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ag�utdallas.eduAbstra
t. Current opti
al networks typi
ally o�er two degrees of ser-vi
e reliability: full prote
tion in presen
e of a single fault in the network,and no prote
tion at all. This situation re
e
ts the histori
al duality thathas its roots in the on
e divided telephone and data environment. The
ir
uit oriented servi
e required prote
tion, i.e., provisioning of readi-ly available spare resour
es to repla
e working resour
es in 
ase of afault. The datagram oriented servi
e relied upon restoration, i.e., dy-nami
 sear
h for and reallo
ation of a�e
ted resour
es via su
h a
tionsas routing table updates.The 
urrent development trend, however, is gradually driving the designof networks towards a uni�ed solution that will jointly support tradition-al voi
e and data servi
es as well as a variety of novel multimedia ap-pli
ations. The growing importan
e of 
on
epts, su
h Quality of Servi
e(QoS) and Di�erentiated Servi
es that provide varying levels of servi
eperforman
e in the same network eviden
es this trend.Consistently with this pattern, the novel 
on
ept of Di�erentiated Reli-ability (DiR) is formally introdu
ed in the paper and applied to providemultiple reliability degrees (
lasses) in the same network layer using a
ommon prote
tion me
hanism, i.e., path swit
hing. A

ording to theDiR 
on
ept, ea
h 
onne
tion in the layer under 
onsideration is guar-anteed a minimum reliability degree, de�ned as the Maximum FailureProbability allowed for that 
onne
tion. The reliability degree 
hosen fora given 
onne
tion is thus determined by the appli
ation requirements,and not by the a
tual network topology, design 
onstraints, robustnessof the network 
omponents, and span of the 
onne
tion.An eÆ
ient algorithm is proposed to design the Wavelength DivisionMultiplexing (WDM) layer of a DiR ring.1 Introdu
tionCurrent statisti
s reveal that businesses in
reasingly rely on 
ommuni
ationsnetworks. E-
ommer
e and e-business are heavily dependent upon the availabil-? The work was partially supported by the Texas Higher Edu
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al ...ity of 
ommuni
ation resour
es. Thus, reliable 
ommuni
ation networks are amust from the end user's point of view.In a multi-layer network ar
hite
ture, prote
tion swit
hing te
hniques maybe implemented in more than a single layer. For instan
e, in the IP (InternetProto
ol) over WDM (Wavelength Division Multiplexing) ar
hite
ture it is pos-sible to implement prote
tion1 me
hanisms at the WDM layer [1℄, or a set ofdistin
t prote
tion me
hanisms via Multi Proto
ol Label Swit
hing (MPLS) atthe IP layer [2℄, or restoration2 me
hanisms in the 
onventional IP manner [3℄.With these options available, a 
ompetitive and 
ost e�e
tive design of the reli-able network is a 
riti
al goal that may determine the su

ess or failure of theproposed network ar
hite
ture. In other words, whi
h layer should provide pro-te
tion and what degree of prote
tion does ea
h layer need? It is well knownthat distin
t prote
tion me
hanisms will 
oexist in the same network, with ea
hme
hanism being implemented at a distin
t layer [4℄. One rule of the thumb isthat using the prote
tion me
hanism at the lowest possible layer minimizes theresponse time [5, 6℄.Little is known, however, about the degree of reliability required at ea
h layer,that is, the level of reliability that ea
h layer should provide to higher layers.Clearly, there is a tradeo� between the degree of reliability that is o�ered byea
h layer and the 
ost of the resour
es required at that layer. A higher degreeof reliability 
omes at higher 
ost. Another fa
tor to 
onsider is that the samenetwork (or layer) is designed to support multiple servi
es, and ea
h servi
emight require a distin
t degree of reliability. For example, the WDM layer maysupport both SONET and IP layers, and may provide to ea
h higher layer adi�erent degree of reliability.Currently, only two degrees of servi
e reliability are 
ommonly 
onsidered:100% prote
tion in presen
e of a single fault in the network and none at all.These two approa
hes have their histori
al origin in the on
e divided telephoneand data environments. The former servi
e, being 
ir
uit oriented, requires pro-te
tion for immediate network restoration upon a fault. The latter servi
e, beingdatagram oriented, relies upon restoration, i.e., dynami
 updates of the networkrouting tables. The 
urrent trend is gradually driving the design of networkstowards a uni�ed solution that will support, not only traditional voi
e and dataservi
es, but also a variety of novel multimedia appli
ations. Eviden
e of thistrend over the last de
ade is the introdu
tion of 
on
epts like Quality of Ser-vi
e (QoS) [7, 8℄ and Di�erentiated Servi
es [9, 10℄ to provide varying levels ofservi
e performan
e in the same network. Surprisingly, little has been dis
ussedor proposed for network reliability s
hemes to a

ommodate this 
hange in theway networks are being designed.1 Prote
tion indi
ates a te
hnique based on the provisioning of readily available re-sour
es to repla
e spe
i�
 working 
onne
tions in 
ase of a fault.2 Restoration indi
ates a te
hnique based on the dynami
 sear
h for alternative re-sour
es that will allow to 
ontinue the 
onne
tions a�e
ted by the fault.
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al ... 3Today's 
ompetitive networks 
an no longer provide just pure 
ir
uit swit
h-ing and datagram servi
es, nor they 
an limit the options of reliability to onlytwo degrees, either fully prote
ted or unprote
ted.In this paper the problem of designing 
ost e�e
tive multi-layer networksthat are 
apable of providing various reliability degrees | as opposed to 0% and100% only | is addressed. The 
on
ept of Di�erentiated Reliability (DiR) isfor the �rst time formally introdu
ed and applied to provide multiple reliabilitydegrees (or 
lasses) at the same layer using a 
ommon prote
tion me
hanism,i.e., path swit
hing [11, 12℄.A

ording to the DiR 
on
ept, ea
h 
onne
tion in the layer under 
onsidera-tion is assigned a Maximum Failure Probability (MFP ) whi
h is de�ned as theprobability that the 
onne
tion is unavailable due to the o

urren
e of a faultin the network. The MFP 
hosen for a given 
onne
tion is determined by theappli
ation requirements and not by the prote
tion me
hanism3, the networktopology, the sour
e-destination distan
e, or the Mean Time Between Failure(MTBF) of the network 
omponents. It is expe
ted that the 
ost of the 
on-ne
tion is inversely proportional to the 
hosen MFP degree. For example, in asimpli�ed network s
enario with only two layers, i.e., IP over WDM, an opti
al
onne
tion between two IP routers shall guarantee theMFP required by the us-er. Certain 
onne
tions between routers may be more 
riti
al than others, thus,a 
ost e�e
tive solution will rely on some highly reliable opti
al 
onne
tions andother less reliable 
onne
tions whose disruption will not heavily a�e
t the user'sIP network.From a pra
ti
al point of view, DiR 
onne
tions 
an rely upon the prote
-tion me
hanism preferred by the network designer, or available from te
hnology.Conne
tions are then individually routed and assigned spare resour
es in su
h away that the MFP degree required for ea
h 
onne
tion is met. Preemption of aless reliable 
onne
tion to guarantee reliability of a higher reliable 
onne
tion isallowed when the resultingMFP degree still meets the 
onne
tion requirement.In summary, the DiR 
on
ept o�ers the unique 
ombination of the follow-ing advantages. The user (or upper layer) determines the desired MFP degreefor ea
h 
onne
tion. Thus, in a multi-layer network, the lower layer may pro-vide the above layers with the desired reliability degree, transparently from thea
tual network topology, design 
onstraints, devi
e te
hnology and 
onne
tionspan. In addition, DiR allows to dynami
ally adjust the network 
on�gurationto take into a

ount possible improvements of the network 
omponent's MTBFthat may be
ome available in some portion of the network, without a�e
tingthe reliability degree o�ered to the upper layers. In pra
ti
al terms, improvedMTBF of network 
omponents may allow the same network to support addi-tional 
onne
tions without a�e
ting the guaranteedMFP degree of the alreadyexisting 
onne
tions.In the rest of the paper the DiR 
on
ept is demonstrated using a bidire
tionalWDM ring in whi
h prote
tion is a
hieved in the opti
al layer.3 With DiR, the prote
tion me
hanism may o�er a variety of di�erent MFP degrees
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al ...2 Applying the DiR Con
ept to WDM RingsFirst the problem of optimally designing the WDM DiR-based ring is de�ned,then an eÆ
ient algorithm that sub-optimally solves the problem is presented.2.1 The Problem of DiR Optimal DesignThis subse
tion des
ribes the assumptions made and de�nes the DiR optimaldesign problem.It is assumed that a set of 
onne
tion demands are given and must be routeda
ross the ring. A demand 
onsists of one or multiple lightpaths4, that need to beestablished between two nodes. Ea
h demand is assigned a requestedMFP thatmust be met by the prote
tion me
hanism at the opti
al layer. Only one prote
-tion me
hanism is available at the opti
al layer to a
hieve the demand requestedMFP . This requirement appears to be ne
essary to provide feasible networkmanagement as opposed to 
omplex management handling of multiple 
on
ur-rent re
overy a
tions that take pla
e in the event of a network element failure.The prote
tion me
hanism 
onsidered in the paper is the 1 : 1 path prote
tionapplied to lightpaths. With this prote
tion me
hanism, a working lightpath isassigned a route-disjoint prote
tion lightpath that may be alternatively used ifthe working lightpath fails to work.First, the set of multiple reliability 
lasses is introdu
ed. A reliability 
lass,
, is 
hara
terized by a 
onne
tion maximum failure probabilityMFP (
), whi
hindi
ates the maximum a

eptable probability that, upon a network elementfailure, a 
onne
tion in that 
lass will not survive despite the opti
al layer pro-te
tion5.Conne
tion demands are assigned to 
lasses a

ording to their requiredMFP .TraÆ
 demands in higher requirement 
lasses, i.e., lower MFP , are those withthe most stringent requirements in terms of re
overy speed and need to be re-stored at the opti
al layer (e.g., voi
e traÆ
), as opposed to traÆ
 demands inlower 
lasses that may also be re
overed by means of the (relatively slower) IPrestoration me
hanisms.The WDM ring topology is modeled as a graph G(N ; E). Set N representsthe network nodes and link set E represents the WDM ring lines 
onne
tingphysi
ally adja
ent nodes. Ea
h link in E is 
hara
terized by two numbers: link
ost and link failure probability.The link 
ost represents the 
ost of routing a lightpath on that link. Forexample, if the link 
ost is set equal to the link length, it is assumed that the
ost of routing a lightpath on that link is proportional to the link length.The link failure probability is the probability that the 
onsidered link isfaulted under the 
ondition that a single network line fault has o

urred in thering. (The analysis presented here is based on the assumptions that only single4 A lightpath is a path of light between a node pair, whose bandwidth equals thewavelength bandwidth.5 The 
on
ept of reliability 
lass 
an be easily generalized to multiple failures.
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al ... 5(line) faults may o

ur. However, the proposed te
hnique 
an be extended tohandle 
on
urrent faults of varying natures, in
luding node faults.) The linkfailure probability is estimated on the basis of available failure statisti
s of theemployed opti
al 
omponents. First, the probability of having a single fault inthe network is estimated. On
e this value is known, every link fault probability isnormalized to the probability of having a single fault in the network. We de�nePf (i; j) as the failure probability of link (i; j), given the o

urren
e of one faultin the network. A uniform distribution of faults a
ross the link, would then resultin Pf (i; j) = 1jEj 8(i; j) 2 E.To demonstrate the DiR 
on
ept, the 1 : 1 path prote
tion s
heme is modi�edas follows. (Noti
e that provisioned prote
tion resour
es are unused in absen
eof network failure.) A lower 
lass working lightpath may be routed on alreadyprovisioned prote
tion wavelengths (Fig. 1), thus improving use eÆ
ien
y ofnetwork resour
es. Consequently, in 
ase of a link failure, a higher 
lass 
on-ne
tion may preempt a lower 
lass 
onne
tion if the latter is using prote
tionresour
es dedi
ated to the former. This me
hanism a�e
ts the 
onne
tion failureprobability of the lower 
lass 
onne
tions due to its preemption. From a lower
lass 
onne
tion viewpoint, preemption is equivalent to a fault that disrupts itsworking lightpath without the possibility to resort to a prote
tion lightpath. Forea
h 
onne
tion, we thus de�ne the 
onne
tion failure probability as the sum ofthe failure probabilities of its unprote
ted links plus the probability of \virtual"failure due to preemption.In Fig. 1, we show an instan
e of the ring with uniform line failure distri-bution. The higher 
lass 
onne
tion (thi
k line) has MFP = 0, i.e., it mustbe 100% prote
ted against any single line fault. The lower 
lass 
onne
tion(thin line) reuses prote
tion wavelengths assigned to the higher 
lass 
onne
-tion (lines (D;C) and (C;B)), thus its failure probability is given by the sumPf (D;C) + Pf (C;B) (fault of the unprote
ted links of the lower 
lass 
onne
-tion), plus the probability of being preempted by the higher 
lass 
onne
tionwhi
h is Pf (D;E) + Pf (E;A).The obje
tive of the DiR problem is to determine the routing for and theresour
es used by ea
h lightpath request in order to minimize the ring totalwavelength-mileage, or �| more generally, the network 
ost | subje
t to guar-anteeing the requested reliability degree (MFP ) of ea
h traÆ
 
lass 
.The obje
tive fun
tion is formally des
ribed next under the assumption thatwavelength 
onverters are available at all nodes and any (working or prote
tion)lightpath may be assigned a distin
t wavelength on ea
h of its links.min � =Xi;j 0� CX
=1Xs;d (ws;d;
i;j + ps;d;
i;j � rs;d;
i;j ) � li;j1A (1)where:{ ws;d;
i;j is the number of (working) wavelengths on line (i; j) assigned to theworking lightpaths that belong to the 
onne
tion demand from s to d of 
lass
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Protection

Lower class traffic

Higer class traffic

B

C

DE

A

Fig. 1. Prote
tion and preemption me
hanism{ ps;d;
i;j is the number of (prote
tion) wavelengths on line (i; j) assigned to theprote
tion lightpaths that belong to the 
onne
tion demand from s to d of
lass 
{ rs;d;
i;j is the number of prote
tion wavelengths on line (i; j) that are reusedby working lightpaths that belong to the 
onne
tion demand from s to d of
lass 
{ li;j is the length of line (i; j).The obje
tive fun
tion must be minimized under the 
onstraint that the proba-bility failure of every 
onne
tion demand in 
lass 
 does not ex
eed the requestedmaximum failure probability MPF (
).2.2 The DiÆ
ult-Reuse-First AlgorithmThis se
tion presents an eÆ
ient greedy algorithm that may be used to sub-optimally6 solve the DiR design problem in WDM rings. The name of the al-gorithm is DiÆ
ult-Reuse-First (DRF) to indi
ate that, prior to being routed,demands are sorted 
onsidering how diÆ
ult it is for the 
orresponding workinglightpaths to a
hieve reuse of prote
tion wavelengths. Lightpaths that are morediÆ
ult in that regard, are routed �rst, thus giving them a better 
han
e toa
hieve a more eÆ
ient wavelength reuse.The DRF algorithm is based on two observations.1. Due to the topologi
al layout of bidire
tional ring, only two disjoint routesexist between any node pair (Fig. 2). Routing is thus a binary problem andea
h demand that requires prote
tion must employ both routes, one for theworking lightpath and the other for the prote
tion lightpath (Fig. 2(b)).6 The 
omplexity of the DiR design problem is under investigation.
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Fig. 2. Ring prote
tion me
hanism2. When the reliability degree requested for the 
onne
tion 
annot be a
hievedusing the already provisioned wavelengths, an additional wavelength mustbe added to the ring. Under this 
ir
umstan
e, irrespe
tive of the routing(
lo
kwise or 
ounter
lo
kwise) 
hosen for the working (prote
tion) light-path, one wavelength must be added to every line of the ring. The 
ost(working and prote
tion) for setting the 
onne
tion thus equals the 
ost ofadding a wavelength along the whole ring perimeter.The following de�nitions are used in the des
ription of the DRF algorithm.The failure probability of a path is given by the sum of the failure probabilities ofthe links along the path. The minimum failure probability between two nodes,mfpsd, is the minimum between the failure probability of the 
lo
kwise andthe 
ounter
lo
kwise path. Let MFP (
) be the maximum failure probability for
onne
tion demands in 
lass 
.The algorithm is organized in 7 steps as depi
ted in Fig. 3.Step 1. Conne
tion demands are 
lassi�ed using two sets: the set of demandsthat require some degree of prote
tion and the set of demands that do not requireprote
tion. Demand of 
lass 
 from node s to node d belongs to the former setif mfpsd > MFP (
). It belongs to the latter set otherwise.Step 2. The working lightpath for ea
h demand in the former set is routedusing the shortest path in terms of number of links. The prote
tion lightpath isrouted using the opposite dire
tion. Shortest path in terms of number of linksis 
hosen for the working lightpath to yield the maximum number of prote
tionwavelengths in the ring that may be reused by the algorithm at some later step.Noti
e that these 
onne
tions have failure probability equal to 0, as they allsurvive any single fault in the ring.Step 3. The demands in the latter set are sorted a

ording to in
reasing valuesof the di�eren
e X = (MFP (
)�mfpsd) � 0 where 
, s and d are, respe
tively,
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Graph Topology

Build Auxiliary 
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Connection Requests
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Connection from the

List

Resources

Update Available

List Empty?
Connection No

Stop

Failure Probability
Find Minimum

for each Connection

the Requirements
That do not Meet 

Connections
Route and Protect 

Fig. 3. Algorithm 
ow 
hartthe 
lass, the sour
e and destination of the demand. Let SX be the set of sorteddemands. Value X indi
ates the ex
ess of reliability o�ered to the demand if anewly wavelength was added to ea
h link of the the path with minimum failureprobability mfpsd. Sin
e the ex
ess of reliability is not ne
essary, the algorithmlooks for ways to reuse some of the already provisioned prote
tion wavelengths inpla
e of the newly added wavelengths. When a prote
tion wavelength is used inpla
e of a newly added wavelength, the reliability ex
ess of the demand is redu
eddue to the potential preemption of that wavelength. Noti
e that the reliabilityex
ess must not be redu
ed below zero, otherwise the required reliability degreerequested for the demand is not met.Intuitively, smaller values of X 
orrespond to demands with lower probabilityto a
hieve reuse of prote
tion wavelengths. In order to a
hieve a more eÆ
ient
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al ... 9wavelength reuse | whi
h in turn 
orresponds to a lower total network 
ost |demands having smaller X are routed �rst, hen
e the name of the algorithm.Step 4. The demand in set SX with the smallest value of X is 
onsidered forrouting. Prior to routing the demand, an auxiliary graph G0(N ; E0) is built.N is the set of network nodes, E0 is the union of set E 2 G and set Ep. Thelatter is the set of links that represent the provisioned prote
tion lightpaths (orsegments of them) not yet reused. Set Ep is 
onstru
ted as follows. Let s be thesour
e node, d the destination node and I = fn1; n2; : : : ; nkg the ordered set ofintermediate nodes of a prote
tion lightpath. Link (s; d), all links (s; ni), whereni 2 I , all links (ni; d), where ni 2 I , and all links (ni; nj), where ni; nj 2 Iand i < j are added to Ep when the asso
iated prote
tion lightpath is added tothe ring. Link (s; d) represents the entire prote
tion lightpath. Any other linkrepresents only a segment of the prote
tion lightpath. When multiple prote
tionlightpaths share the same sour
e and destination pair the set of links is derivedonly on
e, taking into a

ount the multipli
ity of the lightpaths by assigning a
apa
ity greater than one to the links.Any link in l 2 E0 is assigned a triple: a 
ost, a failure probability, anda 
apa
ity that indi
ates the maximum number of working lightpaths one 
anroute on su
h link. Every link in E0 derived from E is assigned its original 
ost,i.e., the length of its line, its original failure probability, and in�nite 
apa
ity.Every link in Ep is assigned zero 
ost as routing on any su
h link represents reuseof an already provisioned prote
tion lightpath (or segment of it). Ea
h link inEp is assigned a failure probability that is the sum of two terms: the failureprobability of the working lightpath asso
iated with the prote
tion lightpath(or segment of it) represented by the link, i.e., the probability of preemption;and the failure probability of the represented prote
tion lightpath (or segmentof it). Ea
h link in Ep is assigned a 
apa
ity equal to the number of prote
tionlightpaths (or segment of lightpaths) represented by the link.Fig. 4(a) represents the auxiliary graph obtained from the ring shown inFig. 4(b). In Fig. 4(a) the original topology graph with two working 
onne
tions| the solid lines | is shown. Links are assigned two numbers that represent,respe
tively, the length of the network line and the network line failure proba-bility. It is assumed that 
onne
tion demand from node D to node A requiresprote
tion, represented by the dotted line in the �gure. Conne
tion demand fromnode D to node C belongs to a lower requirement reliability 
lass and thus itmay reuse some of the prote
tion wavelengths provisioned for the former de-mand. The 
orresponding auxiliary graph is shown in Fig. 4(b). Set E0 
onsistsof the union of link set E and the additional links (C;B), (B;A), and (C;A) (setEp), that represent, respe
tively, the possibility to reuse prote
tion wavelengthson the original graph links (C;B), (B;A), and the 
on
atenation of (C;B) and(B;A). The auxiliary graph does not 
ontain link (D;C), sin
e the prote
tionwavelength on that link is already used. Noti
e that added link (C;A), whi
hrepresents a segment of the prote
tion lightpath asso
iated with the workinglightpath from node D to node A, has failure probability given by the sum ofthree terms: the probability that the working lightpath from D to A is rerouted
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ause of a line fault (0:4); the probability that line (C;B) is faulted (0:2); andthe probability that line (B;A) is faulted (0:2).
A
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(10,0.2) (10,0.2)

(10,0.2) (10,0.2)

(10,0.2)(a) Original graph
(0,0.8)
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(10,0.2)

(10,0.2)

(10,0.2)

(10,0.2)

(10,0.2)

(0,0.6) (0,0.6)

(b) Auxiliary graphFig. 4. New links in the auxiliary graphSin
e the auxiliary graph may have a large number of parallel links that may
onsiderably slow down the exe
ution time of the algorithm, a pruning te
hniqueis used to redu
e the number of links in E0, without signi�
antly a�e
ting thealgorithm performan
e. Two steps are used to redu
e the number of links in E0.First, links with failure probability greater than the demandMFP are removedfrom the auxiliary graph. Se
ond, when multiple links with zero 
ost exist be-tween a node pair, only the link with the smallest failure probability is kept inset E0 (Fig. 5), the other zero 
ost links are not inserted in the auxiliary graphset E0. Noti
e that links of the auxiliary graph derived from E are never removedfrom the auxiliary graph as they represent the possibility to add wavelengths tothe ring when the reuse of provisioned prote
tion wavelengths is not possible.
(0,0.4)

(10,0.2)

(0,0.4)

(10,0.2)

(0,0.8)Fig. 5. Pruning of parallel multiple links with zero 
ostStep 5. The demand under 
onsideration is routed using the Dijkstra shortestpath algorithm [13℄ applied to the pruned auxiliary graph. The link weight lwijused by the shortest path is 
omputed as a linear 
ombination of the link length(lij) and the link failure probability (Pf (i; j)). The linear 
ombination is 
on-trolled by parameter a as follows: lwij = a � lij + (1 � a) � Pf (i; j). When a = 1
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al ... 11the algorithm returns the shortest path in terms of mileage, when a = 0 thealgorithm returns the shortest path in terms of failure probability, i.e., the mostreliable path.By varying a, a di
hotomi
 sear
h is performed. Let amax = 1 and amin = 0.The shortest path algorithm is run using the mean value a = aint = (amax +amin)=2). Let pfaint be the failure probability of the path so found. If pfaintis greater than the MFP requested for the demand amax is set equal to aint.If pfaint is smaller than the MFP , amin is set equal to aint. These steps areiterated until pfamax �MFP .On
e the path is found, the 
apa
ity of the path is 
omputed as the minimum
apa
ity of all links that belong to the path. Working lightpaths of the demandare then routed along the path, up to its 
apa
ity. If the 
apa
ity of the shortestpath is not large enough to a

ommodate all lightpaths of the demand, Step 5is repeated until all lightpaths are routed.Step 6. The wavelengths assigned to the demand under analysis are provisionedand the 
orresponding demand is removed from set SX .Step 7. The status of the provisioned prote
tion wavelengths is updated takinginto a

ount possible reuse. Noti
e that su
h update may result in 
hanges ofthe auxiliary graph. The algorithm goes ba
k to step 4 until set SX is emptied.3 Performan
e ResultsThe DRF algorithm des
ribed in se
tion 2.2 is tested using a ring topology that
omprises 20 nodes 
onne
ted by equal length lines of 10 miles. It is assumedthat line failure probability is uniformly distributed among the network lines, i.e.,Pf (i; j) = 1=208(i; j) 2 E. Conne
tion demands are divided into three 
lasses.{ Class 1 demands are uniform, requiring one lightpath between every nodepair (s; d). MFP (1) = p1.{ Class 2 demands are uniform, requiring two lightpaths between every nodepair (s; d). MFP (2) = p2.{ Class 3 demands are uniform, requiring three lightpaths between every nodepair (s; d). MFP (3) = p3.The total number of lightpath requests is 2280. Presented results are obtainedsetting p1 and p2 to a �xed value, while p3 takes on values in the interval [0; 1℄.With the given ring and 
onne
tion demands, the DRF algorithm runs on aLinux-PC pentium 450MHz, requiring a 
omputational time in the order oftens of se
onds.Figs. 6, 7 and 8 show, respe
tively, the total �-mileage (working and prote
-tion), the total prote
tion �-mileage, and the total prote
tion �-mileage reusedby the DRF algorithm.As expe
ted, the required total �-mileage de
reases as the reliability require-ment of 
lass 3 be
omes less stringent, i.e., p3 in
reases. This is due to the
ombined e�e
t of two fa
tors: 1) the prote
tion �-mileage ne
essary to ful�ll
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Fig. 6. Total wavelength mileage
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Fig. 7. Total prote
tion mileagethe requested reliability degree is redu
ed (Fig. 7); 2) prote
tion wavelengthreuse is improved (Fig. 8).It is interesting to note that when p1 = 0:1, p2 = 0:4 and p3 ! 1, thetotal �-mileage found by the DRF algorithm equals the same �-mileage thatwould be required in the same ring, with the same 
onne
tion demands, had
onventional shortest paths been used to route the working lightpaths and noprote
tion lightpaths been provisioned at all. While 
osting the same, the twoapproa
hes are however signi�
antly di�erent. With the shortest path approa
hthe requested demand reliability is not always guaranteed and shorter workinglightpaths have better reliability degree than longer lightpaths have. With theDRF algorithm, demands in the three 
lasses always meet their reliability degree,without regard of the distan
e between the sour
e and the destination.
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Fig. 8. Total reused mileageFigs. 9, 10, and 11 numeri
ally demonstrate the above 
onje
ture by plottingthe distribution of the 
onne
tion failure probability for the demands in the threereliability 
lasses when p1 = 0:1, p2 = 0:4, and p3 = 0:8. The results obtainedwith the shortest path algorithm and the DRF algorithm are reported. The total�-mileage is the same in both 
ases. The shortest path routing yields the samedistribution of 
onne
tion failure probability for every reliability 
lass, irrespe
-tive of the reliability requirement of the 
lass. (The distribution is a
tually s
aledby a fa
tor equal to the number of lightpath requests in ea
h 
lass.) The DRFalgorithm trades higher 
onne
tion failure probabilities for 
lass 1 traÆ
, withlower 
onne
tion failure probabilities for the other two 
lasses. By so doing, therequested 
lass reliability degree is met for all 
onne
tion demands.
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Fig. 9. Class 1 
onne
tion failure probability distribution
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Fig. 10. Class 2 
onne
tion failure probability distribution
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Fig. 11. Class 3 
onne
tion failure probability distributionFrom a revenue viewpoint, the DiR approa
h allows to a

ommodate all
onne
tion demands with the requested degree of reliability. The 
onventionalshortest path approa
h, on the 
ontrary, imposes a de-
lassi�
ation of a largeportion of the demands in 
lass 1 and 
lass 2 below the requested reliabilitydegree, thus redu
ing the potential overall revenues, yet requiring the same �-mileage of the DiR approa
h.4 SummaryThe paper presented the novel 
on
ept of Di�erentiated Reliability (DiR) 
lass-es of traÆ
, a

ording to whi
h, 
onne
tions are di�erentiated based on their
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al ... 15requested individual degree of reliability. The proposed 
on
ept enables to dif-ferentiate traÆ
 
ows in 
lasses without regard for network topology, equipmentMTBF, and most importantly 
onne
tion span, both in terms of line hops andmileage.An algorithm was proposed to sub-optimally design DiR-based opti
al rings.Presented results demonstrated the potential advantages of the proposed 
on-
ept, in terms of both overall network 
osts and guaranteed reliability degreefor every traÆ
 
lass. Beside the opti
al layer dis
ussed in the paper, the DiR
on
ept may �nd other interesting appli
ations in a variety of network layers,in
luding the Multi Proto
ol Label Swit
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