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ABSTRACT

We study the problem of designing fault tolerant routings in both complete and
complete bipartite optical networks. We show that this problem has strong
connections to various fundamental problems in design theory. Using a design
theory approach, we find optimal f-fault tolerant arc-forwarding indexes for all
complete networks and all complete balanced bipartite networks. Similarly, we
find almost exact values for f-fault tolerant optical indexes for these networks.
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1. INTRODUCTION

Routing communication demands is fundamental in networking and is recognized
as being of particular importance in the area of optical networking [1]. Most re-
search concentrates on determining two basic invariants of a given optical network
— the arc-forwarding and optical indexes [3]. In [10], fault tolerant issues of op-
tical networks were considered and the two invariants were generalized into the so
called f-fault tolerant arc-forwarding index and f-fault tolerant optical index. Here
the parameter f represents the number of faults that are tolerated in the optical
network. To determine the arc-forwarding index of a network requires the design
of a path system which uses every link in the network evenly. Unfortunately, the
difficulty of the problem has resulted in mainly ad hoc contructions of such systems
and possible connections to other mathematical structures remain hidden.

In this paper we aim to understand the source of difficulty in path layout prob-
lems even for very simple networks. In particular, we explore connections between
these layouts and well-known problems in design theory. Building on the connection
with design theory, we are able to determine the f-fault tolerant arc-forwarding in-
dex and almost determine the f-fault tolerant optical index for complete networks
and for complete balanced bipartite networks.

We model an all-optical network as a symmetric directed graph G with vertex
set V(G) and arc set A(G), i.e., if (u,v) € A(G) then (v,u) € A(G). Let P(u,v)
denote a directed path in G from u to v. An f-fault tolerant routing in G is a set

Ri(G)={Pi(w,v): v,v e V(G), u#wv, i=0,..., f}

where for each pair of distinct vertices u, v € V(G), the paths Py(u,v), ..., Pr(u,v)
are internally vertex disjoint.

The motivation for this work, as noted in [2], is to guarantee, for a particular
communication demand, fault-free transmission in a network when links and/or
nodes may fail. Assuming that at most f links or nodes in a network may fail,
R ;(G) will provide such a routing. We can view the routing R ;(G) as an embedding
of a complete (f + 1)-multi-digraph on n nodes into G where |V (G)| = n. To date,
research has concentrated mainly on 0-fault tolerant routings Ro(G).

In practice the bandwidth of a communication link (the number of different
signals a link can carry) is limited. From this perspective, it is imperative that
routings be designed that minimize the maximum load on arcs. Let 7(R;(G))
denote the maximum load on arcs, that is, the maximum number of times an arc
of G appears on a directed path in Ry(G). Then

7(6) = min #(Rs(@))

is called the f-fault tolerant arc-forwarding indexr of G. Note that the 0-fault
tolerant arc-forwarding index is the well-known arc-forwarding index, cf. [11].

In an optical network, a request is serviced by sending a signal on a specific
wavelength over the entire path assigned to the request by the routing. Therefore,
whenever two paths of the routing share an arc, they must be assigned to different
wavelengths. Let @W(R¢(G)) be the smallest number of wavelengths that must be
assigned to the directed paths of R(G) so that no two paths that share an arc
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receive the same wavelength.

w5 (G) Anin, (R4 (G))
is called the f-fault tolerant optical index of G. Again, the O-fault tolerant optical
index is equivalent to the well-studied optical index.

Consider an f-fault tolerant routing R;(G). We say that Ry is optimal if
7§(G) = Ry(G). Furthermore, we say R;(G) is balanced if the difference in loads
between any two arcs is at most one. We are also interested in the problem of
reconfiguring routings as fault tolerance needs change. For any i =0, ..., f, level i
of the routing R is the set of paths P;(u,v) € Ry, for all u # v. It follows that for
any f' < f, the subrouting R (G) consisting of levels 0,..., f’, is f'-fault toler-
ant. We say that an optimal balanced routing R ;(G) is leveled if every subrouting
R;(G) is also optimal and balanced. A feature of a leveled f-fault tolerant routing
is that it can easily be reconfigured when there is a change in the requirement on
the number of faults the routing should tolerate.

Our main contributions involve establishing a close connection between leveled
f-fault tolerant routings in the complete digraph K, and the existence of f disjoint
idempotent Latin squares. Using this connection and tools from design theory
[14, 5, 6], we find values ﬁf(fn) and ﬁf(I?n7n) for every valid combinations of f
and n, and determine almost optimal values for the f-fault tolerant optical index
of these networks.

This link between design theory and fault tolerance should be applicable to
determining these indexes for other graphs as well as other problems in network
routing. Indeed, a design theory approach was recently used in a related problem,
that of minimizing the number of ADM switches in WDM ring networks (see for
example [4]).

An extended abstract of this paper appeared in [9].

2. PRELIMINARIES

Let p be a path in a graph G. The length of p is the number of arcs of p. The
distance of two nodes u and v of G is the length of a shortest path connecting u
and v. We generalize distance as follows. The k-distance of u and v, dg(u,v), is
the sum of lengths of k distinct shortest internally node disjoint paths connecting
u and v. If there are not k such paths, then we set dg(u,v) = oo, and for every u,
we set d(u,u) = 0.

We start with the following obvious lower bound for the f-fault tolerant forward-
ing index.

Proposition 2.1.  For any digraph G = (V(G), A(G)) and [ < |V(G)| — 2,

O > i X dratun)].

u, eV (G)

To lower bound the optical index of a symmetric digraph G, consider an f-fault
tolerant routing R = R,(G) of G. We can construct an undirected path graph
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Gr = G(R,E(R)) as follows: two paths P, P’ € R are connected by an edge if P
and P’ share an arc. Obviously, the minimum number of wavelength needed for R
is the same as the chromatic number of the path graph Gr which must be at least
7¢(G). Hence, we can conclude the following.

Proposition 2.2.  For any symmetric digraph G with connectivity k, and any
0<f<k,

75 (G) < Wy (G).

It is a well known open problem for 0-fault tolerant routings to show that 7o (G) =
wWo (@) for any symmetric digraph G. This is the case for many extensively studied
interconnection networks and was recently also proved for symmetric trees, cf. [8].
We believe the same relation is true for f-fault tolerant routings and repeat here
our conjecture from [10].

Conjecture 1. Let G be a symmetric digraph with connectivity k. For any 0 <
<k,

3. COMPLETE DIGRAPHS

In this section, we consider complete digraphs I?n and determine their f-fault tol-
erant arc-forwarding and (almost determine) their f-fault tolerant optical indexes.
To achieve this we establish correspondence between constructing f-fault tolerant
leveled routing and designing f + 1 disjoint idempotent Latin squares.

Consider a complete digraph K, with V(K,) = V (|V| = n) and an f-fault
tolerant routing Rf([?7l). Necessarily, f < n — 2. For distinct u,v € V, consider

the f+1 paths in Ry (K,,) connecting u and v. Since at most one of these paths has
length 1, dfy1(u,v) > 2f+1. It follows from Proposition 2.1 that ﬁf(ﬁn) >2f+1.

Our goal is to design leveled f-fault tolerant routings that attain this lower
bound. Using some properties of Latin squares we show that for every n there is a

leveled (n — 2)-fault tolerant routing.

Definition 3.1. A Latin square of order n is an n X n matriz over a set S of
cardinality n such that every row (respectively column) contains each symbol of S
ezactly once.

Formally, o Latin square of order n is a pair (S,L) where L is a mapping
L: SxS8— S such that for any u,w € S, the equation

L(u,v) =w (respectively L(v,u) =w)

has a unique solution v € S.
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Notice that the row mapping RL : S — S and the column mapping CL: § — §
defined as

RE(v) = L(u,v) and CE(v) = L(v,u) forall u,v € S,

are permutations.
We will follow convention by writing a Latin square of order n as an n x n matrix
for which the cell in row u and column v contains the symbol L(u,v).

Definition 3.2. A Latin square (S, L) is idempotent if for everyu € S, L(u,u) =
u.

Definition 3.3. Two idempotent Latin squares (S, L1) and (S, Ly) are disjoint if
for all w # v, Li(u,v) # Lo(u,v).

Note that the property of disjointness of two idempotent Latin squares (S, L1)
and (S, Ly) is weaker than the property of orthogonality which has been studied
extensively, cf. [7]. Two Latin squares (S, L1) and (5, Lz) are orthogonal if

{[L1(u,v), La(u,v)] :  uw,v€ S}=85xS.

Indeed, orthogonal idempotent Latin squares (S, L) and (S, L) are also disjoint,
since if Ly (u,v) = La(u,v) = w for some u # v then

[L1<’U,, ’U),LQ(U,U)] = [wvw] = [Ll(wvw)vLQ(waw)]

which contradicts orthogonality.

If n is a prime power, an elementary construction in [13] yields n — 2 mutually
orthogonal idempotent Latin squares of order n, and hence n—2 disjoint idempotent
Latin squares.

Lemma 3.4 [13]. Letn =p" be a prime power. Then there exist n —2 mutually
orthogonal idempotent Latin squares.

We detail this construction since it is very simple and provides an example of a
routing we are looking for.

Construction 3.1. Let (F,-,+) be a finite field of order n = p". Then for every
i €F—{0,1} and u,v € F define

Li(u,v)=i-u+(1—1i)-v.
For other n except 6, the construction was given in [14] for all n except 6, 14 and
62, in [5] for n = 62 and in [6] for n = 14.

Theorem 3.5 [14, 5, 6]. For all n except 6 there exist n — 2 (a large set of)
disjoint idempotent Latin squares. For n = 6 there are only two such Latin squares.

The next theorem shows how to use disjoint idempotent Latin squares to con-
struct a leveled routing for a complete digraph. We say that a leveled f-fault
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tolerant system is symmetric if for every level, all paths in the level have the same
length ¢ and the loads on arcs caused by the i-th arcs of those paths are the same
too, for all i =1,..,£.

Theorem 3.6. There exists a large set of disjoint idempotent Latin squares of
order n if and only if there exists a symmetric leveled (n — 2)-fault tolerant routing
for K,.

Proof. Assume that n and f are chosen so that there exists a symmetric leveled f-

— —

fault tolerant routing R s (K, ) with load 2f+1. Since the routing R f(K,,) is leveled,
the subrouting RO(I?n) contains only paths of length 1, and each consecutive level
contains only paths of length 2. Therefore the leveled routing Rf(I?n) can be
described using a system of functions F; : V xV — V i=1,..., f defined as the

union of the following sets:
Po = Uyzo{Po(u,v) = u— v},
Pi = Uyzo{Pi(u,v) = u — F;(u,v) — v}, foreveryi=1,...,f,

(P)

where the system of functions {Fi}{zl satisfies conditions (1), (2) and (3) described
below. The notation a; — as — - -+ — aj denotes the directed path through nodes
ai,ag,...,ak.

First, to ensure that the P;’s are paths of length 2, we must have for all ¢ and
for all u # v,

FZ-(U,U)#U,’U. (1)

Next, for every ¢ = 1,..., f and every pair of distinct nodes u,v € V', consider all
paths of level ¢ using the arc (u, v). Since, our system is leveled, there are exactly two
such paths. We can divide them into two groups: Mi(l)(u, v) = {Pi(u, 2); Fi(u,z) =
v} containing the paths which use the arc (u,v) as the first arc of the path, and
Mi(Q)(u,v) = {P;(z,v); F;(z,v) = u} containing the paths which use the arc (u,v)
as the second arc. Since we assume that our routing is symmetric, the cardinality
of both sets is one for every arc (u,v) and every ¢ = 1,..., f. Let us extend the

definition of mappings Mi(l) and Mi(2) by requiring that the above is satisfied also
for u = v. Hence, we have the following condition:

1M (u,0)] = (M) (u,0)] = 1 (2)

for all w,v and i =1,..., f.
Finally, we have to ensure that the paths from u to v on different levels are
internally node disjoint: for every u # v and ¢ # j,

Fi(u,v) # Fj(u,v). (3)

A problem to find the required routing R ;(K,,) is equivalent to the problem to find
a system of functions {F;}/_, satisfying conditions (1), (2) and (3).
Conditions (1) and (2) imply that
Fi(u,u) =u (1)
for all w € V. On the other hand, conditions (1’) and (2) imply (1). Hence,
the problem is equivalent to constructing a system of functions {Fi}zle satisfying
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conditions (1’), (2) and (3). Such a system of functions corresponds to a sequence
of f disjoint idempotent Latin squares. This follows from the following two claims.

Claim 3.7. A system of functions {Fl}lf:1 satisfies condition (2) if and only if
(V, F;) is a Latin square for each i =1,..., f.

Proof. Fix an i. For all u,v we have the following two equalities:

|M(1)(u,v)| =1 iff there exists exactly one z such that F;(u, z) = v,

7

|M4(2) (u,v)] =1 iff there exists exactly one z such that F;(z,v) = u,

K2

which is true if and only if (V, F;) is a Latin square. O

Claim 3.8. The system of functions {Fi}{zl which satisfies conditions (1°), (2)
and (3) corresponds to the sequence of f disjoint idempotent Latin squares.

Proof.  Obviously, for a system of functions {Fi}le which satisfies (1’) we have
that (S, F;) is an idempotent Latin square, and vice versa, for every i = 1,..., f.
Similarly, for a system of functions {F;}/_, which satisfies (3), we have that the
sequence of Latin squares (S, F), ..., (S, Fy) is disjoint, and vice versa. O
Now, the proof of the theorem follows immediately by Claims 3.7 and 3.8. O
The above theorem shows that it is possible to construct a symmetric leveled
(n—2)-fault tolerant routing for I?n for all n except 6. To complete the construction
we will provide a (non-symmetric) leveled 4-fault tolerant routing for Kg.

Theorem 3.9. For all n > 2, we can construct a leveled (n — 2)-fault tolerant
routing for K. In particular, ﬁf(f?n) =2f+4+1 forallm and f <n — 2.

Proof. For n # 6, the claim follows by Theorems 3.5 and 3.6. If we drop the
requirement for the routing to be symmetric, then instead of condition (2), the
system of functions {F;}/_| has to satisfy the following condition:

1 2 )
IM (o) + M (u, )] = 2 2))

for every u,v € V.andi=1,..., f. In other words, the number of v values the row
u contains plus the number of u values the column v contains equals two.

Hence, for n = 6, we are looking for four functions Fi, ..., Fy satisfying condi-
tions (17), (2’) and (3). The following tables show one instance of functions fulfilling
these conditions:
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F, {0 1 2 3 4 5 10 1 2 3 4 5
0 (0(2]1(4]5]|3 0 1]0(3]4|5]1]2
1 12]1|13[5]|0)|4 1 (57110423
2 141512 (1]13|0 2 13]412]0]5|1
315410312 3 11(2]5(3]014
4 1310|5241 4 12151311 ]410
5 |1 (3]4(0]2]|5 5 [4(0]1[2]3]5

510 1 2 3 4 5 F,10 1 2 3 4 5

0 |0]4(3]1]2]1 0 |0[|5|5|2|3|4

1 (4]1]512]3]0 1 |13|1|4[0]5]|2

2 1113(2]5|0|4 215|024 |1|3

3 /2(5(4|3|51]0 3 14/0|1|3|2]|1

4 5131|0412 4 1112|0543

5 1312014115 5 1214131015

Note that this is an instance with the minimal number of asymmetries, that
is the minimal number of pairs in a row or a column, depicted with bold in the
above tables. Indeed, F} and F, are Latin squares, and F3 and Fj; have each 4
asymmetries, which is the minimal number for a function satisfying conditions (17),
(2’) and (3), and not being a Latin square. Recall that the maximal number of
disjoint idempotent Latin squares of order 6 is two. O

3.1 An upper bound for the optical index

Consider a leveled f-fault tolerant routing R;(K,) = U/_,P; described in (P),
where F1,..., Fy are disjoint idempotent Latin squares. We will consider the sub-
routings Py, . .., Py separately. For each we build the path graph and upper bound
its chromatic number. Then, by assigning different sets of wavelength for the paths
in different subroutings, we have the following upper bound for the wavelength
number of Ry (K,):

f
B(Rp(Kn)) <D x(Gp,).
1=0

Lemma 3.10. Consider a leveled f-fault tolerant routing UifZO’PZ- described in
(P), where f <n—2 and Fi,...,Fy are disjoint idempotent Latin squares. Then

X(Gpy) = 1, and for every i = 1,.... f, x(Gp,) < 3.

Proof. The path graph Gp, contains no edges, hence its chromatic number is 1.
Consider the path graph Gp, for some i = 1,..., f. By (2) (respectively, by (2')),
the degree of each node of Gp, is exactly 2, i.e., the path graph is a collection of
cycles. Obviously, the path graph can be colored using 3 colors. O
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Note that it can happen that the cycles of the path graph are of odd lengths,
hence two colors are not sufficient to color the path graph Gp,. We have the
following upper bound for the optical index of K.

Theorem 3.11. Let n = pi'...p.* where p1,...,py are distinct primes and let
p" =min{p}',...,pF}. For every f=0,...,(p" —2), there exists a leveled f-fault
tolerant routing Rf(kn) with wavelength number w(Rf(I?n)) < 3f+1. Conse-
quently,

2f +1 < wp(K,) <3f+1.

4. COMPLETE BIPARTITE DIGRAPHS

Consider a complete bipartite digraph I?nn with node partitioning U = {ug, ..., Un—1}
and V = {vg,...,v,—1}. Let Rf(km) be an f-fault tolerant routing. Necessarily,
f<n-—1

Take a pair of distinct nodes z,y € U U V. If z and y belong to the same
partition then every path from z to y has length at least 2, and thus we have
drpi(z,y) > 2(f +1). If z and y belong to different partitions then there is only
one path connecting = and y of length 1, and all other paths have length at least
3. Hence, in this case, dy41(z,y) > 3f + 1. By Proposition 2.1, we have

- 1
5f+2, if2-1<f<n-—1,
5f+1, if f=n—1.

We will show a construction of an (n— 1)-fault tolerant leveled routing achieving
this lower bound. We split the paths of the routing into the following sets:

A = U{UI S VA () 7 Uys  Vz VA (zy) — Uy, 1=0,...,m—1,
TFy

B, = U{Ur — Uy, Uz = Uy},
T,y

B; = U{uw 7 UBi(zy) 7 UCi(zy) 7 Vy» UV 7 UB(zy) 7 VCi(zy) — uy},
x,y

where A;, A}, B;,C;, B, C! are mappings Z,, X Z, — Z,. We choose A;, A, B;,

C;, B} and C! so that both sets A = U;ez, A; and B = Uz, B; will be leveled

routings for (K, n, UxU UV xV) and (K, ., U x VUV x U), respectively, where

SxS = {(s,t): s,t €5, s#t}. The symbol (G,W) denotes the communication

demand in which only pairs of nodes in W need to be joined by a directed path.
The following lemma describes the set of paths A.



10 (AUTHOR RUNNING HEAD)

Lemma 4.1. There exists a leveled (n — 1)-fault tolerant routing A = Uz, Ai,
where

Ai: U{ur*)fUAi(a:,y) — Uy, vm‘}uAg(m,y)*}vy}v Z‘ZO,...,TL*L
zFy

connecting nodes from the same partitions of Knn which can be constructed in
quadratic time. In particular, mappings A; and Al can be chosen in the following
way: for alli=0,...,n—1,

Ai(z,y) = L(—2, —y) + ¢(i)
Al(z,y) = L'(—x,—y) + ¢(i) + 1, where

. 21 +1 if n is even and i > 3,
P(i) =9 .. )
21 otherwise,

and (Zy, L) and (Z,,L') are two idempotent Latin squares. Note that all arithmetic
operations are taken modulo n.

A very simple construction of idempotent Latin squares of order n > 3 is pre-
sented in [12].
Proof.  Since L and L' are Latin squares, for every i, the set of paths A; =
Uzy{ur = UL(—z,—y)+(i) — Uys Vo — UL/(—z,—y)+¢(i)+1 — Uy} contains every
arc exactly twice. Let F; be the set of arcs of paths in A; — A;. Hence, the set E;
contains the arcs of those paths in the set A; which start and end at the same node
T =y, ie.,

Ei = {uy < v_gip@)s U—zig(i)+1 « Vo3 T E Ly},
The system U;ez, A; is leveled, if the union Ey y = Uif:OEZ— contains every diarc

(E1) at most once, for every f < § —1,
(E2) once or twice, for every § —1 < f <n—1, and
(E3) exactly twice, for f =n — 1.

Since ¢ is a permutation, the set E}' = {u, <> v_s44(:); 7,1 € Zy,} contains ev-
ery diarc exactly once. The same is true for the set B} = {u_,4¢)41 <> V25 1,1 €
Zy}. Therefore, condition (E3) above is always satisfied.

To prove (E1), assume that some diarc u, < v, in Ey ¢ is used twice, for some
f< é — 1. Since ¢ is a permutation, one occurrence of u, < v, is of type u, <
V_z44(i), and the other of type u_, 4 4;)+1 <> vy. Thus, we must have

g=-p+¢i) and p=-—-q+o@j)+1

for some i,j < § — 1. This implies 20 = ¢(i) = p+q¢ = ¢(j) +1 =2j+1, a
contradiction.
Condition (E3) implies that (E2) is equivalent to

(E2") Eg[a_1 contains every diarc at least once.
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Fix a diarc up < vq. We will show that it belongs to Eg 2 _17. If p+q = 2i mod n,
where i < [§ — 1], then u, < v, € E; is of type u, « v_, 440 with z = p.
If p4+ ¢ = 2i + 1 modn, where i < [§ — 1], then u, < v, € E; is of type
U_gto(i)+1 < Uz With @ = ¢. It follows that (E2’) is satisfied.

It remains to show that the set of paths A is fault tolerant. Fix levels ¢ # j, and
vertices u, # uy. Since, ¢ is a permutation, the paths u, — vz —y)4e@) — Uy
and Uy — Vp(—a,—y)+e(j) — Uy are internally vertex disjoint. A similar argument

applies to a pair of vertices v, # vy. O

Example: Let us illustrate the construction of Lemma 4.1 in case n = 5. We
will consider Latin squares (Zs, L) and (Zs,L’) to be identical, and defined as
follows: L(u,v) = L'(u,v) = 3(u+wv). It is easy to check that they are idempotent.
Hence, the mappings A; and A} are defined as follows: A;(x,y) = 2(x +y +¢) and
Al(z,y) =2(x+y+i)+ 1.

The following diagram shows unused arcs in each level of the corresponding
design:

One can see that the distributions of unused arcs is indeed nicely balanced, resulting
in a leveled routing. u

The following lemma describes the set of paths B. We will need the following
definition.

Definition 4.2. A Latin square (Z,, A) is a column-normalized, if its columns
are sorted in increasing order by the values in the first row, i.e., A(0,7) =7 for all
] € L.

Lemma 4.3. We can construct a leveled (n — 1)-fault tolerant routing B =
Uiez, Bi, where

By = U{um — Uy, Uy — Uz},
.y

B; = U{Uz 7 UBi(z,y) 7 UCi(z,y) " Vyr Va7 UBl(xy) 7 VCi(zy) — Uy},
T,y

connecting nodes from different partitions of K’nn m quadratic time. In particular,
mappings B;, C;, B, C! can be chosen as follows:

Bi(x7y) :LB(iay)7 Cl(xay) :LC(ia$)>

B;(x’y) :LB’(ivy)a C:(xay) :LC’(ivx)a

where (Zn,Lg), (Zn,Lc), (Zn,Lp), (Zn,Ler) are any column-normalized Latin
squares.

Proof.  Obviously, elements of By are paths. Fix a level ¢ > 0. Since, (Z,, L),
(Zn,Lc), (Zn, L) and (Zy,, Lev) are column-normalized Latin squares, Lg(4,y) #
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y, Lo(i,x) # x, Lp/(i,y) # y and Lo (i, x) # x, respectively. Hence, elements of
B; are also paths.

Let BV BYY? and BYY? be the multisets of UV-arcs that appear as the first,
second and third arc on a path in B;, respectively:

BZUV,l = {ua: - ULB(i,y); T,y € Zn}7
Uv,2

By " ={ur,, (iy) = Vg (i) TV € Ln},
uv,

B; 3 = {ure(iz) — vys T,y € Zn}.

Since, (Zy, L), (Zn, Lc), (Zn,Lp’), (Zy, Lcr) are Latin squares, the row mappings
Lg(i,y), ..., Lo (i, x) are permutations, for any fixed 4. Thus, each of the multisets
above contains every arc exactly once. A similar conclusion can be derived for VU-
arcs. It follows that the load of every arc caused by B; is 3, i.e., the set of paths B
constitutes a leveled routing.

It remains to show that the set of paths B is also fault tolerant. Fix non-zero
levels @ # j, and vertices u,,vy,. If the paths uy — vp 4,y — ULe(i) — vy and
Uy — VLp(jy) — ULe(je) — Uy share an internal vertex then either Lp(i,y) =
Lg(j,y) or Lo(i,z) = Le(j, ). Neither of those is possible since (Z,, Lg) and
(Zy,, Lc) are Latin squares. a

Lemmas 4.1 and 4.3 give the main result of this section.

Theorem 4.4. We can construct a leveled (n — 1)-fault tolerant routing for Knn
i quadratic time. In particular, for all f <n —1,

543, iff<—1,
Fp(Knn) =5f+2, if2—-1<f<n—1,
5f+1, iff=n—1.

4.1 An upper bound for the optical index

—

Consider a leveled f-fault tolerant routing R (K, ,) as described in Lemmas 4.1
and 4.3. We will consider the subroutings Ay, ..., Ay and By,..., By separately.
For each we build the path graph and upper bound its chromatic number. Then,
by assigning different sets of wavelength for the paths in different subroutings, we
have the following upper bound for the wavelength number of R (I?nn)

f f
F(Rp(Knn)) <> X(Ga) + > x(Gs,).
i=0 =0

For path set A;, we show that the corresponding path graph is bipartite. For
path set B; we first derive a simple upper bound on the maximum degree of the
corresponding path graph. Next we show that by a special choice of Latin squares
(used in construction of the system) this upper bound can be improved. Upper
bounds on optical indexes will follow from Brook’s theorem which gives an upper
bound on chromatic number in terms of maximum degree of the graph.

Lemma 4.5. Consider a leveled (n — 1)-fault tolerant routing U;ez, A; described
in Lemma 4.1. For everyi=10,...,n—1, x(G4,) < 2.
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Proof. It is enough to prove that the path graph G 4, is a bipartite graph. We have
two types of paths: UU-paths which start and end in U and V' V-paths which start
and end in V. It is easy to see that there are no edges between the paths of the same
type. Indeed, assume for instance that for x1 # y1, T2 # y2, (x1,91) # (22,y2), the
paths Uy, — Vp(n—ay n—y)+é() — Uy A0 Uzy — VL(n—go n—ys)+e(i) — Uy, Share
the first arc. Then 1 = 3 =n —x and L(x,n —y1) = L(z,n — y2). Since L is a
Latin square, y; = y2, a contradiction. O

Hence, for paths in UZf:OAi we need 2(f + 1) wavelengths. This is optimal for
f <n/2—1, and differs from the optimal value by at most two for other values of

1.

Lemma 4.6. Consider a leveled (n — 1)-fault tolerant routing U;cz, B; described
in Lemma 4.3. Then x(Gp,) = 1, and for everyi=1,...,n—1, x(gp,) <6.

Proof. The path graph Gp, contains no edges, hence its chromatic number is 1.
Consider, the graph Gp, for some ¢ = 1,...,n — 1. We will show that the degree of
each node of G, is at most 6. The following mappings

5(2> = LB(i’ Z)v 7(2) = LC(iv Z)7 /Bl(z) =Lp (iv Z) and ’Y/(Z) = LC/(iv Z)

are permutations without a fixed point. Without loss of generality, take a UV -path
P = u; — vg(y) — Uy() — Uy € Bi, © # y. Assume that the k-th arc of P coincides
with the ¢-th arc of another path @Q € B;. If k = /¢, then @ is also a UV -path, and
since 8 and ~ are permutations, ) = P, a contradiction.

If k = £, then there is at most one path @ such that the k-th arc of P is the ¢-th
arc of @, since the /-th arcs of such paths @) would coincide. Hence, the degree of
P in Gp, is at most 6. Now, by Brook’s theorem it suffices to prove that Gp, is not
a complete graph. Take a 3’ # y, and let P’ = uy — vg(y) — Uy () — v, Since
and « are permutations, and x # (), the paths P and P’ do not share any arc.
Hence, the graph Gg, is not complete. O

This does not give a very good upper bound for the optical index. The load
induced by paths in B; is 3, therefore the coloring we found might be twice the
optimal. To improve the coloring we will further restrict the class of routings, by
further specifying mappings B;, C;, Bl, C{. We need the following definition.

Definition 4.7.  Let (S, L) be a Latin square. The row-inverse of (S, L) is a pair
(S,L), where L : S xS — S is a mapping such that L(u,v) = (RE)~(v). Recall
that the row mappings RL are bijective.

The next lemma checks that the row-inverse of a Latin square is also a Latin
square.

Lemma 4.8. Let (S,L) be a Latin square. The row-inverse (S, L) is a Latin
square. If (Z,, L) is column-normalized then so is (Zn, L).

Proof.  Obviously, the row mappings of (S, L) are permutations. Hence, assume

that for some x,2',y € S, v # 2', we have L(z,y) = L(z',y). Then (RL)~!(y) =
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FIG. 1. An example of the path graph of one level of the
routing B for complete bipartite network Ky 4.

(RE)=Y(y) = 2. This yields
R;(2) = Ry ((Ry) ™' (y) =y = Ry (2).

ie., L(z,z) = L(«/, ), a contradiction.
The second part of the lemma follows by a simple observation that a Latin square
is column-normalized if and only if the row mapping RY is the identity mapping. OJ

Lemma 4.9. Consider a leveled (n — 1)-fault tolerant routing U;cz, B; described
in Lemma 4.3 such that Lp: is a row-inverse of Lc and L¢r is a row-inverse of Lp
(the column-normalized Latin squares Lp and Lc can be chosen arbitrary). Then
foralli=1,...,n—1, x(Gp,) < 4.

Proof. Consider mappings 3,7, 3,7’ described in the proof of Lemma 4.6, and take
an arbitrary path from B;, say P = u; — vg(y) — Uy(z) — vy- By the additional
assumption on Latin squares Lp and L¢/, we have 3 = 4~ ! and v/ = =L
Consider 6 potential paths connected to P in Gg,:

1. k=1,4 = 2, ie., the first arc of P coincides with the second arc of Q.
Then Q1 = Ve, — Ugr(yy) — Vyi(zy) — Uy, is a VU-path, with z = §'(y1)
and B(y) =7/ (z1).

2. k=1,£=3. Then Q2 = tz, — Vg(y,) — Uy(zs) — Uy, With = y(x2) and
B(y) = ya.

3. k=2,0=1. Then Q3 = vyy — Ug(y,) = Vy/(xg) — Uy, With y(z) = 5'(y3)
and B(y) = xs.

4. k=2,0=3. Then Q4 = vy — Ugr(y,) = Vy/(zy) — Uy,, With y(z) = y4 and
Bly) =7 (z4)-

5. k=3,{=1. Then Q5 = uy; — Vg(ys) = Uy(xs) — Vys, With y(x) = x5 and
y = B(ys).

6. k=3,0=2 Then Qs = Vas — Ug(ys) = Vy'(xg) — Uys> With v(z) = B'(ys)
and y = v'(z6).

Since B = v~ ! and 7/ = 87!, it is easy to observe that Q; = Q4 and Q3 = Q.
Hence, the degree of P in Gp, is at most 4. The claim now follows by the well
known Brook’s theorem. U

Example: We will construct an example of the path graph Gg, for n = 4 and some
¢ > 0. Let assume that the permutations without fixed points 3, v, 3 and +' are
as follows:

5_0123 (0123 ﬂ/—0123 , (0123

“\1230) 7"\ 1032 “\1to032) 77 \3012
The path graph of this level of the routing is depicted in Figure 1. Here, the

paths of the type u, — v; — u; — v, are shown as a vertex u,;jy, and the paths

of the type v, — u; — v; — uy as a vertex v,;;,. Note also that we indeed need
four colors to color this particular path graph. O
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_ We can now conclude an upper bound for the f-fault tolerant optical index of
Kpp.

Theorem 4.10.  For every f =0,...,n—1, there exists a leveled f-fault tolerant
routing Ry for K, ,, with the optical index W(Ry) < 6f + 3. Consequently,

5f41<@p(K,,) <6f+3.

5. CONCLUSIONS

We believe the novel connection between fault tolerant routing and design theory
elucidated by our results has great potential for contributions in both fields. In
this paper, we used this connection to determine the fault tolerant forwarding and
optical indexes of all complete and all complete balanced bipartite networks.

There is a potential to apply our techniques to broader graph classes, i.e., graphs
of high connectivity or graphs that are close to being complete can be considered.
More generally, problems of determing both the f-fault tolerant arc-forwarding
index and the f-fault tolerant optical index for arbitrary graphs is necessary for
routings in standard and optical networks.
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