcai received his M.Sc. ("00 in Technical
Informatics), and Ph.D. ("05 in Computer Science)
degrees in Technical Informatics from Budapest
University of Technology and Economics (BME),
Budapest, Hungary. Currently he is an Associate
Professor at the High-Speed Networks Laboratory at
the Department of Telecommunications and Media
Informatics at BME. His research interests include
applied mathematics, combinatorial optimization,
mathematical programming, optical and IP level
routing and survivability, availability analysis and
distributed computing. He is an author of over 80 scientific publications, and
is the recipient of the Best Paper Award in ICC’06, in DRCN’11. He is a
winner of Hungarian Academy of Sciences Momentum Program.

Pin-Han Ho received his B.Sc. and M.Sc. degrees
from the Electrical and Computer Engineering, De-
partment of National Taiwan University in 1993
and 1995, respectively. He started his Ph.D. studies
in 2000 at Queen’s University, Kingston, Ontario,
Canada, focusing on optical communications sys-
tems, survivable networking, and QoS routing prob-
lems. He finished his Ph.D. in 2002, and joined the
Electrical and Computer Engineering Department at
the University of Waterloo as an assistant professor
in the same year. He is the author/co-author of more
than 100 refereed technical papers and book chapters, and the co-author of
a book on optical networking and survivability. He is the recipient of the
Distinguished Research Excellence Award in the ECE Department at the
University of Waterloo, the Early Researcher Award in 2005, the Best Paper
Award at SPECTS ’02 and the ICC ’05 Optical Networking Symposium, and
the Outstanding Paper Award in HPSR ’02.

Lajos Ronyai is a research professor with the Infor-
matics Laboratory of the Computer and Automation
Institute of the Hungarian Academy of Sciences. He
leads a research group there which focuses on the-
oretical computer science and discrete mathematics.
He is also a full professor at the Mathematics Insti-
tute of the Budapest University of Technology and
Economics. He received his PhD in 1987 from the
E6tvos Lorand University, Budapest. His research
interests include efficient algorithms, complexity of
computation, algebra, and discrete mathematics.




