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Minimizing Electronic Line Terminals for Automatic
Ring Protection in General WDM Optical Networks

G. Calinescu, Ophir FriedeBenior Member, IEEEand Peng-Jun Wan

Abstract—Automatic ring protection provides simple and rapid  and rapid fault restoration [9]. In automatic ring protection, the

fau_lt protection and resto_rati_on in tele(_:om_munication networks. lightpaths are partitioned into groups of lightpaths belonging
To implement the automatic ring protection in general wavelength- to a simple cycle of the optical network, and in case of a

division multiplexing (WDM) optical networks, the lightpaths are . . . . .
partitioned into groups each of which can be carried in a simple failure, the impaired lightpath(s) is reversed backward along

cycle of the underlying network. As the electronic line terminals are  the cycle(s) to circumvent the failure. A partition of a set of
the dominant cost factor in the deployment of WDM optical net-  lightpaths is said to beroper if the lightpaths in each group

works, we study how to generate these partitions with minimum  of this partition belong to a simple cycle. To implement the
electronic line terminals. This optimization problem is NP-hard. automatic ring protection, all lightpaths in each group are

We develop two polynomial-time approximation algorithms, with - . . .
performance guarantees between 1.5 and 1.6 and between 1.5 and"lss'gned with the same wavelength to foriegical ring, and

1.5 + €, respectively. The second algorithm can be adapted, with the logical rings, instead of individual lightpaths, become the
the same performance guarantees, to the problem in which light- basic entities for wavelength assignment under the constraint
paths are not prespecified and only the endpoints of each connec-that two logical rings can share the same wavelength if and
tion are given. Both algorithms can be easily adapted, with the v it they do not share any common link. However, we do
same performance guarantees, to the problem in which only link . L

protection is desired, and each group must be carried in a closed not intend to minimize the total number of Wavelengths, as the
trail. The first algorithm matches and the second algorithm im- number of wavelengths is no longer a bottleneck with hundreds

proves the approximation ratio obtained independently by Eilam wavelengths to be carried in a single fiber link enabled by a

et al. (2000). recent advance in DWDM technology. Instead, we will try to
Index Terms—Approximation algorithm, automatic ring protec-  minimize the total number of electronic line terminals, which
tion, lightpath, traffic grooming. are a dominant cost factor [7], [8]. Note that the number of line
terminals required by a logical ring is the number of different

|. INTRODUCTION nodes which are the endpoints of lightpaths in this logical ring,

o ~and the number of line terminals required by a proper partition
W'TH THE advent of dense wavelength-division multiis the total number of line terminals required by all logical rings

plexing (DWDM) and its increasing deployment in fibefin this proper partition. In this paper, we refer to the problem

optical networks, the risk of losing vast volumes of data due tqa finding a proper partition with minimum number of line
span cut or node failure has escalated [1], [2]. Because of fieg@minals as theninimum ring generatioproblem.
competition among service providers and customers’ intoler-The minimum ring generation problem in ring topologies is
ance of disruption of service, survivability of an optical networky,died in [7] and [10] in the context of wavelength assignment
has assumed great importance. Survivability refers to the ab”iB’Iightpaths in WDM/SONET ring networks to minimize the
of a network to provide continuity of service with no disruptiongoNET add—drop multiplexers (ADMs). The NP-hardness of
no matter how much the network may be damaged due to eveiis minimum ring generation problem in ring topologies proven
such as fiber cable cuts or node failures (due to equipmentbreﬁ\ktlo] implies the same hardness of the minimum ring gen-
down at a central office or other events such as fires, floodingsation problem in general topologies. Thus, the objective is
etc.). Consequently, optical network designers are beginningdevelop provably good polynomial-time approximation al-
incorporate provisioning of services over disjoint lightpaths, Sorithms for the minimum ring generation problem in general
that if the primary lightpath fails due to a link or node failure, th?opologies. We observe that most of the constant approxima-
secondary lightpath can carry the traffic to its destination. Wgy, algorithms proposed in [3] and [12] cannot be extended to
study the survivability provisioning in the general mesh topolggeneral topologies and the rest of them need substantial mod-
gies, which are typically deployed in the wide-area networkingcations in both design and analysis to be applicable in gen-
environment. In addition, we assume no wavelength conversigpg| topologies. The minimum ring generation problem in gen-
and thus each lightpath is carried in a single wavelength. g topologies was recently studied by Eilamal. [5] inde-

Among the many fault protection mechanisms, automatifandently of us. The main result of their paper [5] is an algo-

ring protection is very attractive due to its easy implementatiQfhm whose output is guaranteed to be at mgst+ (3/5)| 7|,
where opt is the cost of the optimum solution, a@Ads the set
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thus matching the algorithm of Eilagt al. Though not faster,
our 1.6-approximation algorithm is conceptually simpler, and it
does have a much shorter proof. Tte5 + ¢)-approximation
algorithm guarantees a solution of cost at n{@g2)opt + (1 +

e)|P| < opt + ((1/2) + ¢)|P|, thus improving the bounds of
Eilamet al. Both algorithms can also be easily adapted, with the
same performance guarantees, to the problem in which only link

protection is desired, and each group must be carried in a closed Sa o 7

trail. In addition, we extend the second algorithm with the same R

performance guarantees for the case in which the lightpaths are q;

not prespecified and only the endpoints of each connection are

given. Fig. 1. Grouping a pair of lightpathg{ andq;) into a closed chain may lead

The rest of this paper is laid out as follows. In Section I1, wi nenoptimal solution.

introduce some basic terminology and problem formulations. In ) ) )
Section Ill, we derive a lower bound on the minimum numbef @ndF; in a second one, for a cost of 4. A bad grouping wil
of line terminals required by a set of lightpaths. In Section Ut > and /% in a chain, whiler’y and P, will each make a
we present a general and trivial upper bound on the performars@&in by itself, ata cost of 7. Note that no two chains in the bad
guarantees of all nontrivial algorithms. In Sections V and VI, waroupings can be merged into a larger chain. o
propose two approximation algorithms with performance guar-Noté that we can restrict the solutions of the minimum
antees 1.6 antl.5 + ¢, respectively. In Section VII, we discuss''Ng generation to partitions into cham_s _W|thout sacrlflqlng
how to extend the algorithm design and analysis to the casdf§§ OPtimum cost, although such restrictions may require a

which no routing is prespecified. Finally, we conclude this pap&'9er number of wavelengths. Therefore, we will focus on
in Section VIII. the chain generations from a set of lightpaths. As the cost

of chains produced by a chain generation is the number of
[l. TERMINOLOGY AND FORMULATION lightpaths plus the number of open chains, an optimal solution
to minimum ring generation corresponds to a chain generation
with a minimum number of open chains.

Clearly, the heuristic proposed in [7] and [10] based on a
cut-and-merge approach in ring topologies cannot be extended
to general topologies. There are two fundamental differences
between ring and general topologies, which will affect applica-
bility of the design and analysis of other algorithms proposed
in [3] and [12]. The first difference is the computational com-
plexity of the following decision problem: whether a given a set

¢-walk. Thecostof an open walk is one plus its length, and th8f lightpaths contains a subset of lightpaths that form a closed

costof a closed walk is equal to its length. A walk is said to bgham. While this decision problem in ring topologies is solvable

achain of lightpathsf all its lightpaths lie in some simple cycle!n polynomial time, this decision problem in general topologies

of G. When it is clear from the context, we identify a chain cor> NP-complete (the proof for this NP-completeness is omitted

sisting of one lightpath with the lightpath itself. Two Iightpathén this paper). The second difference is the impact of forming a

overlapif they share one vertex which is not an endpoint of bott_losev?”(]:?aln from tWIO I'ghtfiths on tg? optlmgllt)f/ of thel solu-
lightpaths. More generally, two chains of lightpathserlapif lon. VWhile one can aiways take an arbitrary pair of complemen-

- éary lightpaths in a ring topology to form a closed chain without
changing the optimality, it is no longer true in general topolo-
gies. This can be illustrated by the following instance.

For the link-protection problem, we defindiak-valid-chain Example 2: Let p; andg, be two lightpaths that can form a
i Hh ite i ing i i : 1 1
as a walk inG(P) with its lightpaths lying in a closed trail of losed chain, and let, andg, be two lightpaths sharing one

G. A trail can repeat vertices but cannot use the same ed®>
twice. Similarly, two link-valid-chainsoverlap if there is an Ifterior node such that both , p» andg; , g» can form a closed

edge which appears in lightpaths in both chains. Every bou c(}ilain, respectively (see Fig. 1). The optimal solution for these

example, or theorem in this paper can be extended to the IirriﬁiJr paths is the two closed chains formediyp, andgy, gz,
respectively. However, if we pyt; andg; in a closed chain,

protection problem by simply replacing chains by link-valid- : .
. . . . .. henps andg, must each form an open chain by itself.
chains and using the appropriate notion of overlapping “ghtp Throughout the paper, we use OPT to denote an optimal chain

paths and chains. .
The following small examples illustrate how bad groupinggener‘rjlt'on from”and use opt to denote the cost of OPT.

will cause nonoptimal results.

Example 1:Let G be the ring with four vertices la-
beled by 0, 1, 2, 3. Assume four lightpaths are given: A trivial lower bound on opt i$P|. We derive two other im-
P =(0,1,2),P = (2,3,0),P; = (0,1), and P, = (1,2, proved lower bounds. The second one will be used by the algo-
3,0). An optimum grouping will put”; and P, in a chain, and rithm of Section V.

Let P be any set of lightpaths in a gragh = (V, F) satis-
fying that each path i’ is contained in some simple cycle@f
We construct a multigraph graghi(FP) as follows. The vertex
set of G(P) is V. For any path inP with endpointse andv,
add an edge betweenandv in G(P). Awalk in G(P) is also
referred to as avalk of lightpathsin P. A walk is said to be
closedif the endpoints of the walk are identical aogenother-
wise. Theengthof a walkW, denoted by¥¥|, is the number of
lightpaths contained in this walk. A walk of lengtlis called an

and is not an endpoint of both chains.

I1l. L OWER BOUNDS
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For any nodes of the network, letleg(v) denote the degree is at most|P|. A slightly better upper bound of 1.75 can be
of the nodev in the graphG(P), i.e., the number of lightpaths obtained on the cost of any chain generation in which no pair of
in P that contain node as one endpoint. It is well known thatchains can be merged into a larger chain.@be any collection
the number of nodes with odd degree in any graph is even. Tiéfechains in which every lightpath aP appears exactly in one
deficiencyof P, denoted byi(P), is defined as the half of the chain ofC.
number of nodes with odd degree. Since each nodsgjuires Lemma 3: If any pair of chains irC cannot be merged into a
at least[(deg(v)/2)] line terminals, the total cost required bylarger chain, the cost @f is at most(7/4) - opt.

P is at least Proof: We call a lightpathunmatchedn C if it forms a
_— 1-chaininC. Then out of any two consecutive lightpaths in any
opt > 1 Z deg(v) + d(P) = 1 2|P| + d(P) chain of OPT at most one is unmatched’irLet C be any chain
T2 2 in OPT. IfC'is closed, then at mo$t|C|/2) | lightpaths inC' are
= |P| + d(P). unmatched ir€. If Cis open, then at mo$t|C|/2)] lightpaths

in C are unmatched i6. Let denote the unmatched lightpaths
So|P| 4+ d(P) is alower bound on opt. This lower bound hold$n C andk denote the number of odd open chains in OPT. Then,
whether lightpaths are prespecified or not. It also holds whers (|P|+k)/2. Thus, the total number of chains(ris at most
groups can be carried by closed trails instead of simple cycles.

The second lower bound is based on the concept of circuit . {|P| - LJ < |P| + 4 < |P| + “)'TJ”‘ 3
cover. Recall that &ircuit coverof a graph is a collection of 2 - 9 = 2 T4
vertex-disjoint circuits which together cover all the vertices. If
the graph is weighted, then the weight of a circuit cover of is tH8o the cost of’, being equal to the number of lightpaths plus
sum of the weights of all edges in this circuit cover. It is welthe number of open chains, is at most
known that a minimum-weighted circuit cover of a graph can be
found in polynomial time by a reduction to minimum-weighted |P| + <§|p| + E) - Z|p| + k <
perfect bipartite matching. 4 4 4 4

We define a weighted grapH () over P as follows. .

* For each patlp with endpoints: andv, we add three ver- gy eneatedly merging, if possible, two chains into a larger

tices:uy, vp, andp. Thus,H (P) consists oB|P| vertices.  opain one can convert any chain generation into one in which

For each patfp with endpointsu andv, we add three o, hair of chains cannot be merged into a larger chain. Lemma

edges(uy, vp), (up, p) and(up, p) and assign them with 3 jpjies that any algorithm followed by this postprocessing

the welghts_ 2,0,and 0, resp_ectn_/ely. will have an approximation ratio of at mosf4. As shown in

» For any pair of nonoverlapping lightpatis andps be-  gyample 1 given in Section II, postprocessing does not guar-
tween the same two endpoints, sapndv, we add tWo  5ntee anything better thai/4. Next, we present several algo-

edges(uy, , up, ) and(uvy, , vp,) of weight 1. rithms whose approximation ratios b&at.
 For any pair of lightpathg,; andp, which share one end-

point, sayv, and lie in some simple cycle @F, we add
two edges as follows: let andw be the other endpoints
of p; andp», respectively, and add two edges,, , w,, ) We propose a three-phased algorithm, referred to as minimum
with weight 2 and(vy, , vp, ) with weight 1. circuit cover—walk splitting (MCC-WS). The first phase, re-

« For any pair of node-disjoint lightpaths with endpoints ferred to as walk generation phase, generates a set of walks with
1w andwv, andp, with endpointsy’ and+’, we add four costat most opt. We find a minimum-weighted circuit cover of

edges(up, , 1, ), (Up, ;s Vp, ) (Upy U, ) @Nd (v, ,v7,, ), all H(P) in polynomial time. Removing all edges of weight two

k
Pl+-.
P+

7
(1P| +k) < 7 -opt.

YRR

V. WALK SPLITTING

of weight 2. from the minimum-weighted circuit cover, we obtain a collec-
The total number of edges H(P) is tion of paths and circuits i/ ( P). Note that in any circuit cover
of H(P), foranyp € P the three nodes,,, p, v, are in the same
3|P| + 2| P|(|P| - 1) < 2|1P]> + |P|. circuit with p adjacent ta, andv,,. By replacing the three nodes
uy, p, andwv,, with p, each path (circuit respectively) induces an
Note thatH (P) has a trivial circuit cover open (closed, respectively) walk in the graphiP). Then the
total cost of the obtained walks is exactly equal to the weight of
{(up,p,0p) 1 p € P} the minimum-weighted circuit cover df (P). In addition, any

In addition, any chain generation induces naturally a Circutwo consecutive lightpaths in each walk lie in a simple cycle of

cover of H(P) whose weight is equal to the cost of this chain "
generation. Thus, the weight of a minimum-weighted circu{h
cover of H(P) is a lower bound of opt.

The second phase, referred to as walk splitting phase, splits
e walks obtained in the first phase into chains. Specifically,
an open walk is split into chains by traversing along this open
walk from the first lightpath and generating a chain whenever an
overlap occurs; a closed walk is split into chains by traversing

A trivial upper bound on the cost of any chain generation eong this closed walk from an arbitrary lightpath and gener-
2|P|, which is at mos® - opt, as the number of open chainsating a chain whenever overlap occurs.

IV. UPPERBOUNDS
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The third phase, referred to as the chain merging phase, ieerepresented b, j). Let G be R,, with n = 2(2k + 1) for
peatedly merges any pair of open chains into a larger chain ustime/ > 1, and letP consist of the following3n /2 paths:
No more merging can occur.

As an example, consider five lightpaths over a ridgvith (i ™ o<i< ™y
five vertices, labeled 0, 1, 2, 3, 4. Assume five lightpaths are {pZ - ( b2+ §) ‘ St §}
giVGn: P = (07172)7P2 = (27374)7P3 = (47071)7P4 = {p; — (2i—l— 2,21'—1— E _|_1> ‘ 0<i< ﬁ}
(1,2,3), andPs = (3,4,0). The walk generation phase pro- 2 2 2
duces just one walkP;, P, P3, Py, Ps, of cost 5. The walk U {p/i/ = (2i + g + 1,2i) ‘ 0<i< g}

splitting phase first produces the chdih, P, to which P is
not added since an overlap occurs. Then the algorithm produces o )
asecond chairPs, Ps. P; is left as a chain by itself. No merging 25 illustrated in Fig. 2(a). Note th_at for afiy< ¢ < n, the three
is possible during the chain merging phase. On this particuR@thspi pi, pi’ form a closed chain. Sept = |P| = (3n/2).
example, the algorithm produces an optimum solution. Qn the other hand, MCC-WS may produce in the first phase two
The following lemma gives an upper bound on the cost of t&CUIts
obtained chains.
Lemma 4: MCC-WS produces a chain generation with cost DR Doter D1 Dot - - - » DL s Doge1 - D0
at mostopt + (3/5)|P|. and
Proof: Letw denote the weight of a minimum-weighted , , , ,
circuit cover of H(P). Then, the total cost of the walks gener- Po: Por PhA1s Prt 1) PLo P1o Pl 2s Prog 2+ 0
ated by the first phase is exactly The splitting of walks into Ph—15 Pee1 D2k Poks Phes Dl
chains in the second phase may increase the costVLia¢ any

walk that is not a chain anidbe the number of chains split fromgach circuit induces a closed walk which is not a closed chain.

C. Then the splitting ofV" into « chains increases the cost by the second phase, the first closed walk is split iatopen
i — 1if W is open ori if C is closed. From the constructions_chains

of the graphH (P), the lengths of all chains obtained frof
except the last one, are at least two. Thus Hp! pia b 11 <i < K}

K2

and one open 1-chaifpy}. Since the2k + 1 arcs

HLNLES
{pi|0 <@ < 2k}
So splittingWV creates an additional cost of at mois¥’| —1)/2
if W is open, at mos|¥|/2) if W is closed andW¥| is even,
and at most|W |+ 1)/2if W is closed andliV| is odd. Letj be
the number of closed walks of odd length generated by the first

phase that are not chains. Then the cost of the chains generated Upi pi}]0 <4 < 2k}
by the second phase is at mas#- (| P| + j)/2. As the length

of any odd closed walk generated by the first phase that is ngtine third phase, the two open chaifis} and {z), p!!} are

a chain is at least fivej < (|P|/5). So the cost of the chains merged into a closed chalmo, 1, pi/}. So totally3k + 1 chains

produced by the second phase is at most are obtained, among whidt are open [see Fig. 2(b)]. The total
cost of all these chains is

are pairwise overlapping, at least + 1 open chains must be
used by the second closed walk. One solution is the following:

. ||
|P|+j Pl+ 5 3
2] — —_ 3 3
Wt Swt W =|P| [Pl + 3k = 3(2k +1) + 3k = 9k +3 = _ -opt — .
3
<opt + —|P|
J

Thus the approximation ratio of MCC-WS is at leag®.

) ] In summary, we have the following theorem.
asw is a lower bounds of opt. This completes the proof of the Thegrem 5: The approximation ratio oMCC-WS is be-

lemma. ®  tween 1.5 and 1.6.
The above lemma and the fact thHdt| < opt imply an
upper bound of 1.6 on the approximation ratio of the algorithm VI. | TERATIVE MATCHING

MCC-WS. A lower bound of 1.5 can be obtained from Example . ] ]
13 given in [3], which is included for the sake of completeness. L€t C be a collection of chains. T graph of €, denoted
We useR,, to denote a ring of nodes labeled by, 1,...,n—1 PY F(C), is aweighted undirected graph in which the vertex set
clockwise. A path (i.e., arc) isC, and there is an edge between two ch&@hsandC’ if and
only if C; andC; can be merged into a larger chain, and the
weight of the edge betweer; andC, is equal to the number
2, (¢ + 1)mod n, (¢ + 2)mod n, ..., j of endpoints shared b§; andCs.
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{a) (b)

Fig. 2. Aninstance used for obtaining the 1.5 lower bound: (a) the optimal solution and (b) the solution produced by the algorithm MCC-WS.

We start by introducing a simple algorithm referred to as It- 1) Preprocessing Phase: for = 1 to [, repeatedly take

erative Matching (IM) proposed in [3]. This algorithm main- closedk-chains out of the remaining lightpaths until no
tains a set of chains of lightpatlisthroughout its execution. more closed:-chain can be obtained from the remaining
Initially C consists of 1-chains each of which is a lightpatt#in lightpaths. This is done by trying all combinations of
While the fit graph#'(C) of C has nonempty edge set, we find a k lightpaths and checking if a combination results in a
maximum-weighted matchind/ in 7(C) and then merge each closedk-chain.

matched pair of chains it/ into a larger chain. WheR(C) has 2) Matching Phase: apply the algorithm IM to the remaining
empty edge set; is output as the chain generation. lightpaths.

It is obvious that the algorithm IM has polynomial run-time. |t is obvious that for any fixed constahtthe algorithm has
Next, we show that its approximation ratio is at most 5/3.  polynomial run-time. A straightforward implementation of the
Lemma 6: The approximation ratio of IM is at most 5/3.  first phase has tim&(| P|'*3|V|?). Next, we show that its ap-

Proof: From any chainC in OPT, a matching of cardi- proximation ratio of is at most.5 + 1/(2(1 + 2)).
nality | (|C|/2)] can be obtained. Latbe the number of odd  Lemma 7:7-PIM produces a chain generation with cost at
open chains in OPT, andbe the number of odd closed chaingnost(1/2)opt + (1 + 1/(2(1 + 2)))|P|.
in OPT. Then from the chains in OPT, we can obtain a matching  Proof: We call the lightpaths appearing in the closed
of cardinality(| P| — i — j)/2. Thus the cardinality of any max- chains obtained in the preprocessing pHalse lightpaths, and
imum-weighted matching obtained in the first iteration is at leagie others areed lightpaths. We usé and R to denote the set
(1P| =i — j)/2, and consequently after the first iteration, thef blue lightpaths and the set of red lightpaths, respectively.
total number of chains is at most Then in any closed chain of length at mést OPT, at least one
IPl—i—j |P|+itj Iightpath is que_. From OPT, we remove all blue lightpaths and

5 = 5 . obtain a collection of red chains. Note that the number of red
chains obtained from a closed chdins at most the number of
Note that any odd closed chain must contain at least three ligbkie lightpaths inC; the number of red chains obtained from
paths. Thug < (|P|—4)/3. So after the first iteration, the totalan open chairC is at most the number of blue lightpathsadh
cost is at most plus one. Thus the total number of red open chains is at most
| B| plus the total number of open chains, whichvjg — | P

1P| =

P 7 7 P 7 7 .
|P| + |2l +2L TJ = 3|2 | + % + % and consequently is at most

3|P| ¢ |P|—4i 5|P|+i
< = +§+ i |B| + opt — |P| = opt — |R|.

5 .
< §(|P| + 1) In addition, all red closed chains have length at Iéastl, and

5 using the facf is odd all oddred closed chains have length at
< 37 opt. least/+2. Letk be the number afddred chains, open or closed.

Then

Therefore, the approximation ratio of IM is at most 5/3. =
We propose the preprocessed iterative matching withceh

k< opt— B+ | EL] < opt— L 1R
parametet (I-PIM) algorithm, which runs in two phases. < opt — |R[+ = opt = g+2| -

142
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As each red chai’ can contribute a matching of cardinality Both phases require additional explanations. Checking if a
[(|C|/2)], the red lightpathg2 admit a matching of|R| — k£)/2  set of requests can be routed to form a closezhain can be
pairs. Thus, the first iteration in the matching phase generatedamne in polynomial time for fixed: [11]. The same algorithm
maximum matching of at leagtR| — k)/2 pairs. So after this of Robertson and Seymour can check if two given requests can
first iteration, the total number of red open chains is at most be routed on one ring—thus being joined by an edge in the fit
graph /(R U C). Checking if a chain of lightpaths and a re-

|R| — |7~ k = || + k_ guest can routed on one ring can done by an application of the
2 2 Fan lemma (see, for example, [6, p. 146]), as follows. Construct
At this moment, the total cost is at most the subgrapld?’ of G obtained by removing all the interior ver-
R L tices of the_: chain. If the endpoints of the reque_st coincide vx_/ith
1P|+ |R| + & < |P|+ |B| + opt — l+_2| | the endpoints of the chain, then just checking if the endpoints
2 = 2 are connected i’ is enough. If the endpoints of the request
—|P| + opt n 1 IR| < opt n <1 n 1 ) 1P| are disjoint from the endpoints of the chain, there is no point in
2 2(04+2)" "~ 2 2(1+2) adding this edge t&'(R UC). If the request and the chain share
thus completing the proof of the lemma. . exactly one endpoint, say, then, if we denote by the other

endpoint of the chain and hythe other endpoint of the request,
the problem becomes finding two pathg(i : P, from s to «,
andP, from s to v, which intersect only is. The Fan lemma as-

The above lemma ansbt < |P| imply an upper bound of
3/2+1/(2(1 4 2)) on the approximation ratio of the algorithm

llz”\g 'I_'hus Whenlth: 3, the a}ipi)r:ommatloq ra:!o IS it mOStsures the existence of these two paths (and its proof finds them)
0. By Increasing the parametetne approximation ratio can e 4 only if there is no vertex i (G’) \ {s} whose removal

?e artl)_:tranly clotie to 3/2, glth(t)_ugh it the costtog rr|10re :ﬁnm%connecm from eitherw or ». This condition can be easily
ime. However, the approximation ratio can not be less than 3/g . .\ | iO(|V (G |[E(G)]) time.

20 :r;lattelr hqm Iargé IS Thtls can be |Ilustt|rateg bﬁ/ ixgmpli i Following the argument in Lemma 7, we can prove that the
S the algorithm does no spemfy_exac y which chain witl t proximation ratio of the algorithm above is at m8ge +

picked first during the preprocessing step, we assume it pi (21 +2))

the closed chaip, ¢; . Iterative matching cannot merge any two '

chains, and the output is a solution of cost 6, but optimum has
VIII. CONCLUSION

cost 4.
In summary, we have the following theorem. Motivated by support of automatic ring protection in optical
Theorem 8: The approximation ratio diPIM is between 3/2 networks with minimum line terminal cost, we studied the
and3/2 + 1/(2(I + 2)). Minimum Ring Generation problem. We developed several

gradually improved lower bounds on the minimum cost and
VII. CHAIN GENERATION WITHOUT PRESPECIFIEDROUTING  upper bounds on the cost of nontrivial solutions. We also

Now we drop the assumption that the routing is prespecifie'i?jr.oIOOSeOI two approximation algorithms MCC-WS based

Instead, the input is a set of pairs of nodes in a two-vertex-corn- r_mmmum-_welghted cwqwt cover, antPIM based on
nected graplds. We call these pairequestsRouting a request maximum-weighted matching. We proved that the perfor-
means selecting a lightpath in between the two endpoints of aJA8Nce guarantee of MCC-WS is be.tween 1.5 and 1.6, and
guest. The solution should provide a lightpath for each requesfrﬂ? performance guarantee ofPIM is between 3/2 and
the input and a partition of these lightpaths into chains. Findir%2 - _1/(2(l +2)). . . . .

an optimal solution in general topologies is NP-hard as this o _An |mportant _vanatlon (_)f_the M_|n|mum Ring G_eneratlon
timization problem is NP-hard even in ring topologies [3]. | roblem is allowing the splitting of lightpaths to achieve lower

the following, we discuss the extension of our results obtain st [4]3 [7]. Such a splitable \{ersion has been studied in ring
earlier in this paper. topologies [4], [7]. It would be interesting to develop provably

1-PIM for nonprespecified routing is adapted fré@IM, and good algorithms for this splitable version in general topologies.
has the same two phases.

1) Preprocessing Phase: for= 1 to [, repeatedly select,

route, and remove a set of requests such that they can bg1 M. Alanyali and E. Ayanaglu, “Provisioning algorithms for WDM op-
dto f | H-chain. as lona as possible tical networks,"Proc. IEEE INFOCOM’'98 pp. 910-918, 1998.
routed to form a close n, g as possiole. [2] J. Armitage, O. Crochat, and J. Y. Le Bouder, “Design of survivable

2) Matching Phase: LeR be the set of remaining requests WDM photonic network,”Proc. IEEE INFOCOM'97 pp. 244-252,

andcC be the empty set of chains of lightpaths. While the __ 1997 o _
3] G. Calinescu and P.-J. Wan, Traffic partition in WDM/SONET rings to
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