
Optimization and Performance of NetworkRestoration Schemes for Wide-AreaTeletra�c NetworksD. Medhi1 and R. Khurana2(October 1994, revised May 1995)In the event of a major network outage such as a �ber cable cut, a network can experiencesigni�cant deterioration of network performance. To address such a situation, a networkcan be equipped with restoration capacity. We present here a mathematical model anddesign algorithm for determination of transmission network restoration capacity. We thenpresent models for two restoration options { connection based restoration and load directedrestoration (for restoration of bundle of circuits) { and consider their impact on a wide-areadynamic call routing teletra�c network when the restoration capacity is limited (tight). Ournetwork simulation of failure and restoration of a dynamic call routing teletra�c networkshows that the load directed approach generally performs better than the connection basedapproach.KEY WORDS:Wide-area networks, dynamic call routing teletra�c networks, restorationcapacity design, restoration rerouting, multi-commodity 
ow models, network restorationperformance.1. INTRODUCTIONA major network outage such as a �ber cable cut can signi�cantly deteriorate the performanceof a network [1]. In a recent paper [2], we have noted that to improve the performance of thenetwork in such an event, various network planning and management implementation optionssuch as the following can be sought: dynamic call routing between switching nodes, pre-plannedcircuit diversity through cross-connect nodes, pre-planned augmented trunk capacity design toaddress failure, real-time restoration in the transmission facility network (and associated pre-planned capacity required), or a combination of these options. (We refer to the tra�c networkas the network where the services such as voice, video and data are o�ered, and the transmissionnetwork is where the circuit required to provide the above services are routed; see section 2 formore detail). In this paper, we address the issue of network restoration for a dynamic call routingteletra�c network. By network restoration, we do not mean physical restoration of the actualfailed circuits (on the failed link); rather, we mean reconnection of failed circuits around thefailure using any available (restoration) capacity. Thus, we will use the terms restoration andreconnection interchangeably. Speci�cally, we address the problem of restoration capacity designin the transmission network for failure of a link; secondly, network reconnection algorithms inthe transmission network, and thirdly, the tra�c network performance as reconnection in the1 Computer Science Telecommunications, University of Missouri{Kansas City, 5100 RockhillRoad, Kansas City, Missouri 64110. (E-mail: dmedhi@cstp.umkc.edu)2 Was with the University of Missouri{Kansas City. Now with Sprint Corporation, Burlingame,California.appeard in Journal of Network and Systems Management , Vol. 3, No. 3, pp. 265-294, Sept. 1995



transmission network is done after the failure using the restoration capacity, especially when thereconnection capacity is limited. We address these issues in the context of a wide-area dynamiccall routing network (see, for example, [3], [4], [5], [6]).Network survivability and restoration have been gaining attention in recent years. Designingfor survivability has been addressed by several researchers for various networks (for example, see,[7], [8], [9], [10], [11], [12], [13], [14], [15]). Results on network performance under a failure for widearea circuit-switched networks have been presented in ([2], [12], [16], [17], [18]), and for wide areapacket networks in [19]. Network restoration has also been addressed by several researchers; e.g.,Coan et al [20] have presented a discussion on network con�guration for trunk network survivability;Kawamura et al [21] discuss network restoration for ATM networks; Dunn et al [22] have comparedk-shorted path to maximum 
ow routing for network facility restoration; Doverspike and Wilson[23] have addressed the issue of capacity e�ciency in Digital Cross-connect System (DCS) networkrestoration. Balakrishnan el al [24] have addressed the issue of timing of virtual circuit restorationin a wide-area packet network. Our present work is signi�cantly di�erent from these works. Webrie
y discuss our work below before we go into each aspect in detail in subsequent sections.For reconnection capacity design, we present a model for design for failure of a single transmis-sion link (at a time). In this model, we introduce a parameter, connection restoration factor, whichcan be speci�ed to design for restoration of a speci�ed percentage of failed trunk capacity. If cost offull recovery is larger than the budget permits, then this factor can, for example, be speci�ed at theappropriate level. Our work considers the case when full restoration capacity can not be providedin the transmission network, e.g., due to budget; we will refer to this situation as the network beingunder `tight' capacity. This leads to the second problem we address: given tight availability ofrestoration capacity, how can the network make best use of the available capacity to bring the net-work back to (near) normalcy. Towards this end, we present two network restoration approaches:connection based restoration (CBR) and load directed restoration (LDR). These approaches are forreconnection rerouting in the transmission network of failed trunks (circuits) using the restorationcapacity in the transmission network. These two approaches can be used to generate pre-plannedrestoration con�guration for speci�c failure scenarios that can be stored in a database, and canbe triggered in the event of a failure. It is well known that o�ered tra�c varies depending on thetime of the day [3]. While connection based restoration is generated and is indi�erent to the loadvariation during the day, the load directed restoration is to generate di�erent restoration reroutingdepending on the time of the day (at major time epochs when load changes) taking into accountvariation of load during the day and the dynamic call routing in e�ect for the tra�c network. Thethird related issue we consider here is the interplay of the reconnection rerouting of circuits in thetransmission network and dynamic call routing in the tra�c network towards integrated networkrestoration: we address this problem by doing network simulation of speci�c failure scenarios wherewe also consider staggered restoration of restorable trunks. For our computational works, we haveused a network testbed extracted from an actual network. Finally, we discuss relevance of ourapproach in asynchronous transfer mode (ATM) based broadband networks.It is instructive to discuss two recent work ([25], [26]) which have some similarities to ourwork. Both these papers, like us, have considered an integrated view of the tra�c and transmissionnetwork towards the issue of network survivability and restoration. However, we di�er from bothof them in various ways. We discuss each one separately below.Ash et al [25] have presented design and analysis of a fully-shared network where dynamismin the transmission network through cross-connect systems is addressed along with dynamic callrouting in the circuit-switched tra�c network. While they address transmission network recon-�gurability and its implication on network performance under various network conditions in asubstantial manner, we do not consider recon�gurability in the transmission network (under nor-mal network operating conditions); on the other hand, we provide the restoration capacity design2



for the transmission network to support the tra�c network while no discussion is presented in thisregard in [25]; further, while we have attempted to provide trade-o� of doing transmission networkrestoration (including staggering) under tight capacity compared to additional trunking capacityin the tra�c network performance, this is not addressed in [25]; �nally, an approach such as loaddirected restoration that we present here is not addressed in [25], or perhaps, not even explicitlyrequired in a fully-shared network environment.In the other work, Krishnan et al [26] have presented a uni�ed network design approach toconsider network survivability and restoration by looking at a layered view of the network, andhave considered trade-o� of doing restoration either in the tra�c network or in the transmissionnetwork or in both (it may be noted that this is done beyond what we have addressed in a previouswork towards network survivability [15]). They present their analysis for a symmetric network.The authors indeed have made an important contribution towards understanding the trade-o� ofrestoration at various level. However, our focus is more on understanding the di�erence betweenconnection based restoration and load directed restoration given a tight restoration capacity, aswell as staggering of actual restoration towards understanding the implication of timing towardswhat actually may be appropriate as the circuit layout/diversity in the transmission network.The rest of the paper is organized as follows. In section 2, we discuss preliminaries andassumptions. In section 3, we describe the network restoration capacity design model. In section4, we present connection based and load directed restoration models. In section 5, we presentcomputational results for restoration design and the impact of network restoration schemes on theperformance of dynamic call routing circuit-switched networks. Finally, in section 6, we summarizeour work and discuss possible future work including extension to ATM-based broadband networks.2. PRELIMINARIES AND ASSUMPTIONSWe brie
y describe the di�erence between the tra�c network and the transmission networkas considered in this paper. The reader may want to refer to, for example, [2], [12], [15], [27] foradditional detail which have also used this two-layer approach. The tra�c network refers to thelogical network where di�erent services [e.g. voice, data, video] are o�ered, and the transmissionnetwork refers to the network through which the circuit connectivity for the tra�c network isprovided. Based on a given tra�c demand (in erlangs) and a speci�ed grade-of-service (GoS), thetra�c network is designed to determine the (logical) trunks required [5] for a speci�ed call routingprocedure. Usually, the tra�c network is engineered for 1 % blocking GoS (to be referred as n-GoShereafter) under normal network operating conditions. Thus, for the tra�c network, we are usuallygiven a set of tra�c switching nodes, the tra�c matrix between the switching nodes [possibly fordi�erent load periods (hours) during the day]. For the transmission network, we assume that weare given a set of cross-connect nodes and a set of transmission links. The trunks required betweenswitching nodes are connected using cross-connect nodes and transmission links.It may be noted that the T1 committee report on survivability [28] presents a four-layerapproach towards network survivability: service, logical, system and physical. We, however, takehere a two-layer approach for simplicity and manageability. Comparatively, the service layer in[28] corresponds to the tra�c layer here and the aggregation of the other three layers as in [28]to the transmission layer here. Due to this aggregation, for our purpose here, transmission link issynonymous with physical link. Due to this aggregation and also since our primary interest is onthe impact in the tra�c network, we do not take into consideration the role of automatic protectionswitching or self-healing ring [13], [28].For the trunks required for the tra�c network, a circuit layout procedure [29] is used todetermine the transmission path on which various trunk demands (and how much) should berouted between cross-connect nodes. This routing is called circuit routing, not to be confused with3



call routing. For clarity, we will refer to the demand to be routed between cross-connect nodesas `connections'. Note that a tra�c link commonly known as a trunk group is di�erent from atransmission link and it connects two switching nodes as a logical link while a transmission link asconsidered here connects two cross-connect nodes at the transmission level. For clarity, we refer toa tra�c link (trunkgroup) as a t-link and a transmission link as an f-link. A tra�c path (route) forcall routing consists of at most two t-links connecting a demand pair (switching node pair) eitherdirectly or via another switch (this is a standard assumption for dynamic call routing networks,see [5]). A transmission path is the path between two cross-connect nodes consisting of f-linksconnected by a chain. Typically, a switching node is associated with a cross-connect node in thesame city for routing circuits through the transmission network to another switching node. Here,we will consider a switching node to be co-located with an associated cross-connect node, at thesame time there may be some independent cross-connect nodes; if a node marked n has co-locatedswitching node and cross-connect node, then we refer to the switching node as SWn and the cross-connect node as CCn. For example, consider the switching pair SW1{SW6 in Figure 1. The logicalt-link is simply SW1{SW6 connecting the switching nodes SW1 and SW6, while two transmissionpaths between SW1 and SW6 are, for example, SW1{CC1{CC8{CC6{SW6 and SW1{CC1{CC11{CC6{SW6; note that the trunks for the trunkgroup/t-link SW1 { SW6 that is circuit routed ontransmission path CC1{CC8{CC6 goes through the cross-connect node at 8, but does not enterthe switching node at 8. As mentioned before, the demand between the cross-connect nodes willbe referred to as connections, to distinguish from trunk demand between the same associatedswitching nodes. Thus, the loss of a trunk in the tra�c network due to an outage corresponds tothe loss of an associated connection in the transmission network. For example, the loss of trunksbetween SW1 and SW6 in the tra�c network means loss of corresponding connections betweenCW1 and CW6 in the transmission network. Thus, at times, the terms, connections and trunks,will be used interchangeably. It may be noted that, in this work, we address only link failure in thetransmission network such as the failure of f-link CC1{CC8 which is usually referred to as link 1{8;we do not address any failure of interface transmission units between SWn and CCn, e.g., betweenSW1 and CC1. Also, typically, the demand between cross-connect nodes also have private linedemand; this is not considere here. Further, the demand between cross-connect nodes is typicallygiven in multiples of DS1 rate; however, here, we will assume the connections to be in multiplesof DS0 as is the case with trunks. If the tra�c network is fully inter-connected, the number ofswitching-node (tra�c demand) pairs is the same as the number of t-links (trunk groups). Here,we keep the distinction assuming that the tra�c network may not be fully interconnected.We state below the main assumptions in our work followed by explanation of the assumptions:(A1) The tra�c network is non-hierarchical in the sense that all switches are at the same level.A call between the origin and the destination switch is connected either on the directtra�c link (if it exists) or on at most two tra�c link alternate routes.(A2) A two-layered view consisting of the tra�c and the transmission network is consideredhere.(A3) The transmission network is two-arc connected [30, p. 445].(A4) The circuit layout for provisioned trunks remains static during the course of a day (pos-sibly for a longer period).(A5) When restoration is done after a failure, the switch ports can not be re-arranged in real-time. That is, switch ports assigned to a particular switching node pair, can not bereassigned to another switching pair.(A6) Transmission restoration capacity on f-links is stand-by capacity which can be used onlyfor reconnecting failed trunks. 4



(A7) The time to �x the actual physical link failure from the time of failure is less than thetime between successive failures. This says only one transmission link can fail at a time.(A8) When a transmission link fails due a �ber cable cut, it a�ects all the trunks provisionedon it as well as the restoration stand-by transmission capacity on that link.Assumption (A1) states that the network is a dynamic call routing, non-hierarchical network{ the main premise of our work. Discussion on assumption (A2) is already covered. Due toassumption (A3), at least a physical path exists between switching nodes to reconnect circuits incase of failure of a transmission link; otherwise some switching nodes can be isolated. Assumption(A4) is typical in present day networks; however, we note that recently dynamism in the tranmissionnetwork has been considered by Ash et al [25]. Assumption (A5) is a realistic assumption aboutnot being able to rearrange port in real-time due to a failure. Assumption (A6) is to ensure that therestoration transmission capacity is not provisioned in for some other services on demand, and isavailable for the sole purpose of restoration for the tra�c network it services. Regarding assumption(A7), although multiple transmission link failures can conceivably occur, the probability of such anevent is negligible; thus, assumption (A7) is reasonable which is used in the model for restorationcapacity design and also in analysis. Assumption (A8) states that between two cross-connectnodes we assume that we have a physical link that has both provisioned circuits as well as standbyrestoration capacity | this is assumed in our modeling framework for restoration capacity designmodel as well as reconnection rerouting and network simulation since in a major �ber cable cutthis situation can/does occur; thus, no parallel links are assumed here.3. RESTORATION CAPACITY DESIGNThe reconnection capacity problem is to place the minimum amount of spare capacity neededin the transmission network to restore a part of lost connections (corresponding to trunks in theswitched network) from a single f-link failure at a time, provided that the trunk requirementsbetween switching nodes and the corresponding transmission network topology and layout (undernormal network operating conditions) are given. This is used in pre-planned capacity design. Weconsider here end-to-end restoration; i.e., when an f-link failure occurs, the trunks a�ected foreach origin-destination switching node pair which was using this f-link may be rerouted aroundthe failure on di�erent transmission paths on each origin-destination switching node pair basis (asopposed to link or \patch" restoration where all the circuits on the failed f-link are rerouted aroundthe immediate two transmission end points without regard to which o-d switching pairs they arefor; see [23] for a study on computational e�ciency of end-to-end restoration over patch restorationin the transmission network). We use a factor called Connection Restoration Factor (CRF) whichis to specify the percentage of lost connections to be designed for in the restoration capacity designphase.To discuss the capacity design problem, we �rst present an optimization model where thefailure of a single f-link, say, m, is considered. The input to the reconnection capacity problemis assumed to be a set of switched demand pairs which are a�ected by a failure, the demand(connections) that is lost for the a�ected trunk groups in the cross-connect network, and anyinitial reconnection capacity that is already available in the transmission network. We list thenotation used here.NotationsL Set of transmission links (f-links) in the network.Km Set of a�ected t-links (groups) due to failure of f-link mc` Unit cost of transmission capacity on f-link ` 2 Lr` Existing reconnection capacity available (if any) on f-link ` 2 L5



f` Reconnection capacity to be added on f-link ` 2 L (variable)dk(m) Connections a�ected (lost) for cross-connect node pairs associated with t-link (trunkgroup)k 2 Km for failure of f-link mJk(m) Set of valid transmission paths (surviving paths) for t-link k 2 Km for failure of f-link m�k̀j f-ink/path indicator: 1 if path j 2 Jk(m) for t-link k 2 Km uses f-link ` 2 L, 0 otherwisexkj Amount of 
ow (circuits routed) on path j for t-link (group) k (variable)� Connection Restoration Factor ( 0 � � � 1)The mathematical optimization model (Model (1)) for f-link failure m to determine the recon-nection capacity can be given as follows: minfxkj ;f`g X̀2L c`f` (1a)subject to Xj2Jk(m) xkj = �dk(m) ; k 2 Km (1b)Xk2Km Xj2Jk(m) �k̀jxkj � r` + f`; ` 2 L (1c)xkj � 0; j 2 Jk(m); k 2 Km (1d)f` � 0; ` 2 L (1e)The expression (1a) represents the minimization of the total cost for reconnection capacityaugmentation on f-links in the transmission network. The expression (1b) says that all the survivingtransmission paths (valid paths) together are required to carry the connections lost for each a�ecteddemand pair at the prescribed CRF level. The expression (1c) refers to the total 
ow (connections)carried on each f-link for various demand pairs being satis�ed by any new reconnection capacityand any reconnection capacity already available on this f-link. (1d) and (1e) are to specify non-negativity of the path 
ow variables and reconnect capacity variables. Note that this multi-commodity 
ow model is based on link-path formulation; this allows us to limit the number off-links (if and when required) for a transmission path between two switching nodes.The reconnection capacity design to consider all f-link failure (one at a time) can be addressedby solving the following heuristic algorithm. The algorithm assumes an initial circuit layout ofconnections in the transmission network for trunk demand generated for normal network operatingconditions for a speci�ed GoS (e.g., see [15]) and assumes no initial restoration capacity.Algorithm:ReCapStep 0 Generate initial circuit layout of connections corresponding to trunks for the tra�c net-work under normal network conditions. Set r`  0; ` 2 L.Step 1 For each f-link m 2 L doStep 1.1 Determine all the t-links a�ected, Km, due to this failure.Step 1.2 Determine units of connections a�ected (lost) dk(m) for every a�ected t-links dueto failure of link mStep 1.3 Determine all the valid candidate paths due to the failure of link mStep 1.4 Solve the reconnection capacity estimation optimization model (1) for failure oflink m to determine f`. 6



Step 1.5 Update reconnection capacity available, fr`g.enddoStep 2 Output fr`gAlthough Model (1) provides optimal placement of capacity for a speci�c single failure, theheuristic ReCap may not provide an optimal placement due to the order in which f-links areconsidered in Step 1 for the entire network. We discuss the implication of the order in computationalwork later in section 5.1. We refer the reader to other, more sophisticated, heuristics for restorationcapacity design in cross-connect networks by Chujo et al [31].4. RESTORATION MODELSNow we discuss analytical models/algorithms for two restoration schemes: connection basedrestoration (CBR) and load directed restoration (LDR). These are aimed at generating pre-plannedreconnection rerouting (of circuits) and creating a database; in the event of a failure, a databaselook up is triggered to look for the speci�c failure scenario.4.1 Connection Based Restoration (CBR) ModelAs we have mentioned before, the initial network design determines the number of trunksrequired for every demand pair based on the load in erlangs for a speci�ed grade-of-service andthe transmission paths through which these trunks are circuit routed. Furthermore, using thereconnection capacity design procedure, transmission capacity for restoration can be determinedand placed in the network. When a facility link failure occurs, it a�ects the demand pairs forwhich the trunks are being circuit routed through the failed f-link. The connection based modeltries to restore as many connections as possible in the transmission network for every a�ectedt-link (group) based on the available reconnection capacity. If reconnection capacity is designedusing CRF (�) to be one, then this model would restore the entire lost connections (hence, trunks)since there is enough reconnection capacity built-in to restore all the a�ected trunks; if, however,the reconnection capacity is designed with � < 1 due to the cost for full restoration being morethan budgeted for, then there is a need to make the best use of available reconnection capacity forrestoration of failed connections.The input to this problem is a set of trunkgroups a�ected by the failure, the connections lostat the cross-connect level due to this failure, and the units of reconnection capacity available inthe network. We assume that the reconnection capacity is obtained by solving the reconnectioncapacity model (1) for a given CRF. The goal of the CBR algorithm is to maximize the restorationof lost connections between switching nodes by reconnection rerouting. The following notationsare used in this model:L Set of facility linksK Set of a�ected t-links (trunkgroups) due to the failure of the f-linkr` Units of reconnection capacity available on link ` 2 L (from model-1) except for the failedf-link for which r` = 0.dak Units of connections a�ected (lost) for t-link (group) k 2 Kda;lowk minimum units of connections a�ected to be restored for k 2 KJk Set of valid facility paths (surviving paths) for k 2 K�k̀j Link-path indicator: 1 if path j 2 Jk for k 2 K uses link ` 2 L, 0 otherwisexkj Amount of circuit routed (
ow) on transmission path j for trunkgroup k (variable)7



The rerouting of circuits in the CBR model can be given by the following multi-commoditymodel: maxfxkjg Xk2KXj2Jk xkj (2a)subject to da;lowk � Xj2Jk xkj � dak ; k 2 K (2b)Xk2KXj2Jk �k̀jxkj � r`; ` 2 L (2c)xkj � 0; j 2 Jk ; k 2 K (2d)The expression (2a) represents the maximization of the total circuits routed on the survivingpaths for all groups. The expression (2b) says that all the surviving paths together are requiredto carry as much lost connections as possible while carrying a minimum of connections at thesame time. Note that the upper bound also implies that no switching port reassignment is donein real-time. The expression (2c) refers to the total 
ow carried by all the demand pairs on eachf-link being satis�ed by reconnection capacity available on that f-link. (2d) says that the pathvariables are non-negative. Setting a lower bound on connections as in (2b) is to ensure that acertain minimum amount of restoration for each demand pair is attained to achieve fairness. Thefeasibility of this model is guaranteed when the designed � using in Model (1) for capacity designis used here to provide a lower bound, i.e., da;lowk = �dak (or any factor smaller than designed �will also ensure feasibility). When the reconnection capacity is tight, without the lower limit as in(2b) it may be that all the trunks for a t-link are restored while another has no trunks restoredat all. However, if the fairness issue is not a problem, then the lower bound can be ignored. Thelower bound may not be practical in a rapidly changing network where it is di�cult to pick da;lowkto ensure feasiblity of the problem; in that case, it may be wise to ignore it.4.2 Load Directed Restoration (LDR) ModelThis model is motivated by the o�ered load variation that occurs in the tra�c network de-pending on the time of the day and taking into account dynamic call routing in the tra�c network.Note that the connection based model tries to restore as many connections as possible for a�ectedgroups without considering the load variation. The idea behind the load directed model is tomake better use of available reconnection capacity depending on the time of the failure. Whilethe restoration rerouting with CBR is indi�erent to load variation during the day, the restorationrerouting can be di�erent at di�erent times during the day with LDR.For the load directed model the �rst step is to consider the o�ered load (in erlangs) for eachdemand pair at the time of failure. For pre-planned computation, this means considering the loadpro�le if the failure were to occur at a particular time during the day. Based on the load, wethen estimate the number of trunks that need to be restored on each t-link by using a two-phaseprocess: �rst we estimate virtual trunks required for every demand pair for a speci�ed Grade-of-Service in restored state (see next paragraph for explanation of virtual trunks), and then solve amulti-commodity 
ow model to estimate the trunks required on each t-link. The GoS goal can beclassi�ed into a desired restoration GoS (r-GoS) for the a�ected demand pairs in the network in therestored state; for non-a�ected demand pairs, we still plan to provide the normal Grade-of-Service,n-GoS, designed for normal network operating conditions in the failure state also. We �rst estimatethe trunks required considering that the network has dynamic call routing. Then the optimization8



model given for CBR is used to reroute (as much as possible) the computed requirements in thefacility network.For a given o�ered load and GoS level, the virtual trunk requirement is approximated asdiscussed in [12] and [15] which is found to work well in practice. We brie
y discuss it here forcompleteness. The load to be carried in a dynamic call routing environment can be carried in twoways: on a direct tra�c link or on two tra�c links in case of alternate routing. If we assume ablocking bd of the load to be carried on the direct path, then the over
ow tra�c can use two tra�clinks to complete the requirements. This over
ow tra�c shares trunks from other tra�c pairs.Conceptually, although it uses two tra�c links, the over
ow can be visualized as being carried on ashared virtual trunk group. Thus the total requirement over the direct link and alternate two linkpaths is the total virtual trunk required for the o�ered load to be carried. Let Bp be the blockinglevel for the tra�c demand pair p. This re
ects the grade of service. Let E(c; a) be the well knownErlang blocking formula (e.g., see [5]) for trunk c and o�ered load a de�ned by:E(c; a) = ac=c!Pck=0(ak=k!) (3)We denote the number of trunks necessary to carry the o�ered load a at a particular blocking levelb by the inverse function E�1(a; b). Let the average occupancy of a trunk group be �. For tra�cpair p, let the carried load be denoted by a0p = ap(1 � Bp). Then the virtual trunk demand fortra�c pair p is approximated by the following formula:vt(ap; Bp) = E�1(a0p; bd) + a0pbd=� (4)The choice of bd is observed usually from practical network by observing amount of alternate routedtra�c compared to direct routed tra�c. We used the parameter values as used in [12].The input to the model is a set of switcheddemand pairs and the virtual trunk demand estimatecomputed using the above procedure for the tra�c load depending on the time of the day the failurewere to occur, and GoS parameters, n-GoS and r-GoS. We �rst present notations:K Set of tra�c links (trunk groups) in the networkP Set of tra�c switching node pairs in the networkGp Set of candidate (one/two t-link) tra�c paths for call routing for node pair p 2 Pap Load in erlang for pair p 2 Pdk Additional trunks desired for group k 2 K (variable)Bp Acceptable blocking for pair p which is r-GoS for a�ected pairs and n-GoS for una�ected pairssk Units of trunks survived for group k after the failured̂k Units of a�ected (or lost) trunks for group k after the failureypi virtual trunk 
ow on tra�c path i 2 Gp for pair p (variable)
kpi t-link/path indicator: 1 if tra�c path i for node pair p uses t-link k, 0 otherwiseThe units of virtual trunks required for carrying the load are estimated as mentioned above in(4) for the speci�ed GoS and the model below tries to �nd the minimum additional trunks requiredgiven the survived trunks in the network with at most two t-link call routing.minfypi;dkg Xk2Kdk (5a)9



subject to Xi2Gp ypi = vt(ap; Bp); p 2 P (5b)Xp2PXi2Gp 
kpiypi � dk + sk; k 2 K (5c)ypi � 0; i 2 Gp; p 2 P (5d)0 � dk � d̂k; k 2 K (5e)The expression (5a) represents the minimum additional trunks required. Expression (5b) refers tosatisfying virtual trunk demand between switching node pairs on various tra�c paths for a giventra�c o�ered load (corresponding to the time of failure) in erlangs for desired blocking level. Theexpression (5c) refers to the total trunk 
ow carried by all demand pairs on each tra�c link beingsatis�ed by trunks that has survived the failure and any additional restoration trunks desired.(5d) indicates that path variables are non-negative. (5e) speci�es that the maximum that can berestored for a group is the total a�ected, thus, not allowing port re-assignment; in particular, atrunk group can not have more trunk ports than originally assigned for.Thus, to recap, the load directed model, LDR, has two steps: in the �rst step, compute (4)and solve (5) to determine dk; in the second step, set dak = dk in (2) and then solve (2) to generaterestoration rerouting of trunks. It should be noted that the CDR models does not add additionaltrunks in the tra�c network (beyond originally provisioned for); it provides a directive on selectiveconnections to be reconnected in the transmission network (triggered by the o�ered load in thetra�c network at the time of failure) in an intelligent manner to make best use of reconnectioncapacity.5. COMPUTATIONAL RESULTSBefore we present our results, we �rst discuss the network data and the network scenarios.We have considered a ten switching node example network for computational work. The data forthis network is extracted from an actual public switched voice network spanning the continentalUS. The facility network for this network is shown in Figure 1 which consists of eighteen cross-connect nodes and twenty seven transmission links. Three di�erent load periods of tra�c data areconsidered to re
ect variation of tra�c during the day; they are for morning, early afternoon andlate afternoon with total load of 2684.80 erlangs, 2826.16 erlangs and 3224.08 erlangs, respectively.For brevity, we refer to them as ld-1, ld-2, and ld-3, respectively. Additional discussion about thedata can be found in [2], [15]. Three network scenarios are generated based on the data (see [15]):PMO-1 the tra�c network is designed for 1 % blocking GoS (n-GoS) under normal operatingconditions considering the multi-hour tra�c and the facility network is designed for circuitrouting based on minimum cost routing subject to f-link capacity constraints.PMO-2 the tra�c network is designed as in scenario PMO-1 but the facility network is designedfor circuit routing based on minimum cost routing subject to f-link capacity constraintsand additional constraints that trunks between two switching nodes are split on two ormore physically diverse transmission paths while none carrying more than 50 %.SDSN this is a uni�ed tra�c and facility network design for survivability where the tra�c net-work is designed for 1 % blocking GoS under normal operating conditions consideringmulti-hour tra�c and 50 % blocking GoS in case of a failure for the a�ected tra�c pairs(see [15] for detail).Note that while PMO-1 and PMO-2 have the same number of trunks (total: 3,863) betweenswitching nodes, their trunk layouts on the transmission network are di�erent. Speci�cally, PMO-2provides trunk group diversity while PMO-1 does not (subject to f-link capacity constraints). Onthe other hand, SDSN has PMO-2 layout as the starting layout and then additional trunk capacityfor the switched network to provide a speci�ed level of survivability in the tra�c network itself(total: 4,241). This additional trunking in the tra�c network is sometimes referred to as the tra�crestoration capacity. 10



5.1 Reconnection CapacityIn the reconnection capacity design procedure, ReCap, it is clear that the order of failure off-link considered can produce di�erent design outputs. Using distance as the link cost (c` in (1a)),we considered three rules for failure order for the test network in hand based on Step 0 in ReCapfor PMO-1 or PMO-2: 1) failure is done in increasing order such that the f-link whose failurewould a�ect the minimum capacity under normal condition is considered �rst and so on, 2) failureis done in decreasing order such that the f-link whose failure would a�ect the maximum capacityunder normal condition is considered �rst and so on, 3) failure is done without any ordering, i.e.,links are failed based on alphanumeric name of links. The linear program in model (1) is solvedusing MINOS [32]. Integral values for capacity are obtained at the end of ReCap by rounding thesolution.For the test network in hand, we found that the decreasing order is about 2% costlier and thealphanumeric order is about 12% costlier than the increasing order. Thus, we chose the increasingordering in our study to determine the restoration transmission capacity. The reader should keepin mind that the outcome may be di�erent for di�erent network topology and tra�c data. Wegenerated reconnection capacity for two values of CRF, namely, 0.5 and 0.75 to generate two casesof tighter reconnection capacity availability for network scenarios PMO-1 and PMO-2. Note that� = 1 produces all the reconnection capacity for any f-link failure at a time and, thus, is notof interest to us for the rest of our work. In Table I, we report the total units of transmissioncapacity required for CRF values of 0.5 and 0.75 with respect to scenarios PMO-1 and PMO-2. Aclari�cation between units of trunk capacity and units of transmission capacity is in order here: atrunk to be reconnected between two switching nodes generates w units of transmission capacityif the transmission path on which it is reconnected has w number of links, requiring one unit fromeach f-link.5.2 Network PerformanceTo observe the implication of connection based and load directed restoration in case of anf-link failure in the tra�c network, we developed a call-by-call tra�c simulator with dynamic callrouting capabilities. We �rst brie
y discuss the call routing scheme used. For each switching pair,the two tra�c link alternate paths are ordered periodically in decreasing order based on the freetrunking capacity available on them, and then a routing table is created. An arriving call (withPoisson arrival) between two switching nodes �rst tries the direct tra�c link. If there is a freetrunk, the call is connected on that trunk. If there are no free trunks on the direct t-link or there isno direct t-link, then the call �rst tries through the �rst alternate via node as given in the routingtable; if it cannot �nd any available trunks (subject to trunk reservation [33], [34], [35]) on thisalternate route then the call is crankbacked ([3]) and tried via the next alternate via node as givenin the routing table. If the call cannot �nd any available trunks after trying all the alternate routesgiven in the routing table, then the call is blocked. Call holding time is assumed to be exponentialwith a mean of three minutes. Like dynamic non-hierarchical routing (DNHR) [3] and trunk statusmap routing [36], this routing has the crankback feature; while DNHR used an o�-line computedrouting (with some real-time network management add ons in case of overload [37]) and the TrunkStatus Map Routing (TSMR) uses DNHR with some added routes computed regularly, the routingwe used in our simulation updates routing table at a regular interval (every ten seconds) based onmaximum free trunks and ordering, somewhat similar to Dynamically Controlled Routing (DCR)[38]. Note that the routing we use attempts various alternate routes in the order given in therouting table using crankback, if needed, while DCR uses probabilistic values to pick the alternateroute from the routing table; additionally, DCR does not have crankback. More details on thisrouting can be found in [2] and [15]. 11



For our study, we have chosen two di�erent f-link failures (each considered separately insimulation). They are f-links 1{3 and 4{15. The number of trunk groups and the number oftrunks a�ected due to each of these failures are shown in Table II. They were considered sinceeach of them a�ect a signi�cant number of trunks and trunk groups in the event of a failure. Asdiscussed earlier in the beginning part of section 5, for each scenario, PMO-1 and PMO-2, �rst thelayout is obtained (Step 0 of Algorithm ReCap) and then the reconnection capacity is computed forCRF values of 0.5 and 0.75 using algorithm ReCap. Reconnnection rerouting in the transmissionnetwork is then generated using reconnection capacity available (depending on the value of CRF)for each of the failure scenario 1{3 and 4{15 separately as described in section 4; this is done forboth the connection based reconnection and the load directed reconnection (for LDR, a separatererouting is generate for each load period). The linear programs in (2) and (5) are solved usingMINOS [32]. For LDR, typically, we have set r-GoS to be 3 % or 1 %. Since we consider CRFof 0.5 and 0.75, note that not all the trunks can be reconnected with reconnection rerouting inthe transmission network. For, clarity, the trunks that can be reconnected will be referred to asrestorable trunks , and when all restorable trunks (does not mean all a�ected trunks are up) areup, we call it fully-restorable state.In the event of an actual failure, it may not always be possible to bring all restorable trunksup at the same time due to database look up of restoration scenarios. Thus, in our simulation, weconsidered another scenario where a part (partial recovery) of the restorable trunks are restored ata time. Speci�cally, we consider bringing back restorable trunks associated with three trunk groupsat a time (staggered restoration). We will refer to the time between each such partial recovery to bea time slot without assigning a speci�c time amount to it. (Thus, for f-link failure 4{15 in scenarioPMO-2, it takes eight time slots to bring up all the restorable trunks to the fully-restorable state,cf. Table II). If the actual time of this time slot is very small, then the order or staggering may notbe an important issue | in that case, the reader may look at the average blocking at the time offailure, and the average blocking at the fully-restorable state, and ignore the blocking informationin between; for example, in Figure 3, consider blocking at time slot 1, the time of failure, and timeslot 13, the time of the fully-restorable state. On the other hand, if the time between successivetime slots is noticeable, then the a�ect of giving priority in partial recovery of restorable trunks isimportant; in this case, the reader may look at the blocking value at each time slot from the timeof failure to the time of recovery of all restorable trunks. Furthermore, this provides a comparisonof CBR and LDR during the partial restoration states.The simulation is started considering the network to be under normal operating conditions (nofailure). After the transient time is over, the failure of a facility link is indicated so that appropriatetrunks a�ected are disabled and the active calls riding on them are disconnected. Then trunksthat are restorable are reconnected for this failure using pre-computed restoration (depending onwhether the option for connection based restoration or load directed restoration is given) for eachf-link failure; this is done for three trunk groups in each time slot. In our graphs, we show theblocking state right after failure for three consecutive time slots, and then we start restoring trunks(three trunk groups at a time) partially in each time slot where the blocking is shown. Regardingpriority with CBR (recall that it does not consider load variation during the day), we consideredthe following: the three trunk groups with most restorable trunks computed using CBR model arerestored �rst, and then the next three in terms of most restorable trunks, and so on. For LDR,since we have some idea about o�ered load at the time of failure, the intuition may be to givepriority to a set of trunk groups associated with switching pairs that has the most blocking, andthen the next set, and so on. However, through our initial investigation, we found that this maynot be a good idea. For example, suppose a node pair with o�ered load of 10 erlangs is likely toface 50 % blocking immediately after failure, thus, being unable to carry 5 erlangs; however, thispair is not as important as a pair which is likely to face 20 % blocking which has, however, o�ered12



load of 100 erlangs, thus being unable to carry 20 erlangs. Thus, for LDR, we give priority togroups associated with the node pairs that has the most load a�ected (in groups of three), and soon. We have run ten replications of each simulation case and then computed 90 % con�denceintervals. We found that typically the non-a�ected pairs have blocking in the order of n-GoS.Thus, in our �gures, we opted to show average blocking only for all a�ected pairs (short verticallines show 90 % con�dence intervals).For all three network scenarios, PMO-1, PMO-2 and SDSN under tight restoration capacity,we found that LDR has either lower a�ected pair blocking than CBR or about the same as CBR. Arepresentative set of �gures are included (Figures 2, 3, 4, 5, 6, 7, 8, 9, 10, 11); additional �gures canbe found in [39]. Our experience is that, typically, it is more di�cult to see any di�erence underPMO-1 than under PMO-2 and SDSN. This indicates to us that in a severe failure without trunkgroup diversity when several groups usually lose all its direct trunks, LDR may not always be ableto take advantage of the load pattern as much as when the network has some trunk group diversity(i.e, when a�ected trunk groups lose some of the trunks). Another area where we found LDR to dobetter is that it can provide lower blocking while restoring fewer trunks than CBR. For example,consider PMO-1 with CRF to be 0.5 for f-link failure 4{15 in tra�c load ld-1; at fully-restorablestate, LDR needs to restore 30 % fewer trunks than CBR while having an a�ected-pairs blockingof 4.45 � 1.10 % compared to an a�ected-pairs blocking of 10.94 � 1.24 % for CBR. In anothercase (PMO-2, CRF = 0.5, ld-2, f-link failure 1{3), LDR needed about 5 % less to restore than CBRwhile having an a�ected-pairs blocking of 4.81 � 0.38 % compared to 10.07 � 0.66 % for CBR.This implies that LDR is making better use of the resources of transmission restoration capacitythan CBR while providing lower blocking; furthermore, if the (near) real-time cost of bringing eachtrunk up is an issue, then CBR appears to do it cheaper than LDR.Another interesting issue is now discussed on blocking of a�ected pairs at the time of failureand at the fully-restorable state. This discussion is done for LDR. Consider f-link failure 1{3 inscenario PMO-1 for tra�c load ld-2: since failure of an f-link under PMO-1 generally a�ects alldirect trunks on a�ected groups, the blocking immediately after failure is about 92:73� 0:42 % fora�ected pairs and goes down to about 34:35�0:64 % after all recoverable trunks are restored whenCRF is 0.5 (Figure 3), but it can go down to as low as 9:10� 0:76 % when CRF is 0.75 (Figure2). On the other hand, for the same case under scenario PMO-2, the blocking right after failure isabout 34:93�1:15 %, and goes down to about 4:80�0:38 % for CRF to be 0.5 (Figure 5), and downto 1:59 � 0:32 % with CRF to be 0.75 (Figure 8). For clarity, Figure 12 shows the comparion ofPMO-1, PMO-2 and SDSN for CRF = 0.75. Thus, if the restoration time is noticeable and actualphysical restoration can take long time (hours), it is apparent that PMO-2 is a better scenario thatPMO-1; i.e., it is better to have trunk group diversity built in the network layout. Furthermore, insome instances, even tighter restoration capacity (CRF = 0.75) can bring the network back nearlyto normal Grade-of-Service if the proper restoration rerouting (along with call routing) is used.Now, looking at SDSN, we can see that at the time of failure, the average blocking for a�ectedpairs at the time of failure is 27:61� 1:12 %, and goes down to 0 % with CRF = 0.5. Thus, SDSNdoes better than PMO-2; but, the reader should note that SDSN has more trunk capacity to beginwith. However, some additional trunking as in SDSN may sometimes be justi�able because thisadditional trunk capacity can provide better call completion rate than PMO-2 (or PMO-1) if thereis overload (or focused overload) in the network (not due to a link failure) and is, thus, a part ofthe normal revenue producing capacity; on the other hand, the stand-by transmission restorationcapacity can only be used for restoring failed trunks in the event of a failure. There is obviouslyan important trade-o� issue here between restoration capacity in `di�erent' networks. We refer thereader to the work by Krishnan et al [26] for further discussion on this issue.13



Now we discuss the role of dynamic call routing in restoration. We found that dynamic callrouting plays an important role in reducing blocking. We have observed that both at the timeof failure and at the fully-restorable state, typically, 8 to 15 % of the calls for the a�ected pairsare found to be alternate routed for scenarios PMO-2 and SDSN. Speci�cally, for f-link failure 1{3during ld-2 in scenario PMO-2 with CRF to be 0.75, when the blocking goes down to 1.59 % atthe fully-restorable state, the amount of alternate routing done for completed calls is about 12 %.Note that for PMO-1 at the time of failure, generally all the trunks on a�ected direct trunk groupsbetween switching nodes are lost (no diversity); thus, all calls that are completed for a�ected pairsare alternate routed. When restorable trunks are restored, then some groups may get some directtrunks back. Typically, at the time of failure these a�ected pairs can still carry about 8 % of thecalls using alternate routing. In one instance, we found that 23 % of the calls for the a�ected pairswere alternate routed at the time of failure (failure 4{15, load-1); for this case, at the fully restoredstate (with CRF 0.5), we found that a�ected pairs call completion rate was 89 %, out of which 28% were alternate routed. These examples show us the interplay between restoration rerouting offailed circuits and dynamic call routing in restoring the network from a failure state.6. SUMMARY AND DISCUSSIONIn this paper, we presented a mathematical model/algorithm for reconnection capacity designfor transmission network. Further, we presented two restoration rerouting models, CBR and LDR,to create restoration layout scenarios in case an important f-link fails. We then quanti�ed networkperformance through network simulation where both restoration rerouting of circuits and dynamiccall routing were in e�ect.We summarize the main observations we have made through our study. The reader shouldbear in mind that this is done for a speci�c 10-switching node network example.> If staggered restoration of restorable trunks is employed for LDR, then worst-load-a�ected-pairs-�rst heuristic appears to be better than considering �rst the a�ected pairs with worstblocking.> LDR appears to do either better than or about the same as CBR if there is already trunkdiversity and the reconnection capacity available is tight. In terms of space requirement forpre-computed recon�guration tables in the database, LDR requires h times more space thanCBR where h is the number of important load periods during the day for which LDR can becomputed. Based on our experience, we think that instead of computing LDR for each loadperiod, it is better to consider network impact under both schemes for important network linkoutage scenarios and at critical load change periods during the day. If LDR does noticeablybetter than CBR for a given load period, then this is a case to be included in the database; ifthere is no signi�cant di�erence, then the default CBR can be used. The upshot of this hybridapproach is that the space requirement is between the requirement for CBR and LDR whileat the same time maximizing the bene�t in terms of network performance.> If restoration speed of restorable trunks is noticeable and the actual physical restoration of thefailure takes considerable time (hours), then it appears that it is better to have trunk groupdiversity in the network to provide better restoration when the restoration capacity is tight.Additionally, if additional trunking in the tra�c network can be provided (strategically byusing method such as the one given in [15]), the network may be perceived to provide almostnormal grade-of-service after fully-recon�gurable state is reached; one advantage of additionaltrunking is that it can provide better call completion rate than normal network trunkingif there is overload (or focused overload) in the network (not due to a link failure) and is,thus, a part of normal revenue-bearing capacity; on the other hand, the stand-by transmissionrestoration capacity can only be used for restoring failed trunks in the event of a failure. We14



believe that a combination of tra�c restoration capacity and transmission restoration capacitybased on the speci�c objective of a network provider may be the suitable option.It may be noted that CRF can be provided to be di�erent for di�erent t-links based on howimportant a particular trunk group is. This requires only speci�c parameterization of CRF withoutany need to change the entire model. For example, CRF can be set to one for some importantpairs, and less than one for other pairs, thus, using �k with di�erent value for each k, instead ofusing a single � for the entire network. Our restoration rerouting methods address pre-computedcon�gurations. Sometimes, it may be preferable to compute such con�guration in near real-time;this would require solving the linear programs in models (2) and (5) e�ciently and/or developinga quick good heuristic; also, in this case, the estimation can be based on actual load observed in(near) real-time. Future works plan to address these issues.Finally, we discuss the work presented here in the context of ATM-based broadband networks.If the network architecture is de�ned with ATM switches and ATM cross-connect nodes with virtualpath (VP) switching capability as described in [40], then we can use the concept of virtual path todenote a trunkgroup. Most of the results presented here will carry through for circuit-mode tra�cin uni-service broadband networks as long as the network has dynamic call routing capabilities.However, in the case of ATM-based network, it may be possible to relax assumption (A5) on portlimitation. Intuitively, this would provide even better results with LDR. Finally, the concept ofvirtual path with zero bandwidth as proposed in [21] may be explored for restoration rerouting.Another issue is the introduction of multi-services with di�ering bandwidth and quality-of-servicerequirements, and the ability to provide priority to a service class when the restoration capacityis tight. Also, by relaxing (A4), dynamism in virtual path routing can be considered for networke�ciency [41]. Further work is required for understanding of these various implications in thecontext of broadband networks.ACKNOWLEDGEMENTSThe tra�c data used here was provided for another work [15] by Sprint Corporation and isgreatly appreciated. We thank the reviewers for their constructive comments which helped clarifyseveral issues and for bringing several references (particularly including, [28], [31]) to our attention.REFERENCES[1] IEEE Communications Magazine, Issue on Surviving Disaster, Vol. 28, no. 6, June 1990.[2] D. Medhi and S. Sankarappan, Impact of a Transmission Facility Link Failure on DynamicCall Routing Circuit-Switched Networks under Various Circuit Layout Policies, Journal ofNetwork and Systems Management , Vol. 1, pp. 143-169, 1993.[3] G. R. Ash, R. H. Cardwell and R. P. Murray, Design and Optimization of Networks withDynamic Routing, Bell Sys. Tech. Journal , Vol. 60, pp. 1787-1820, 1981.[4] B. R. Hurley, C. J. R. Seidl and W. F. Sewell, A Survey of Dynamic Routing Methods forCircuit-Switched Tra�c, IEEE Communications Magazine, Vol 25, No. 9, pp. 13-21, 1987.[5] A. Girard, Routing and Dimensioning in Circuit-Switched Networks , Addison-Wesley, Read-ings, Mass., 1990.[6] IEEE Communications Magazine, Issue on Dynamic Routing, Vol. 28, no. 10, October 1990.[7] T.-H. Wu, D. Kolar and R. Cardwell, Survivable Network Architectures for Broad-band FiberOptic Networks: Model and Performance Comparison, IEEE J. of Lightwave Technology ,Vol. 6, pp. 1698-1709, 1988.[8] C. L. Monma and D. F. Shallcross, Methods for Designing Communications Networks withCertain Two-Connected Survivability Constraints, Operations Research , Vol. 37, pp. 531-541,1989. 15
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PMO-1 PMO-2CRF, � = 0:5 6151 4784CRF, � = 0:75 9227 7176Table I: Transmission capacity required for restorationPMO{1 PMO{2 SDSNf-link TG tk TG tk TG tk1{3 18 1313 20 716 20 8134{15 12 977 23 1006 23 1101Table II: Number of trunk groups (TG) a�ected and trunks (tk) lost due to a failure
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Figure 2: A�ected Pair blocking for link 1{3 in load ld-2 for PMO-1 with CRF = 75 %
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Figure 3: A�ected Pair blocking for link 1{3 in load ld-2 for PMO-1 with CRF = 50 %19
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Figure 4: A�ected Pair blocking for link 1{3 in load ld-1 for PMO-1 with CRF = 50 %
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Figure 5: A�ected Pair blocking for link 1{3 in load ld-2 for PMO-2 with CRF = 50 %
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Figure 6: A�ected Pair blocking for link 4{15 in load ld-3 for PMO-2 with CRF = 75 %20
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Figure 7: A�ected Pair blocking for link 1{3 in load ld-1 for PMO-2 with CRF = 50 %
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Figure 8: A�ected Pair blocking for link 1{3 in load ld-2 for PMO-2 with CRF = 75 %
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Figure 9: A�ected Pair blocking for link 1{3 in load ld-2 for SDSN with CRF = 50 %21
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Figure 10: A�ected Pair blocking for link 4{15 in load ld-3 for SDSN with CRF = 50 %
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Figure 11: A�ected Pair blocking for link 4{15 in load ld-2 for SDSN with CRF = 50 %
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Figure 12: A�ected Pair blocking for link 1{3 in load ld-2 with CRF = 75 % under three scenarios22


