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Abstract

To meet their stringent dependability requirements, modern communication networks
support local fast rerouting to quickly react to link failures. However, designing rerout-
ing mechanisms that are resilient to multiple failures is algorithmically challenging, as
routing decisions can only rely on local information. In particular, researchers have
shown that it is generally impossible to achieve perfect 2-resilience: without packet
header rewriting, it is impossible to ensure connectivity on the routing layer if there are
two simultaneous link failures, even if the underlying network graph is still connected.

This thesis shows that perfectly 2-resilient rerouting can be achieved if just a small
number of packet header fields can be rewritten by the routers. Our approach, Pearl,
is based on a cut decomposition of the network. In particular, we define a new metric,
L, that captures the structure of 2-edge cuts in the graph, and describe an efficient
forwarding mechanism that gives a perfectly 2-resilient routing with only [log,(L)] +1
extra header bits. Our approach is also efficient and based on skipping routing: routers
only need to store a small number of routing rules. Our extensive simulations on real-
world networks reveal that parameter L can be bounded by 5 in practice, yielding
a perfectly 2-resilient skipping routing mechanism with 4 header bits for real-world
instances. We also give an algorithm that uses only 1 header bit for a special class of
graphs, solving about 37% of tested networks.



Kivonat

A modern tavkozlési halézatok a megbizhatdsagi kovetelmények teljesitésére gyakran
gyors helyi jrairdnyitast alkalmaznak, hogy az esetleges kapcsolati hibdkra reagdl-
janak. Ugyanakkor az djrairdnyitdsi mechanizmusok tervezése algoritmikusan nehéz
feladat, hiszen ezek csak a lokalis informacidkra épithetnek. Kordbbi munkdkban
kideriilt, hogy még a tokéletes 2-rugalmassdg is elérhetetlen: fejléc atirasa nélkiil
lehetetlen két hiba esetén csak helyi informacidk révén biztositani minden iizenet sik-
eres célba érését, még akkor is, ha az épen maradt élek részgrafjaban elérhet a cél.
Az aldbbi munka megmutatja, hogy a tokéletes 2-rugalmassidg megoldhaté kevés
szamu fejlécbit haszndlatdval. Bemutatdsra keriil egy algoritmus, ami biztosit egy
tokélesen 2-rugalmas utirdnyitast, kevés szamu fejlécbittel. Az atirandé fejlécbitek
szdmdra fels6 becslést ad [log, (L(d))] + 1, ahol L(d) a ’gyongymélység’, a gréfok al-
talunk definidlt mér6szama, ami a graf 2-vagasai alapjan méri a graf osszetettségét. A
megolddsunk hatékony, és ugré utirdnyitason alapszik, ami lehet6vé teszi, hogy az cso-
magtovabbitd céleszkozoknek csak kevés Utirdnyitds szabdlyt kell eltarolniuk. Rész-
letes szimulacidink ramutatnak, hogy a vald életbeli halézatokon az L mér6szam 5-
tel feliilrdl becsiilhetd, ami egy olyan tokéletesen 2-rugalmas megoldast eredményez,
ami a fejlécben 4 bit atirdsaval operdl. Emellett adunk egy algoritmust egy specialis
grafosztalyra, ami egyetlen bit hasznalatdval a teszthdl6zat 37%-at sikeresen megoldja.



Chapter 1

Introduction

Highly dependable communication networks rely on fast re-routing mechanisms [1]:
based on local link availability information, routers forward network traffic to alterna-
tive neighbors in case of failures, without any information about potential additional
failures downstream. Technically, such fast rerouting mechanisms are implemented
in the routers’ data plane, which is orders of magnitudes faster than reactions in the
control plane.

Intuitively, one may expect that as long as the network remains connected after a
set of k link failures, it should still be possible to route traffic between any source-
destination pair. A network with this desirable property would be called perfectly k-
resilient. However, due to only local information being available, this is not the case:
Feigenbaum et al. [2] and Foerster et al. [3] proved that while 1-perfect resilience is
always achievable, already 2-perfect resilience is not always realizable. This work is
motivated by the open question whether perfect resilience can at least be achieved if
we allow for some limited form of packet header rewriting [4]]: by modifying a small
number of bits in the packet header, essential information may be carried in the packet
to allow routers to improve their routing decisions and re-establish connectivity. In-
deed, heuristic approaches suggest that high-resilient routing can be solved effectively
with a low number of header bits [5], and also for 3-edge connected graphs, 2-resilient
routings have been shown to exist [4]. The enumerative search for 2-resilient rout-
ing using the SyPer tool [6] found that most real-world topologies admit a 2-resilient
routing strategy without any header bit modifications. However, the best known upper
bound on the number of header bits needed uses source matching, thus giving a bound
of log(n), where n denotes the number of nodes [[7].

Our work was motivated by this contradicting phenomenon, and our goal is to give
a theoretical explanation why a very low number of header bits suffice for real-world
instances.

Previous works gave theoretical guarantees for only highly connected networks,
and little is known about topologies with low connectivity. This work is a first step
towards understanding this area of problems.

Our main contribution in this thesis is a perfectly 2-resilient routing with just few
header bit modifications, which we call Pear Our approach is based on a cut de-
composition of the graph and applies to any network topology. The number of header
bits used by our approach depends on a new graph-parameter called "pearl-depth’ that

'The name is due to the cut decomposition we use.



captures the structural properties of 2-edge-cuts of the graph. We show that if the
pearl-depth of the graph for a given destination is L, then a skipping routing with
[log,(L)] + 1 extra header bits can be given. Our approach is also attractive, as it
is based on skipping [8]: routing tables are small and essentially just skip failed links
according to a fixed order.

Our experiments show that real-world networks have pearl-depth of at most 5, thus
all real-world instances we consider can be solved by at most 4 header bits (see
ble 1.1).

In addition, we also give a perfectly 2-resilient skipping algorithm using only 1
header bit for a special class of graphs called subdivision graphs. Our experiments
show that about 37% of tested networks fall into this class.

The thesis is organized as follows. In Chapter [2] we define the problem and sum-
marize our theoretical results. Chapter 3] presents the algorithm for subdivision graphs,
which uses 1 header bit. The general algorithm is described in Chapter d} Our evalua-
tions are presented in 5

Number of bits used 0 1 2 3 4 >4
Number of topologies 56 89 63 32 3 0
Share of topologies 23% | 36.6% | 25.9% | 13.1% | 1.23% | 0%

Table 1.1: Number of header bits used by our approach on Topology Zoo instances



Chapter 2

Problem formulation and our
contribution

Let G = (V,E) be a graph and let Dg = (V,A) denote the directed graph arising from
G by replacing each undirected edge uv by two arcs uv, vu of opposite orientation. For
each node v we add a loop arc vv to A symbolizing packets originated at v. A vector
h € {0,1}™ is called an m-length header. A skipping routing with m header bits on
graph G is a function R : A x {0, 1} — {A x {0, 1}",STOP}? for some positive integer
length p, where for each arc uv € A and i € {0, 1}, if R(uv,h); = (e,'), then e € A is
an arc leaving v (1 <i < p).

For a given skipping routing function R(), a packet originated at node r (symbolized
by loop rr) is forwarded to the first non-failed arc in R(rr,0) with its corresponding
header, then so on, when arriving at a node v on an arc uv with header 4, the packet is
forwarded on the first non-failed arc in R(uv, k) with the corresponding header defined
by R(uv,h). Function value 'STOP”’ indicates that the failures cut the packet from d
and the packet cannot be delivered to its destination, thus the routing stops. A routing
function is perfectly k-resilient (or shortly k-resilient) with respect to a destination
node d if, in case of at most k edge failures, it delivers packets from every node to d
that is not separated from d by the failures.

We consider the case of perfectly 2-resilient skipping routing functions and inves-
tigate the minimum number of header bits needed to have a 2-resilient routing (see
Problem [I). Note that in case of 2-resiliency we can assume that length p = 3 in the
routing function.

Problem 1: Perfectly 2-resilient skipping routing to d with m header bits

Input: G = (V,E) undirected graph with a destination d € V.
Output: Perfectly 2-resilient skipping routing R() with m header bits

2.1 Preliminaries

Before presenting our results we explain why the problem can be reduced to 2-node-
connected graphs: suppose that node x separates v from destination d. Then a 2-
resilient routing task from v to d can be partitioned into two routing problems: first



Number of header bits Solvable graph class
no header rewriting 3-edge-connected graphs [10]
log|V/| bits (source matching) every graph (1]
1 bit subdivisions of 3-edge-connected graphs|/Thm |1
log L(d) bits every graph Thm]

Table 2.1: Summary of former and current results on perfectly 2-resilient skipping
routing. L(d) denotes the pearl-depth of G with respect to the destination d.

routing from v to x, and then from x to d. More generally, for a given graph G we
can consider its 2-node-connected components, and solve the resilient skipping routing
task for each component, where the destination node of a component is the cut node
separating the component from d. Then the number of extra header bits the routing
mechanism uses is the maximum number of bits that the 2-node-connected compo-
nents of the graph use. For example, the graph in has three 2-node-connected
components, and the brown and red cut nodes are separators. As we will see, the
pink-orange and green-blue components admit a a perfectly 2-resilient skipping rout-
ing with 1 header bit, and the purple cycle component needs no header bits, thus the
whole graphs admits a routing with 1 bit, too.

Moreover, if all 2-node connected components admit a perfectly 2-resilient skip-
ping routing without header bits, then so does the whole graph. Note that this is the
case when each component is either 3-edge-connected or a cycle (see the case of 0 bits
in|[Table 1.1J.

Thus in our algorithms we will assume that the graph is 2-node-connected.

2.2 Our contributions

Our main contributions are the following (see Table[2.1|for a comparison with previous
results):

* We show that if the graph is the subdivision of a 3-edge-connected graph, then
m = 1 header bit is enough to give a perfectly 2-resilient skipping routing. The
mechanism is presented in Chapter 3|, Theorem |l| Since it was shown earlier
that some instances of this graph class cannot be solved without extra header
information [4], our routing is optimal on this class.

Our experiments show that about 37% percent of Topology Zoo [9] have this
property.

» We construct a perfectly 2-resilient skipping routing with m = [log, (L(d))] + 1
header bits, where L(d) denotes the ’pearl-depth’ parameter of the graph, related
to the structure of its 2-edge cuts (see .1)). The related theorem and algorithm
are described in Chapter [ and in Theorem [}

Our evaluations give a pearl-depth of 5 in the worst case, thus all our real-world
instance can be solved by at most 4 header bits.

More specifically, the contributions of the author of this thesis are the following:
he proposed the pearl-depth as the good metric for graph complexity, created
the high level algorithm idea and implemented the simulation codebase, ran the
measurements and collected results.



Chapter 3

A 2-resilient algorithm with 1
header bit for subdivision
graphs

In this Chapter we give a perfectly 2-resilient skipping routing algorithm using only 1
extra header bit information for a graph class called subdivision graphs.

A subdivision of an edge uv is its replacement by a new node x and two new edges
ux,xv. We say that node x is the subdivision node of edge uv. In this chapter we
consider a special case of 2-connected graphs that arise from 3-edge-connected graphs
by subdivision steps, and show how to add one header bit of information to a circular-
arborescence routing in order to remain 2-resilient for this graph class. This forwarding
mechanism will be the starting point for the general case of 2-node-connected graphs.

This graph class played an important role also in [4], where it was shown that 2-
resiliency cannot be achieved without header rewriting if the source is not known. The
counterexample was a subdivision of a 3-edge connected graph. This counterexample
shows that our construction is sharp in the sense that this graph class cannot be solved
with less number of header bits.

In a directed graph D = (V,A), a d-(in)-arborescence T C A is a tree in the undi-
rected sense such that all of its arcs are oriented towards d. Note that there is a unique
directed path in T to d from every node in V(T). An arborescence is spanning if
V(T) = V. By the theorem of Edmonds [[12], if there are k arc-disjoint vd-paths in D
from every node v in V, then there are k arc-disjoint spanning d-arborescences in D.

Theorem 1. If G is a graph that can be constructed from a 3-edge connected graph Gy
by applying subdivision steps only, then there is a perfectly 2-resilient skipping routing
mechanism with one header bit. Moreover, the packet arrives at the destination d or
the routing stops in O(|V|) steps.

Proof. The main idea of our algorithm is to start from a circular-arborescence routing
Ro() of the underlying 3-edge-connected graph, and extend it to another routing R ()
on G using one header bit b.

First let us assume that G is the subdivision of the 3-edge connected graph Gy
and consider arc-disjoint spanning d-arborescences T1,12,13 in Dg,. By Edmonds’
Theorem [12]], such arborescences exist. We use the circular-arborescence approach of
[4] as a subroutine. The following forwarding Ro() gives a 2-resilient skipping routing



A/ /ﬁ*/%‘
N\

\/X\

Figure 3.1: An example of a graph where each 2-node-connected component is a sub-
division of a 3-edge connected graph, thus 2-resiliency can be solved by one header
bit.

to d on Gy (without header): routing towards d on an arbitrary starting arborescence
T, as long as possible, and if an arc uv is a failed arc on Tp, switching at u to 7,14
(mod 3) and so on.

Now consider the natural extension of Ry() on G: forwarding rules at V(Gy) remain
the same, and subdivision nodes perform the straightforward forwarding rule, that is
forwarding if possible, and returning the packet if the other incident edge is a failed
edge. This extended forwarding is denoted by R().

Then we come across the following problem with R(): when a failure on a sub-
divided edge routes a packet backwards on the edge, it may happen that the packet is
forwarded not on the right arborescence according to the circular-arborescence routing,
that is from 7; not to ;1| but to T;4» or to an arc that is not part of any arborescence.
We call such an event a "bouncing back’, which is indicated by the header bit b (see
Figure[3.3). So we define a new routing mechanism R;() on G that is based on R() but
uses one header bit b.

We assume that an edge uv is subdivided by new nodes x1,x2,...,X, in this order.
We replace uv by uxy,x1x2,...,x,v and vu by vx,, ..., xzx1,x1u if uv or vu is part of an
arborescence 7),, respectively (see Fig. [3.2).

We extend R, () the following way at node x; (1 <i < g). We describe the forward-
ing rules for arc x;_1x;, the case of arc x;x;+ is analogous. Assume that u = xp and
V= )Cq+1 .

1. If arc x;x;+1 is working, Ry() is a simple forwarding (and no header change is

applied).
2. If x;xj+1 is a failed edge, and the arriving packet has header bit b = 0:

(a) If x;_1x; € T, and x;x;_1 € Tpy1, the package returns on x;x;_; and the
header b remains 0:
Rp(xi—1x;,0) = (x;xi41,0); (xixi—1,0); (—, —).

(b) Inevery other case the package returns on x;x;_1 but the header b is switched
to 1:

Ry (xi—1x;,0) = (xixi1,0); (xixi—1,1); (=, —)
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(a) K4 (clique of size 4) without subdivisions

(b) K4 with some subdivisions

Figure 3.2: Illustrations for the 1 extra bit setting

I N Iy N
b= OV : b= ()V :
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) Ty * Tl
(a) (b)

Figure 3.3: First bouncing back scenarios
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Figure 3.4: Stopping the forwarding

Algorithm 1: 2-resilient routing algorithm with 1 header bit for subdivision
graphs

Input: G = (V, E) subdivision of a 3-edge connected graph, d € V

Output: perfectly 2-resilient skipping routing R;() to d with one header bit b
determine subdivision nodes and underlying graph Gy

find arc-disjoint d-arborescences T, T, T% in Gy

calculate circular arborescence routing R%() on V(Gy) without header
modify R%() to RY() on V(Gy) with 1 header bit

extend Ry () on subdivision nodes

return Ry ()

A A W N -

3. If a packet with header bit b = 1 arrives at a failed edge, the routing stops:
Rb(x,-_lx,-, 1) = (xixi+1,1);STOP

For packets originated at x; we forward it on x;x; 4| or x;x;_; arbitrarily.

Finally we modify the forwarding rules at nodes of Gy: If a packet with header
bit b = 1 arrives on arc uv of G, then it is forwarded on arborescence 7;, where arc
vu € T;_1. If arc vu is not part of any arborescence T;, the packet is forwarded on an
arbitrary arborescence not containing arc uv.

Claim 2. Routing Ry() is perfectly 2-resilient.

Proof. First we show that if a packet reaches a node in V(Gy), then it reaches d. To
see this, observe that when a packet arrives at a node in V(Gy), its routing becomes
identical to Ry() in the sense that the sequence of reached nodes in V (Gy) is the same.
Thus it is enough to show that if a packet is not cut from the destination, then it reaches
anode in V(Gy).

Since Gy is 3-edge-connected, a node x is cut from d if and only if it is a subdivision
node on an edge uv of Gy and both failed edges are also on the subdivision of uv such
that x is between them. In this case the routing starts towards one of the failures, and
turns back, then it reaches the other failure and turns back. Note that at least one of
these turnings is a bounce back, so the header bit b is set to 1 after at most two turning
backs, and stops after at most three. If a packet with header bit b = 1 arrives at a
subdivision node x on arc vx and arc xu is failed, then the packet is cut from d, and the
routing can be stopped.

If a packet originated at a subdivision node is not cut from d by the failures, then it
reaches a node in V(Gy) and thus d, as we discussed above. O

There are at most 4 arborescence-switches during a circular-arborescence routing
(Theorem 1, [4]]), and a packet turns back on a subdivided edge at most three times, so
routing R, () terminates in O(|V|) steps indeed. O

11



3.1 Running time analysis

Subdivision nodes can be contracted in O(|V|), and 3 arc-disjoint arborescences can be
computed in O(|E|log|V |+ |V|log?|V|) [13], giving the bottleneck of the algorithm.
Finally routing R () can be determined in O(|E|). Thus the overall running time of the
algorithm is O(|E|log|V |+ |V|log? |V]).

12



Chapter 4

Perfectly 2-resilient skipping
routing for 2-connected graphs

4.1 A constructive characterization by inserting pearls

Let G = (V,E),d be an instance of Problem 1| Recall that we may assume that G is
2-node-connected. In order to create a 2-resilient routing for 2-connected graphs, we
use a special construction of this graph class. We call a graph G’ = (V' E’) and nodes
s,t € V' a pearl between s and 7 if G' + {st} is a 3-edge-connected graph. Nodes s,t
are called the gates of the pearl.

Lemma 3. Every 2-node-connected graph G can be built up from a 3-edge connected
graph G by the repetition of the following steps:

A) Subdividing an edge uv by a new node x.

B) Replacing an edge uw by a pearl G' between nodes s,t and adding edges us,tw.

Proof. We prove the lemma by induction on the number of nodes. If G is not 3-edge
connected, there is a 2-edge-cut in G (note that G is 2-node-connected). We consider a
node set X such that i) d ¢ X, ii) edges connecting X and V \ X form a 2-edge-cut, and
iii) X is minimal with respect to these properties.

If X = {x}, then we can apply the reverse of step A) on x and its incident edges
xu,xw by replacing them with a single edge uw.

If |X| > 1, let su and tw denote the cut edges where s, € X (and u,w ¢ X). Then, it
is easy to see that X is a pearl between s and ¢, and we can apply the reverse of step B).

In both cases, we can apply the induction on the resulting graph. O

O—0 — © @ ©

(a) Step A)

O—=0 — ® ) (D ®
(b) Step B)

Figure 4.1: Tlustration for Lemma
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Algorithm 2: Pearl-construction of a 3-edge-connected graph
Input: G = (V,E) 2-node-connected, d € V
Output: pearl-construction 4 = {Gj,...,G}; Go
determine pearl construction 4 = {Gy,...,Gi}; Go
while exists 2-degree node do

find x 2-degree node with incident edges ux, vx

replace x, ux,vx by uv

BOW N =

while G’ not 3-edge-connected do
find 2-edge-cut su, vt with d ¢ X and |X| minimal
replace X by uv
addX to ¥

return 4 = {Gy,...,G};Go

®w N W

o

We call such a construction starting from a 3-edge connected graph Go and applying
steps A) and B) the pearl-construction of graph G. Observe that the set of pearls is
the same for every pearl-construction of G.

We will use these building steps A) and B) to construct a proper routing on G, start-
ing from a circular arborescence routing of the 3-edge-connected graph Go. We have
seen in Theorem [I] that when only step A) is applied, there is 2-resilient forwarding
function with only 1 header bit. We need to deal with the case when step B) is applied,
too.

Suppose that 4 = {G1,Ga, . .., Gy} denotes the set of pearls in the pearl-construction
of G starting from Go. We need some further structural properties of the construction.

4.1.1 Level of a pearl

A packet crossing a pearl requires a different routing strategy than those originated at
that pearl. In order to differentiate between these two type of packets, we will apply a
counter in the header, called the level, which is a function / : {¥} UEUV — N +. The
pearl construction of G gives the level values:

* Starting graph Gy and all its nodes and edges have level 1.
* New edges in step A) inherit the level of the subdivided edge.

* When step B) is applied on edge uw, we can associate a level to the inserted pearl
G’ (its nodes and edges inherit the same level):

1(G'):=1(uw)+1,and [(uv) :=1(G') for every edge uv € E(G’), and [(v) = 1(G")
for every node v € V(G').

Note that applying step B) on an edge uw naturally defines a parent-child relation
between the inserted pearl G’ and the pearl (or Gy) that contains edge uw. The goal of
the level function is to capture this relation locally. If a packet is originated at a node
v € G, its starting header is /(v) until it reaches a gate of G’. Then its header is set to
(G —1.

The maximum value of / is called the pearl-depth of G with respect to the destina-
tion d, denoted by L(d). As we will see in the next Section, [log,(L(d))] + 1 number
of header bits are enough to define a 2-resilient forwarding. Although the number of

14



pearls and pearl-depth can be Q(|V|) (see Fig. i.2), pearl-depth is very small in real-
world instances (see Chapter [3).

4.2 2-resilient routing via pearl-construction

Theorem 4. Let G be a 2-connected graph and d € V a destination node. There is
a perfectly 2-resilient skipping routing with [log,(L(d))]| + 1 header bits, where L(d)
denotes the pearl-depth of G with respect to d.

Proof. We define a 2-resilient routing R() on G according to the pearl-construction of
G.

Let¥ = {Gy,Gy,...,G;} denote the ordered set of pearls in the pearl-construction
of G, starting from Gy.

First we consider Gy and its subdivision nodes, and define R() as R;() described in
Chapter 3]

Next we define R() on pearls Gy, ..., Gy in this order.

Let G; between nodes s,¢ be the next pearl of the construction. For packets origi-
nated at G, circular-arborescence-type routing is applied until the packet reaches one
of the gates s or . The arborescences are found the following way: there are three
arc-disjoint spanning s-arborescences in D¢, Deleting the extra arc s we get two
spanning s-arborescences and one 7-arborescence that spans V(G ;) —s. These arbores-
cences are denoted by T/, 75, Ty , respectively.

Applying a circular-arborescence routing in G; delivers a packet to either s or # up
to 2 edge failures. Adapting the routing algorithm of Chapter [3| with one header bit b,
R,’? () delivers a packet to either s or 7 up to 2 edge failures even if we add the subdivision
nodes of G;.

Routing R() is 'merged’ with R} () on G; the following way (see Figure :

Case 1: For packets coming from a node in G, the header is set to ((G;),0) and
circular arborescence routing with one header bit Ri() is applied with arborescences

T{,T; ,T]. If the packet reaches s or t, its header is set to (/(G;) — 1,0) and forwarded
on su or tv, respectively.

Case 2: For crossing packets that are coming from either s or  we apply a different
routing. Note that these packets are exactly the ones arriving at s or ¢ with level [ <
I(Gj) in the header. We fix two edge-disjoint paths Pf and PZJ in Gj, and apply the
following routing (see Figure). '

A packet from arc us is forwarded on path P/ towards 7. If there is a failed edge, the
packet turns back and continues on path sz . Analogously, a packet on arc vt continues

on path PzJ towards s. If there is a failed edge on PJ, it turns back and continues on Pf .
In both cases, if both paths have a failed edge, the packets return to u or v, respec-
tively. _
If a packet reaches a gate, say s, and su is a failed edge, the packet returns on P/
with level /(G;) — 1, and the bouncing back bit is set analogously to the subdivision
case, as if s were a subdivision node on edge uv.

4.3 Running time analysis

The pearl construction can be determined in O(|E|[V|). Since the pearls are node-
disjoint, all arc-disjoint arborescence triplets 7}, 75,7y and paths pairs P/, Py can be

15



Algorithm 3: Perfectly 2-resilient skipping routing algorithm
Input: G = (V,E) 2-node-connected, d € V
Output: 2-resilient skipping routing R() to d

1 determine pearl construction 4 = {Gy,...,Gi}; Go (see Alg.

2 calculate levels /(G;)

3 find arc-disjoint d-arborescences TIO7 T207 T30 in Gy

4 calculate RY() on V(Go) and its subdivision nodes (see Alg.

s set R() as R)()

6 for i=1..k do

7 | find arc-disjoint arborescences 7}, T}, T} in G;

8 calculate Ri() on V(G;) and subdivision nodes of E(G;) (see Alg.
9 find edge-disjoint paths Plj , sz

10 | merge Ri() with R() for messages with header /(G )
11 | extend R() on P/, PJ for messages with header < /(G)

12 return R()

computed in O(|E|log |V |+ |V|log? [V|) total time. Finally routing R() can be deter-
mined in O(|E|). Thus the overall running time of the algorithm is O(|E||V|). O
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Figure 4.2: There can be as much as ®(|V|) pearls. While the upper bound is imminent, the
figure above hints a construction for Q(|V|) pearls and pearl-depth.

(a) Routing for packets departing out- (b) Routing for packets departing in-
side the pearl side the pearl

Figure 4.3: Example on routing with a pearl

Figure 4.4: Forwarding rules for crossing packets, i.e. those arriving on us or vz.
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Chapter 5

Evaluation

We run our experiments on the Topology Zoo network collection, which is a publicly
available benchmark of ISP topologies [9]]. For the experiments we used a commod-
ity laptop with 16 GB RAM and an 2.2 GHz processor. The implementation is done in
Python and can be found at ht tps://github.com/begeri/fast-failover!

On we have plotted the number of pearls in each graph in the Topology
Zoo. For reference, we have also added the number of nodes and number of edges of
the graphs to the plot. We can see that the number of pearls compared to the graph size
[V| is low in practice, typically being at least an order of magnitude smaller than the
number of nodes.

IFig. 5.2| investigates the pearl-depth of the topologies, where pearl-depths were
measured with randomly chosen destination nodes. It is clear that in spite of the O(|V|)
theoretical upper bound on the pearl-depth (see [Fig. 4.2),, it is typically small in prac-
tice. At its highest value, the pearl-depth reached 5, in only 3 topologies in our simu-
lations, that is 1.23% of the cases. Also, the pearl-depth is typically much lower, see
As we can see, roughly 3 out of 5 topologies have a minimal pearl-depth,
that is of 1. Further, a quarter, and a tenth of the graphs have pearl-depths of 2 and 3,
respectively. In the remaining < 4% of the cases, the pearl-depth equaled 4, or 5. In
conclusion, the higher pearl-depth the lower the probability that a random Topology
Zoo instance has that depth. Further, this decrease in probability is dramatic.

Pearl-depth 1 2 3 4 5 >5
Number of topologies || 145 63 26 6 3 0
Share of topologies || 59.7% | 25.9% | 10.7% | 2.47% | 1.23% | 0%

Table 5.1: Number and share of pearl-depths of Topology Zoo graph instances

The fact that the pearl-depths typically do not exceed 4 means that in most cases,
not more than 3 header bits are required to our algorithm to secure a perfectly 2-resilient
routing. This is due to the [log,(pearl-depth)] 4 1 bound on the extra bits. Displayed
at the beginning of the thesis, [Table T.T|explored more in-depth the share of the number
of header bits used. Note that for special graph classes like 3-edge-connected graphs
or cactus graphs, no header bit rewriting is needed. In this case, the above-mentioned
expression on the number of header bits is only an upper bound.

depicts the running time of the pearl decomposition algorithm in function
of the network node number. Note that by the theoretical running time analysis, this
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Figure 5.1: A scatter plot of the number of nodes, edges, and the number of pearls. At
index i the data related to the i smallest graph is displayed.
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Figure 5.2: A scatter plot of the number of nodes and the pearl depth

step asymptotically dominates the running time. It is noticeable that while the algo-
rithm was implemented in Python, and was run on a commodity laptop, apart from the
3 biggest graphs, the running time of the algorithm never exceeded 1 second. Also,
for the biggest graphs studied with 754 nodes, the runtime was around 30 seconds.
Judging from the data points that roughly align around a straight line on [Fig. 5.3| with
log-log scale, we can see that the empirical runtime complexity is also polynomial.

[Fig. 5.4] gives us insight about the size distribution of the pearls. For each graph,
the minimum pearl size, the maximum pearl size and the average pearl size is shown.
As the first 49 graphs do not contain real pearls, they are not shown on the plot. We
can see, that the minimal pearl size often is very small even in big graphs.
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Figure 5.3: A scatter plot of the running times for constructing the pearl decomposition.
Note that computing the pearl decomposition dominates the runtime of our algorithm.
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is shown. The indexes of the graphs here are according to their average pearl sizes.
There are 49 topologies without a pearl, thus we plot data for graphs with having an
index > 50.
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Chapter 6

Related works

Gyorgyi et al. [6] gave a perfectly 1-resilient routing that uses a shortest path to the
destination if there is no failure in the network. As for the directed case, 1-resilient
routing is not always possible in such networks, shown by Akker and Foerster [[14].
Foerster et al. proved the impossibility for an even broader problem class [[15]. Chiesa
et al. [4] showed that a 2-resilient routing can be given if the graph is 3-edge-connected,
but such a routing does not always exist if the graph has lower connectivity. As for the
general case, Dai et al. showed that 2-resilient routing is possible if both the source and
the destination nodes are known [L1]], thus their solution requires log(n) extra header
bits to encode the source node.

Former algorithms with theoretical guarantees mainly consider highly connected
networks. A routing is ideal if it is kK — 1 resilient and the graph is k-edge connected.
Chiesa et al. [10] showed that 4-resilient or 5-resilient skipping routing can be given
without header bits if the graph is 5- or 6-connected, respectively. It is an open question
whether this property holds for higher connectivity as well. Foerster et al. showed that
if both the source and destination nodes are known, such a routing exists for any & [16].
Dai et al. generalized the former setting for nonstatic failures and showed that logk
header bits suffice for k — 1-resililency if the graph is k-edge-connected [[17]. Perfect
resilience is impossible; Foerster et al. gave a counterexample of only eight nodes [[18].

Several heuristic approaches were proposed for different variations of the problem
[19]. Foerster et al. [20] combined multiple arborescences, while Karamoussanlis et
al. adapted face routing with arborescence routing [21]. Foerster et al. proposed a
post-processing approach [22]. Chiesa et al. implemented a framework addressing the
problem on programmable switches [23]. Yang et al. offered a heuristic based on a
special traversal on the graph edges [5]. Recently, in [24], Grobe et al. adapted the
algorithm of [5] to accommodate directed graphs.
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Chapter 7

Conclusion

We investigated perfectly 2-resilient skipping routing mechanisms. We gave an algo-
rithm that solves the problem with only 1 header bit for subdivision graphs that covers
a considerable fraction of real-world instances. For the general case we proposed an
algorithm that uses [log,(L(d))] + 1 header bits, where L(d) denotes the pearl-depth
of the underlying graph with respect to destination node d. Our experiments show that
all real-world networks can be solved by at most 4 header bits.

It is still an open question whether perfectly 2-resilient routing can be solved by
a constant number of header bits for 2-connected graphs. It is also an open problem
to decide which subdivisions of 3-connected graphs have a 2-resilient routing without
header.
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Appendix

Table 7.1: Data on pearl depths in the alphabetical order of graph names
[V]||E| [Pear] depth Graph name # pearls|Avg. pearl size|Mim. pearl size|max. pearl size|Runtime [sec]
19|24 3 Aarnet 3 2 2.0 2.0 1.94-1072
11|14 3 Abilene 3 2 2.0 2.0 1.34-1072
23|31 2 Abvt 2 5 4.0 6.0 2.14-1072
23|31 3 Aconet 3 2 2.0 2.0 1.43-102
25 (30 1 Agis 1 6 6.0 6.0 2.67-1072
10| 9 1 Ai3 0 0 0.0 0.0 7.35-107
16 |37 1 Airtel 1 8 8.0 8.0 3.76-10~
25 (24 1 Amres 0 0 0.0 0.0 1.45-10~
18 |25 2 Ans 2 5.5 1.0 10.0 2.29-10~
30 (29 1 Arn 0 0 0.0 0.0 2.85-10™
34 (47 2 Arnes 3 4 2.0 5.0 2.87-10~
4| 4 1 Arpanet196912 0 0 0.0 0.0 5.06-10~°
9 |10 1 Arpanet19706 0 0 0.0 0.0 6.12-1073
18|22 3 Arpanet19719 3 2 2.0 2.0 4.46-1077
25128 3 Arpanet19723 3 2 2.0 2.0 1.66-1077
29|32 1 Arpanet19728 1 6 6.0 6.0 9.26-1077
6579 1 AsnetAm 3 3.67 2.0 7.0 0.11
21|22 2 Atmnet 2 1.5 1.0 2.0 1.01-1077
25|57 1 AttMpls 1 20 20.0 20.0 2.91-1077
22 (25 1 Azrena 0 0 0.0 0.0 1.46-1072
716 1 Basnet 0 0 0.0 0.0 5.69-107°
27 (28 2 Bbnplanet 2 1.5 1.0 2.0 4.26-1072
48 | 65 2 Bellcanada 5 4.2 1.0 13.0 5.48-1077
51|66 2 Bellsouth 2 2.5 1.0 4.0 0.1
23 (43 1 Belnet2003 1 5 5.0 5.0 1.26-1072
23 (43 1 Belnet2004 1 5 5.0 5.0 1.31-102
23 |44 1 Belnet2005 1 5 5.0 5.0 1.11-1072
23 (44 1 Belnet2006 1 5 5.0 5.0 1.44-102
2131 3 Belnet2007 5 2 2.0 2.0 2.25-1072
2131 3 Belnet2008 5 2 2.0 2.0 2.16-1072
2131 3 Belnet2009 5 2 2.0 2.0 2.16-1072
22 (32 3 Belnet2010 5 2 2.0 2.0 2.05-10
53|65 1 BeyondTheNetwork 1 14 14.0 14.0 0.1
33148 2 Bics 2 8.5 2.0 15.0 5.49-1072
29 (33 2 Biznet 4 1.75 1.0 2.0 1.87-10~
37 (38 1 Bren 0 0 0.0 0.0 4.55-10~
18|24 1 BsonetEurope 1 6 6.0 6.0 2.31-10™
20 | 31 1 BtAsiaPac 1 8 8.0 8.0 1.91-10
24 |37 1 BtEurope 1 6 6.0 6.0 1.7-1072
36 |76 1 BtNorthAmerica 1 23 23.0 23.0 3.61-10~
32141 2 Canerie 4 2.5 1.0 4.0 3431077
44 |43 1 Carnet 0 0 0.0 0.0 3.63-1077
41 |59 1 Cernet 1 8 8.0 8.0 2.46-1077
10 9 1 Cesnet1993 0 0 0.0 0.0 1.01-10772
13]12 1 Cesnet1997 0 0 0.0 0.0 1.2-102
13]12 1 Cesnet1999 0 0 0.0 0.0 9.78-107°
2323 1 Cesnet2001 0 0 0.0 0.0 1.75-102
29 (33 1 Cesnet200304 1 4 4.0 4.0 4.89-1072
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39|44 2 Cesnet200511 2 2.5 1.0 4.0 6.46-10~
39|44 1 Cesnet200603 1 4 4.0 4.0 6.12-10™
44151 1 Cesnet200706 1 6 6.0 6.0 0.12
52163 1 Cesnet201006 1 12 12.0 12.0 0.17
42| 66 1 Chinanet 1 9 9.0 9.0 0.1
15]18 1 Claranet 1 3 3.0 3.0 1.3-102
197245 5 Cogentco 7 8.86 2.0 46.0 1.72
153|191 4 Colt 9 3.33 1.0 11.0 0.95
70| 85 4 Columbus 4 6.25 1.0 15.0 0.17
14|17 1 Compuserve 1 5 5.0 5.0 9.49-107°
3338 3 CrINetworkServices 3 2.67 1.0 5.0 1.71-1072
51(52 2 Cudi 2 1.5 1.0 2.0 6.55-107
36 |41 1 Cwix 1 7 7.0 7.0 2981072
30 | 29 1 Cynet 0 0 0.0 0.0 2.85-1072
28 |31 3 Darkstrand 3 2 2.0 2.0 1.58-102
6 |11 1 Dataxchange 1 5 5.0 5.0 8.76-107°
113183 5 Deltacom 5 11.8 1.0 52.0 0.53
58 | 87 1 Dfn 1 20 20.0 20.0 6.4-107
3138 4 Digex 4 2.75 2.0 4.0 2.57-1072
19|29 1 Easynet 2 4 3.0 5.0 2.57-1072
13|16 1 Eenet 0 0 0.0 0.0 1.1-10~2
20 | 30 1 EliBackbone 1 12 12.0 12.0 1.34-10~
617 1 Epoch 0 0 0.0 0.0 5.37-107°
30 (32 1 Ernet 1 3 3.0 3.0 3.87-10~
68192 1 Esnet 1 12 12.0 12.0 0.21
37145 2 Evolink 2 4 1.0 7.0 4.63-10"
17 (21 2 Fatman 2 1.5 1.0 2.0 1.94-10
23127 1 Fcen 0 0 0.0 0.0 1.26-10™
62|62 1 Forthnet 0 0 0.0 0.0 7.93-10
26|31 2 Funet 2 3.5 2.0 5.0 2.28-10™
28|28 1 Gambia 0 0 0.0 0.0 2291077
16 | 18 1 Garr199901 1 4 4.0 4.0 1.52-102
23|25 1 Garr199904 1 4 4.0 4.0 2.05-1077
23125 1 Garr199905 1 4 4.0 4.0 2.05-1077
22|24 1 Garr200109 1 4 4.0 4.0 2381077
2426 1 Garr200112 1 4 4.0 4.0 2.63-1077
2729 1 Garr200212 1 3 3.0 3.0 2.84.10°7
2224 1 Garr200404 1 4 4.0 4.0 1.95-102
54171 1 Garr200902 1 9 9.0 9.0 0.2
54168 1 Garr200908 1 9 9.0 9.0 0.19
55169 1 Garr200909 1 9 9.0 9.0 0.19
54168 2 Garr200912 2 5 1.0 9.0 0.2
54168 2 Garr201001 2 5 1.0 9.0 0.21
54171 1 Garr201003 1 9 9.0 9.0 0.23
54171 2 Garr201004 2 5 1.0 9.0 0.21
55(72 1 Garr201005 1 9 9.0 9.0 0.22
55(74 1 Garr201007 1 9 9.0 9.0 0.17
55|74 1 Garr201008 1 9 9.0 9.0 0.17
56|75 1 Garr201010 1 9 9.0 9.0 0.19
56|75 1 Garr201012 1 9 9.0 9.0 0.17
56|76 1 Garr201101 1 9 9.0 9.0 0.2
57177 1 Garr201102 1 9 9.0 9.0 0.18
58 |81 1 Garr201103 1 9 9.0 9.0 0.22
59183 2 Garr201104 2 6 1.0 11.0 0.29
59|84 2 Garr201105 2 5 1.0 9.0 0.21
59185 2 Garr201107 2 5 1.0 9.0 0.25
59185 1 Garr201108 1 9 9.0 9.0 0.23
59186 1 Garr201109 1 9 9.0 9.0 0.18
59|87 2 Garr201110 2 5.5 1.0 10.0 0.2
60 | 87 1 Garr201111 1 10 10.0 10.0 0.18
61 | 89 2 Garr201112 2 5.5 1.0 10.0 0.19
61 | 89 2 Garr201201 2 5.5 1.0 10.0 0.2
817 1 Gblnet 0 0 0.0 0.0 6.52-10°°
27|38 2 Geant2001 2 6 1.0 11.0 5.56-1072
34152 1 Geant2009 1 16 16.0 16.0 4.08-102
37|58 1 Geant2010 1 16 16.0 16.0 5291072
40|61 1 Geant2012 1 17 17.0 17.0 8.39-1072
718 1 Getnet 1 2 2.0 2.0 6.74-107°
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9136 1 Globalcenter 1 9 9.0 9.0 1.71-10~
67 |113 2 Globenet 2 14 2.0 26.0 0.2
17|31 1 Goodnet 1 9 9.0 9.0 2.31-10™
16 | 15 1 Grena 0 0 0.0 0.0 1.03-10™
9 120 1 Gridnet 1 9 9.0 9.0 1.21-10™
37|47 2 Grnet 2 3.5 2.0 5.0 6.48-10~
149(193 3 GtsCe 4 12.5 2.0 44.0 0.63
32033 2 GtsCzechRepublic 2 1.5 1.0 2.0 3.13-10™
3031 1 GtsHungary 0 0 0.0 0.0 1.74-10™
33|37 2 GtsPoland 2 3.5 1.0 6.0 2.43-10™
21|24 2 GtsRomania 2 1.5 1.0 2.0 1.54-1072
35|37 2 GtsSlovakia 2 2 2.0 2.0 3.63-10°7
21|25 1 Harnet 1 4 4.0 4.0 3.49.1077
7 113 1 Heanet 1 4 4.0 4.0 91077
13|14 2 HiberniaCanada 2 1.5 1.0 2.0 1.23-1072
55181 3 HiberniaGlobal 7 4.86 1.0 21.0 0.21
8|8 1 Hibernialreland 0 0 0.0 0.0 5.66-10~°
18|22 3 HiberniaNireland 3 2 2.0 2.0 1.4-107
15|15 1 HiberniaUk 0 0 0.0 0.0 6.6-10
22029 2 HiberniaUs 2 5.5 2.0 9.0 3.42-10°7
18|53 1 Highwinds 1 13 13.0 13.0 3.35-1077
16 | 21 2 HostwaylInternational 2 3 2.0 4.0 1.83-102
24 (37 2 HurricaneElectric 2 5.5 1.0 10.0 5.23-1072
18 | 24 1 Tbm 1 9 9.0 9.0 1.35-102
37|66 2 Iij 2 6 1.0 11.0 8.8-1072
31|35 1 Tinet 1 4 4.0 4.0 4.62-10
14|15 1 Tlan 0 0 0.0 0.0 8.27-107°
27 | 36 2 Integra 2 5.5 2.0 9.0 3.28-10~
73|97 3 Intellifiber 4 6.25 2.0 15.0 0.12
19|45 1 Internetmci 1 17 17.0 17.0 3.34-10
66 |78 1 Internode 1 10 10.0 10.0 0.35
110[158 4 Interoute 6 8 1.0 40.0 0.4
39053 2 Intranetwork 6 2.67 1.0 8.0 6.33-1072
125[150 4 Ton 5 7.4 2.0 23.0 0.32
33|41 2 IowaStatewideFiberMap| 2 6 2.0 10.0 4.79-1072
51|64 2 Iris 2 6.5 5.0 8.0 545-1072
23|23 1 Istar 0 0 0.0 0.0 1.83-1072
11|10 1 Itnet 0 0 0.0 0.0 6.44-107°
29 |45 1 Janetbackbone 1 7 7.0 7.0 9.91-1077
20 | 40 1 Janetlense 1 8 8.0 8.0 2.15-10
1817 1 Jgn2Plus 0 0 0.0 0.0 1.05-10™
25130 2 Karen 3 1.67 1.0 2.0 3.15-10™
754(899 3 Kdl 11 18.64 1.0 185.0 29.2
26|28 2 KentmanFeb2008 2 1.5 1.0 2.0 2.65-10~
38 (39 1 KentmanJan2011 0 0 0.0 0.0 3.39-10™
16 |17 2 KentmanJul2005 2 1.5 1.0 2.0 1.13-10~
1312 1 Kreonet 0 0 0.0 0.0 9.2-10°°
42|46 3 LambdaNet 3 2.33 2.0 3.0 2.09-10™
69|74 1 Latnet 2 2 2.0 2.0 0.12
67 2 Layer42 2 1.5 1.0 2.0 7.39-1073
43|43 1 Litnet 0 0 0.0 0.0 5.13-10™
20|27 1 Marnet 1 3 3.0 3.0 1.11-1072
16 | 18 2 Marwan 2 2 2.0 2.0 2.01-1077
67|83 3 Missouri 3 8 4.0 14.0 0.13
615 1 Mren 0 0 0.0 0.0 5.74-107°
371[40 1 Myren 1 2 2.0 2.0 3.6-107
6|7 1 Napnet 0 0 0.0 0.0 5.2-10
13117 1 Navigata 1 4 4.0 4.0 9.8-10~
7110 1 Netrail 1 3 3.0 3.0 6.75-107°
35039 1 NetworkUsa 1 4 4.0 4.0 9.96-10~°
17|20 1 Nextgen 1 2 2.0 2.0 7.32-10°
36 | 41 1 Niif 1 5 5.0 5.0 5.28-1072
19|25 1 Noel 1 6 6.0 6.0 1.08-1072
716 1 Nordu1989 0 0 0.0 0.0 5.87-107°
14|13 1 Nordu1997 0 0 0.0 0.0 9.24-1077
9110 1 Nordu2005 0 0 0.0 0.0 7.49-10°7
13]15 2 Nsfnet 2 2.5 1.0 4.0 1.31-10™
20|26 1 Oxford 1 6 6.0 6.0 1.06-10
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18|27 1 Pacificwave 1 3 3.0 3.0 1.05-10~
21|27 2 Packetexchange 4 2.25 1.0 5.0 1.93-10™
45|70 2 Palmetto 2 11.5 3.0 20.0 7.57-10™
16 [ 20 1 Peerl 1 5 5.0 5.0 1.13-102
127[129 2 Pern 2 2 2.0 2.0 0.31

36 | 41 3 PionierL1 3 3.33 1.0 7.0 4.38-10~
38|52 1 PionierL3 1 14 14.0 14.0 6.07-10~
24125 1 Psinet 1 2 2.0 2.0 1.53-102
20|31 1 Quest 1 11 11.0 11.0 1.7-1072
84 (101 2 RedBestel 4 4.25 1.0 11.0 8.52-1077
19|32 1 Rediris 1 9 9.0 9.0 1.39-102
514 1 Renam 0 0 0.0 0.0 5.82-107°
2423 1 Renater1999 0 0 0.0 0.0 1.27-1072
24|27 1 Renater2001 1 4 4.0 4.0 1.96-1072
30136 2 Renater2004 2 3 1.0 5.0 2.06-1072
33|43 3 Renater2006 3 2.67 1.0 5.0 3.07-1072
33|43 3 Renater2008 3 2.67 1.0 5.0 3.27-1072
43|56 1 Renater2010 1 12 12.0 12.0 3.2-107
1921 1 Restena 1 3 3.0 3.0 1.23-10™
37|36 1 Reuna 0 0 0.0 0.0 4.22-10
16|18 1 Rhnet 1 2 2.0 2.0 8.39-107°
3134 2 Rnp 2 1.5 1.0 2.0 2.29-10
42150 1 Roedunet 1 6 6.0 6.0 6.65-10~
48|52 2 RoedunetFibre 2 35 1.0 6.0 4.56-10~
18|17 1 Sago 0 0 0.0 0.0 6.12-107°
43|45 2 Sanet 2 2 1.0 3.0 3.52-1077
717 1 Sanren 0 0 0.0 0.0 5.06-10~°
1920 1 Savvis 1 2 2.0 2.0 7.79-107°
2835 3 Shentel 3 3.67 1.0 8.0 3.05-10°7
74|76 3 Sinet 3 1.67 1.0 2.0 0.21

1110 1 Singaren 0 0 0.0 0.0 7.77-107°
15|16 1 Spiralight 0 0 0.0 0.0 5.46-107°
1118 2 Sprint 2 3.5 1.0 6.0 1.5-102
26 | 49 2 Sunet 3 7 1.0 18.0 3.32-1077
50|73 3 Surfnet 4 4.25 1.0 12.0 6.92-1077
74192 4 Switch 5 4.6 2.0 15.0 0.23

42|63 1 SwitchL3 1 14 14.0 14.0 5.37-1072
74|74 1 Syringa 0 0 0.0 0.0 8.83-107
145[194 2 TataNId 5 11.6 1.0 51.0 0.5

6|6 1 Telecomserbia 0 0 0.0 0.0 5.17-107°
53189 2 Tinet 2 16.5 13.0 20.0 0.15

12|16 1 TLex 1 4 4.0 4.0 1.19-102
2020 1 Twaren 0 0 0.0 0.0 1.61-1072
8282 1 Ulaknet 0 0 0.0 0.0 0.12

25129 2 UniC 2 1.5 1.0 2.0 1.87-1072
13|25 1 Uninet 2 6 4.0 8.0 1.4-107
74 {101 2 Uninett2010 2 13 2.0 24.0 0.24

69 [ 98 2 Uninett2011 2 12.5 2.0 23.0 0.22

24124 1 Uran 0 0 0.0 0.0 1.69-1077
158[189 5 UsCarrier 8 5 1.0 22.0 0.35

49 | 84 1 Uunet 1 20 20.0 20.0 0.14

2526 1 Vinaren 0 0 0.0 0.0 1.8-102
24 (23 1 VisionNet 0 0 0.0 0.0 1.06- 10~
88192 3 VtlWavenet2008 3 2.33 2.0 3.0 4.63-10
92 (96 3 VtlWavenet2011 3 2.33 2.0 3.0 1.92-1072
3033 2 WideJpn 2 1.5 1.0 2.0 2781077
24134 2 Xeex 2 5 2.0 8.0 2.67-1077
34149 1 Xspedius 1 19 19.0 19.0 3.22-1077
23|24 1 York 1 2 2.0 2.0 7.88-107°
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