
534 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994A Uni�ed Approach to Network Survivability forTeletra�c Networks: Models, Algorithms andAnalysisD. Medhi, Member, IEEEAbstract| In this paper, we address the problem of net-work survivability by presenting a uni�ed approach wherethe wide-area circuit-switched teletra�c network and theunderlying transmission facility network are considered si-multaneously. We assume the backbone circuit-switchedteletra�c network to be nonhierarchical with dynamic callrouting capabilities. The transmission facility network isconsidered to be sparse (as is observed for emerging �beroptic networks) and is assumed to be two-arc connected.Our approach addresses the network survivability objectiveby considering two grade-of-service parameters: one for thetra�c network under normal operating condition and theother for a�ected part of the network under a network fail-ure. We present uni�ed mathematical models and developheuristic algorithms. We then present computational resultsto demonstrate the e�ectiveness of the uni�ed approach.I. IntroductionTHE planning process for telecommunications networkscan be categorized into the following phases: topologicaldesign, tra�c routing and dimensioning in the switchedtra�c network (network synthesis), and the circuit routingdesign in the transmission facility network [9]. Tradition-ally the output of the topological optimization becomesinput to the network synthesis problem, and in turn, theoutput of the network synthesis becomes input to facility(circuit) routing design. Although there is a loose couplingbetween these two processes and the topological design [9]of an iterative nature, the telecommunications switchedtra�c network and the underlying transmission facility net-work are, in practice, designed independently. (Here, thetra�c network refers to the logical network where di�er-ent services [e.g. voice, data, video] are o�ered, and thetransmission facility network refers to the physical networkthrough which the connectivity for the tra�c network isprovided. For brevity, we will refer to the transmission fa-cility network as the facility network). The design issue forthe tra�c network is primarily limited to providing optimaltrunk capacity subject to an acceptable level of blocking forthe network in normal state (for example, see [1]). Simi-larly, the circuit routing design for the facility network isbased on minimum-cost routing and other variations [7],[24], [25], [26], [28], [29] (See [7] for more references). How-Paper approved by I. Cidon, the Editor for Network Algorithms of theIEEE Communications Society. Manuscript received March 1, 1992; re-vised February 1993, August 16, 1993. A part of this paper was presentedat the IEEE ICC'92, Chicago, IL, June 1992. This work was supported inpart by the Sprint Corporation and the Missouri Department of EconomicDevelopment.The author is with the Computer Science Telecommunications Program,University of Missouri{Kansas City, Kansas City, MO 64110 (email:dmedhi@cstp.umkc.edu).

ever, as the facility network rapidly changes towards a �beroptic-based network, the graph of the network is becom-ing sparse. As a result, a single transmission link in sucha network can carry a signi�cant amount of tra�c. Fail-ure of such a link can cause major disruption of services.Thus, it is becoming imperative that in such an environ-ment, the network is to be designed for survivability, i.e.,so that a certain acceptable percentage of the tra�c canstill be carried immediately after a failure.Recently, several researchers have addressed the issue ofdesigning various networks for survivability [3], [6], [8], [13],[19], [26], [27]. These studies address the design in termsof either the tra�c network or the facility network. How-ever, since the tra�c network exists purely at the logicallevel, design of a survivable tra�c network may not be ad-equately addressed without incorporating the connectivityaspect of the facility network. For example, consider thecase of two logically diverse tra�c routes | one direct andanother switched via a tandem| between a pair of switch-ing nodes. Although they are logically diverse, they mayactually use the same transmission facility, thereby rulingout the ability to carry tra�c in either of the two routesin case of an intermediate transmission facility link failurebetween these two end nodes. Recently, Ash, Chang andMedhi [2] presented a robust tra�c design method for dy-namic routing networks. In their work, models to designfor survivability are presented for nonhierarchical teletraf-�c networks with dynamic (call) routing capabilities (whichuse at most two tra�c links for connecting a call ) (For asurvey on dynamic call routing, see [9], [10]). This workincorporated the underlying facility network for survivabledesign of the tra�c network by implicitly assuming diversefacility routes.Here, we present a uni�ed approach to network surviv-ability by considering the wide-area circuit-switched tra�cnetwork and the transmission facility network simultane-ously. This work is considered for backbone nonhierarchicalteletra�c networks with dynamic call routing capabilitieswhich use at most two tra�c links for connecting a call.(Call routing is not to be confused with circuit routing).The facility network is considered to be sparse (as is ob-served for emerging �ber optic networks) with the assump-tion that the graph of this network is two-arc connected[5, p. 445]. Our approach addresses network survivabil-ity by considering both the tra�c network and the facilitynetwork explicitly in an integrated model by addressingtra�c routing and dimensioning for the tra�c network,



535 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994and circuit routing for the facility network. For brevity,we refer to our approach as survivable teletra�c networkdesign, or simply as survivable design. Note that our workdoes not consider the fundamental facility network designand planning [20] (for example, no facility capacity expan-sion), rather we consider existing facility network in thisintegrated model. We present models when no trunks arealready in the network (\desert" model) and when thereare trunks already in the network, but the design is on ad-ditional trunk augmentation to satisfy given requirements(\incremental" model). In both these cases, the capacityof the physical links is assumed to be given. For thesemodels, we then present heuristic algorithms. A proto-type tool has been developed to implement the algorithms.We present computational results on example networks ex-tracted from actual networks. We present results on thee�ectiveness of survivable design by doing network simula-tion and comparing with networks designed under presentmodes of operation.The remainder of this paper is organized as follows. InSection II, we describe uni�ed network models combiningthe switched tra�c network and the transmission facilitynetwork. We present heuristic algorithms for the designmodels in section III. In section IV, we give computationalresults on network designed without and with survivabil-ity objective and present simulation results to show thee�ectiveness of survivable design.II. Unified Network ModelsWe consider here the uni�ed design of a nonhierarchicaldynamic routing backbone tra�c network together witha sparse facility network to carry tra�c both for normalnetwork and a�ected network (for a transmission link fail-ure) while minimizing total cost. The level of tra�c tobe carried can be provided through two grade-of-service(GOS) parameters: acceptable level of blocking under nor-mal condition (normal GOS, or nGOS) and acceptable levelof blocking under failure condition (failure GOS, or fGOS).Explicit incorporation of the facility network is consid-ered here to address survivable network design by com-bining tra�c network routing and dimensioning togetherwith circuit routing for the facility network. For the traf-�c network, we are given a set of tra�c switching nodes,the tra�c matrix between the switching nodes for di�erentload periods (hours) during the day, unit cost of trunkson each tra�c link, normal GOS and failure GOS. For thefacility network, we assume that we have the set of fa-cility nodes (cross-connect), the set of transmission links,the maximum capacity on these links, and the unit costof circuit for di�erent transmission paths in the network.We assume that the facility network is two-arc connected.This makes it possible to have at least one transmissionpath available between two facility nodes in case of failureof a transmission link. We further assume that the cir-cuit layout remains static during the course of a day whilethe call routing is dynamic, varying as the tra�c changesfrom one instance to another during the day. Note thatthe switching node sites may not necessarily coincide with

the facility node sites. A tra�c link (also known as trunkgroup), which is di�erent from a facility link, connects twoswitching nodes while a facility link connects two facilitynodes. For clarity, we refer to a tra�c link as a t-link and afacility link as an f-link. A tra�c path consists of at mosttwo t-links connecting a demand pair either directly or viaanother switch. A transmission path is the physical pathof a logical t-link consisting of f-links connected by a chain.Clearly, a tra�c path is di�erent from a transmission fa-cility path. In Fig. 1(a) and Fig. 1(b), we illustrate an ex-ample showing the logical tra�c links between three nodes,considered to be a part of a larger network. We assume thatfacility nodes are co-located with switching nodes for A, Vand B. For example, a call between tra�c nodes A and Bcan be connected using the direct t-link A{B or switchedvia node V ; in the latter case, the call uses trunks fromthe t-links A{V and V {B. Fig. 1(b) depicts the underly-ing facility network corresponding to Fig. 1(a) showing thef-links. Here the trunks between nodes A and B may becircuit-routed using the facility paths A{F2{F3{B, A{F1{V {B or A{F2{V {B or a combination of them. Similarly,group A{V can use A{F1{V , A{F2{V , and group V {B canuse V {B, V {F2{F3{B. This example shows the di�erencebetween the tra�c network and the facility network as wellas the di�erence between call routing and circuit routing.
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(b)Fig. 1. (a) Partial view of a tra�c network, (b) Underlyingtransmission facility networkThe network can be in di�erent states due to di�erenttypes of failure. In our formulation, we only consider fail-ure states due to f-link failures assuming that the failurestake place one at a time. Thus, we consider the set ofpossible states of the network to include the normal net-work (i.e., when the network is intact) and the states of thenetwork due to failure of each f-link (separately). For thenormal state, the problem is considered in the full graphof the network, while for the a�ected network states, theproblem is considered in the subgraph consisting of the



536 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994graph derived from the original network minus the failedf-link. Consequently, di�erent sets of candidate tra�c andtransmission facility paths are generated for each of thestates. Due to restrictions on possible paths at variousstates, we consider an arc-path formulation approach. Wecan write 
ow equations for given requirements for each ofthese states. Requirements are based on how much load isto be carried under both normal and failure situations forgiven blocking levels (GOS). To present the mathematicalformulations for the problem, we �rst de�ne notation. Forclarity, the notation has been classi�ed under the tra�cnetwork and the facility network.E Set of states (denoted by �) of the network to be consid-ered [� = 0(2 E) is the normal state of the network]Tra�c network:K Set of tra�c node pairsL Set of tra�c links (trunk groups)H Set of tra�c load periods (hours)J �hk Set of tra�c paths for node pair k 2 K in hour h 2 Hin network state � 2 Eci Unit cost of trunk on tra�c link i 2 Ly�i Number of trunks needed for tra�c link i 2 L in state� (variable)yi Maximumnumber of trunks needed for tra�c link i 2 L(variable)r�hkj Path variable in tra�c network { amount of 
ow ontra�c path j for node pair k in hour h in network state� (variable)��ihkj Entries for arc-path incidence matrix for tra�c net-work in network state �; 1 if tra�c path j for node pairk uses link i in hour h in network state �, 0 otherwiseahk Tra�c o�ered load (in erlangs) for node pair k in hourhB�hk Blocking level for node pair k in hour h in state � (tospecify nGOS and fGOS)v�hkj Upper bound corresponding to the tra�c path variabler�hkj� Diversity bound parameter ( 0 < � � 1). Derived pa-rameter value ��ij is de�ned as � for diverse facilitypaths in � = 0 or for una�ected facility path j when� 6= 0Facility network:F Set of facility links in the physical networkLi Set of facility paths for tra�c link isij Maximum circuit 
ow on facility path j 2 Li for tra�clink i 2 L (variable)s�ij Circuit 
ow on facility path j for tra�c link i in state� (variable)��`ij Incidence matrix for the facility network{ 1 if the fa-cility path j for the tra�c link i uses the f-link ` inthe network state �u�̀ Maximumcapacity on f-link ` 2 F available in networkstate �fij Unit cost of circuit on facility path j for tra�c link i

A. Desert modelFirst we present a model when no trunks are already inthe network, though the capacity on physical links are as-sumed. We refer to this optimizationmodel as the \desert"model or Model-A. The goal here is to minimize total trunkand circuit routing cost so as to design a network for a giventra�c survivability objective (through nGOS and fGOS).Speci�cally, the network under normal operating conditionis to satisfy nGOS; in case of a failure, the una�ected pairsare to satisfy nGOS and directly a�ected pairs are to satisfyfGOS.Desert model (Model-A):minfyi;y�i ;r�hkj ;sij;s�ijg Xi2L ciyi +Xi2L Xj2Li fijsij (A1)subject toXj2J�hk r�hkj = vt(�; ahk; B�hk ); k 2 K;h 2 H;� 2 E (A2)Xk2K Xj2J�hk ��ihkj r�hkj � y�i ; i 2 L;h 2 H;� 2 E (A3)Xj2Li s�ij = y�i ; i 2 L;� 2 E (A4)Xi2L Xj2Li��`ij s�ij � u�̀; ` 2 F ; � 2 E (A5)s�ij � ��ijy�i ; j 2 Li; i 2 L;h 2 H;� 2 E (A6)0 � y�i � yi; i 2 L; � 2 E (A7)0 � s�ij � sij; i 2 L; � 2 E (A8)0 � r�hkj � v�hkj ; j 2 J �hk ; k 2 K;h 2 H;� 2 E (A9)In Model-A, expression (A1) represents the total costdue to trunking and circuit routing. Equation (A2) refersto satisfying tra�c demand on various tra�c paths at dif-ferent load set periods during a day (this re
ects variationof a tra�c during a day). The function, vt, is used to com-pute the initial virtual trunk requirement for given tra�cload in erlangs, the state of the network, and survivabilitylevel for that state of the network. The concept of a virtualtrunk is used since a call may require one-link or two-linktrunks for completion (discussed later). (A3) shows thetrunk capacity obtained for each tra�c link based on thetra�c 
ow in a particular state. Equation (A4) enforces
ow requirements of each tra�c link on facility paths. (A5)assures that requirements on f-links do not go over upperlimits. Constraints (A6) enforces imposition of any diver-sity requirement on facility paths. Constraints (A7) & (A8)de�ne maximum over all states for the variables y and s,while (A9) gives bounds on tra�c path variables. Finally,left parts of (A7), (A8), (A9) indicate that the variablesare non-negative in value. In this and the subsequent mod-els, we assume that the variables are continuous (a post-processing procedure can be used to obtain integral values;



537 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994see xIV.A). Note that for a fully inter-connected tra�c net-work, the number of tra�c links is equal to the number oftra�c node pairs [i.e., #(L) = #(K); here # denotes thecardinality of a set]. Note also that total number of switch-ing nodes may di�er from total number of facility nodes;this is due to the possible existence of facility hubs (with-out any associated switches) and/or due to more than oneswitches using a facility node for incoming/outgoing trunks(for example, two switches in a big city may be connectedto one facility node).The desert model combines tra�c routing and dimen-sioning with circuit routing for survivable teletra�c net-work design. Note that for the tra�c network routing anddimensioning, the uni�ed algorithm (UA) for DNHR asdescribed in [1] can be employed. Instead, following [2],the concept of virtual trunk is used to initially approxi-mate trunk requirements for given o�ered load (in erlangs)and blocking requirements. This approach is found to bea reasonable approximation for large networks as noted in[2]. Another major aspect to be noted in the desert modelis that the circuit routing problem is explicitly modeledfor addressing survivability. Finally, by incorporating traf-�c variation during a day, this design models ensures thatGOS objectives are met no matter what time of the day afailure occurs.B. Incremental modelThe desert model is the basic model for the uni�ed net-work design. Here we present an extension of the desertmodel to be referred as the incremental model. We use theterm incremental model in the sense that it assumes a givennetwork in the beginning of a planning cycle and seeks anoptimal design based on this network. Thus, we start witha network which has an initial number of trunks from aprevious planning period/cycle and know to which phys-ical routes (and quantity) these initial trunks are routed.Thus, the goal for the current planning cycle is to optimizebased on this initial network.Variables de�ned in the desert model are used in theincremental model. However, the following have di�erentmeaning:ti Initial number of trunks on link i already in the networkt�i Number of trunks available on link i in the network instate �y�i Incremental number of trunks needed for tra�c link iin state � (variable)yi Maximum incremental number of trunks needed for tra-�c link i over all states (variable)s�ij Additional circuits 
ow on path j for the pair i in state� (variable)sij Additional circuits 
ow on path j for the pair i (vari-able)Since y�i is now the incremental trunk capacity, equa-tion (B4) refers to circuit routing for any additional trunkdemands. Thus, �nal sij together with the initial numberof circuits routed on the transmission paths give the totalnumber of circuits on the transmission paths at the end of

a planning run.Incremental model (Model-B):minfyi;y�i ;r�hkj ;sij;s�ijg Xi2L ciyi +Xi2L Xj2Li fijsij (B1)subject toXj2J�hk r�hkj = vt(�; ahk; B�hk ); k 2 K;h 2 H;� 2 E (B2)Xk2K Xj2J�hk ��ihkj r�hkj � t�i + y�i ; i 2 L;h 2 H;� 2 E (B3)Xj2Li s�ij = y�i ; i 2 L;� 2 E (B4)Xi2L Xj2Li��`ij s�ij � u�̀; ` 2 F ; � 2 E (B5)s�ij � ��ijy�i ; j 2 Li; i 2 L;h 2 H;� 2 E (B6)0 � y�i � yi; i 2 L; � 2 E (B7)0 � s�ij � sij; i 2 L; � 2 E (B8)0 � r�hkj � v�hkj ; j 2 J �hk ; k 2 K;h 2 H;� 2 E (B9)C. Virtual trunk (VT) calculationFor a given o�ered load, virtual trunk requirement iscomputed based on the o�ered load, network state and theGOS level. The load to be carried in a dynamic routingenvironment can be carried in two ways: on a direct (onet-link) tra�c path and on two t-link tra�c paths. If weassume a blocking bd of the load to be carried on the directpath, then the over
ow tra�c can use two t-link pathsto complete the requirements. This over
ow tra�c sharestrunks from other tra�c pairs. Conceptually, although ituses two t-links, the over
ow tra�c can be visualized asbeing carried on a shared virtual trunk group. Thus, thetotal requirement over the direct link and alternate two t-link paths is the total virtual trunk required for the o�eredload to be carried. For a normal network, the GOS usedis the nGOS; this is re
ected by B0hk (for normal state,� = 0) for the demand pair k in hour h. For a�ected pairsin failure states, the blocking level B�hk (for failure state� 6= 0) uses fGOS. Let B(c; a) be the well-known Erlangblocking formula (see, for example, [9]) for trunk c ando�ered load a de�ned byB(c; a) = ac=c!cPk=0(ak=k!) :We denote the number of trunks necessary to carry o�eredload a at a particular blocking level b by the inverse func-tion B�1(a; b). Let the average occupancy of a trunk group



538 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994be �. Finally, let the carried load be a0 = a(1�B0hk ). Thenthe vt demand is approximated by the following formula:vt(�; a;B�hk ) = 8>>>><>>>>:B�1(a0; bd) + a0�bd� ; if � = 0 or pairk is una�ectedwhen � 6= 0;B�1(a;B�hk ); otherwise. (1)The approximation used for the normal state has been usedin other works [2], [21].III. Heuristic AlgorithmsThe models presented are large-scale optimization mod-els due to the variables involved for tra�c routing, circuit(facility) routing and trunk dimensioning. To give someidea, we �rst consider the size of a problem. Consider anetwork with Nt switching nodes, Nf facility nodes. LetF = #(F) and H = #(H): Then for an H-tra�c load pe-riod, fully interconnected tra�c network ( i.e., number oftra�c pairs = number of tra�c links = Nt(Nt�1)=2 ) withaverage number of candidate tra�c paths per pair = pt andaverage number of candidate facility paths per pair = pf ,the total number of constraints for the linear program ofModel-A is Nt(Nt� 1)(F +1)(H+1+ pf )+F (F +1) [notcounting pure bound constraints], and the number of vari-ables is Nt(Nt�1)((F +1)(Hpt+1+pf )+pf +1)=2. If weset pt to be bNt=2c and pf to be bNf=2c, then number ofconstraints and variables become Nt(Nt � 1)(F + 1)(H +1+bNf=2c)+F (F+1); and Nt(Nt�1)((F+1)(HbNt=2c+1+bNf=2c)+bNf=2c+1)=2, respectively. For three exam-ple networks (see Table I), we show the problem sizes withModel-A in Table II. From this table, it is clear that theproblems size becomes unmanageable even for a fairly smallproblem. In the following section, we present a heuristic al-gorithm for Model-A where the survivable design problemis considered at each state separately to arrive at a moremanageable optimization model at each state.Table iSize of Example NetworksExample Switching Facility FacilityNetwork Node (Nt) Node (Nf) Link (F )EN-1 7 10 14EN-2 10 18 27EN-3 15 23 33Table iiProblem Size for Three Examples with Model-A( for H = 3, pt = bNt=2c, pf = bNf=2c, #(L) = #(K) )Example Number of Number ofNetwork constraints variablesEN-1 5,880 5,796EN-2 33,516 31,950EN-3 108,222 119,070

A. Heuristic Algorithm for Model-AIn this approach, we start with the network in the nor-mal state. We �rst obtain the optimal trunk requirementsin the switched network part and do an optimal circuitrouting for these requirements. The network under thenormal state is designed for nGOS, assuming no failure.Once this initial network is obtained, then we address theissue of facility link failures. Failure of a facility link cana�ect several tra�c paths and tra�c node pairs, especiallyin a sparse physical network environment. Thus, a map-ping from logical network (switched tra�c) to the physicalnetwork (transmission facility) and back is required. Fromthe initial design for the network under normal conditions,we use a heuristic algorithm based on the concept of aconstraint set generation approach to address facility linkfailures. (This approach is somewhat di�erent from theconstraint generation approach used by other researchersin the context of various network design problems [15].)In our approach, the constraint set generation process isas follows: For each of the failure states (corresponding toeach transmission facility link) considered one at a time,we generate a set of constraints which enforces the require-ments for that state of the network and then solves thetra�c and facility network design problem on the subgraph.Once the problem for a state is solved, the procedure up-dates any augmented trunk capacity and associated circuitlayout and then moves to the next state. It may notedthat any augmentation at a state is never reduced in anysubsequent states. The process is continued until all thestates are done. Thus, all the states are considered one ata time to solve the entire model.We now discuss the design problem at each state. Ateach state of the network (normal or one of the failurestates) we solve the problem of the tra�c routing and di-mensioning together with circuit routing. Note that at eachfailure state, we are operating on a subgraph deduced fromthe initial graph by deleting the failed f-link which in turna�ects multiple t-links. At each failure state, candidatetra�c paths that contain any a�ected t-links are markedas unsuitable for alternate call routing. Accordingly, theset of (tra�c and facility) paths are di�erent at each state.For brevity, we drop the state index � from the model be-low and assume that the VT capacity is already computedusing (1) and is an input to this stage. For clarity, we listnotation.J hk Set of acceptable tra�c paths for node pair k 2 K inhour h 2 Hti Available trunks on tra�c link iyi Number of trunks needed for tra�c link i 2 L (vari-able)rhkj Path variable in tra�c network { amount of 
ow ontra�c path j for node pair k in hour h (variable)�ihkj Entries for arc-path incidence matrix for tra�c net-work ; 1 if tra�c path j for node pair k uses link i inhour h, 0 otherwise(vt)hk Virtual trunk demand for node pair k in hour hcomputed using (1)



539 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994vhkj Upper bound corresponding to the tra�c path vari-able rhkjF Set of f-links in the facility networkLi Set of acceptable facility paths for tra�c link isij circuit 
ow on facility path j 2 Li for tra�c link i 2 L(variable)�ìj Incidence matrix for the facility network{ 1 if thefacility path j for the tra�c link i uses the f-link `u` Available capacity on facility link ` 2 Ffij Unit cost of circuit on facility path j for tra�c link i�ij Diversity bound parameter on path j for tra�c link iFor this state of the network, the combined tra�c andfacility network design problem can be formulated as fol-lows:Model-C: minyi;rhkj ;sij Xi2L ciyi +Xi2L Xj2Li fijsij (C1)subject to Xj2Jhk rhkj = (vt)hk ; k 2 K;h 2 H (C2)Xk2K Xj2Jhk �ihkjrhkj � ti + yi; i 2 L;h 2 H (C3)Xj2Li sij = yi; i 2 L (C4)Xi2L Xj2Li�ìjsij � u`; ` 2 F (C5)0 � sij � �ijyi; j 2 Li; i 2 L (C6)0 � rhkj � vhkj; j 2 J hk ; k 2 K;h 2 H (C7)yi � 0; i 2 L (C8)Various constraints in Model-C can be interpreted sim-ilar to Model-A. We now discuss the size of Model-C. Inthis model (using the same notation as in the beginningof this section and assuming that the tra�c network isfully interconnected), the number of constraints is Nt(Nt�1)(2H + 1 + bNf=2c)=2 + F and the number of variablesNt(Nt � 1)(HbNt=2c + 1 + bNf =2c)=2. In Table III, wegive the size of optimization model-C for the same threeexample networks (Table I); compare their problem sizesto the ones with Model-A in Table II. The size of prob-lems in Model-C is more manageable than the size of theentire problem as given in Model-A although the heuris-tic procedure requires solving Model-C for each state at atime.Finally, Model-C can be solved by another approxima-tion based on the following observation: 1) taking advan-tage of the natural relation between the tra�c network andthe facility network, one can solve the tra�c network part�rst and then solve the facility network part, 2) in eachfailure state, only a fraction of the tra�c pairs requires

Table iiiProblem Size for Three Examples with Model-C (in EachState)(H = 3, pt = bNt=2c, pf = bNf=2c, #(L) = #(K))Example Number of Number ofNetwork constraints variablesEN-1 266 378EN-2 747 1,125EN-3 1,923 3,465trunk augmentation which results in solution of the facilitydesign (circuit routing) part only for these pairs. Thus,instead of Model-C, the following model can be solved forthe tra�c network part:Model-D: minyi;rhkj Xi2L ciyi (D1)subject to Xj2Jhk rhkj = (vt)hk ; k 2 K;h 2 H (D2)Xk2K Xj2Jhk �ihkjrhkj � ti + yi; i 2 L;h 2 H (D3)0 � rhkj � vhkj; j 2 J hk ; k 2 K;h 2 H (D4)yi � 0; i 2 L: (D5)Let the set for which the optimal solution yi > 0 be L̂(� L), and let the solution be denoted by ŷi; i 2 L̂. Thenthe following model can be solved for the facility networkdesign part given ŷi:Model-E: minsij Xi2L̂ Xj2L̂i fijsij (E1)subject to Xj2L̂i sij = ŷi; i 2 L̂ (E2)Xi2L̂ Xj2L̂i�ìjsij � u`; ` 2 F (E3)0 � sij � �ij ŷi; j 2 L̂i; i 2 L̂: (E4)Model-D/E approximation for Model-C requires solv-ing a problem with Nt(Nt � 1)H constraints and Nt(Nt �1)(HbNt=2c+ 1)=2 variables for the (fully interconnected)tra�c network part, and then to solve a problem with
Nt(Nt � 1)=2+F constraints and 
Nt (Nt � 1)bNf =2c=2variables for the facility network part, where 
 is the frac-tion of pairs that require circuit routing. From computa-tional experimentations, we have found that for some fail-ure states, there is no trunk augmentation at all (usuallywhen the trunk lost is not that much). This means there isno need to solve the facility network part as L̂ = ; for these



540 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994states. Among the failure states in which there are trunkaugmentation, we have found that, on average, about 11%of the tra�c pairs require circuit layout. In Table IV, wegive the size of problems for Model D/E for the same threeexample networks (Table I). Given these observation, wepropose solving Model-D/E (instead of Model-C) at eachnetwork state. Table ivProblem Size for Three Exampleswith Model-D/E (in Each State)(H = 3, pt = bNt=2c, pf = bNf=2c, #(L) = #(K))(*Assuming 10% of Traffic Pairs Require Circuit RoutingDuring a Failure State (in the Case of TrunkAugmentation))Model-D (tra�c part) Model-E (facility part)No. of No. of No. of No. ofconstraints variables constraints variablesEN-1 126 273 35 10516* 10*EN-2 270 720 72 40532* 45*EN-3 630 2,300 138 1,13544* 121*The heuristic algorithm, HA-A, is presented in Fig. 2 ina systematic manner. In HA-A, two t-link tra�c paths canbe generated based on distance or cost requirements. Also,any switching node that is not desirable as via node fortra�c routing can be taken into consideration in the traf-�c path generation procedure. Similarly, facility paths canbe generated based on a k-shortest path algorithm [12].For designing either at normal or at one of the failurestates (i.e., Step 3.1 or Step 5.3.1), virtual trunk (VT)quantity is computed based on the o�ered load (in er-langs) using (1). The acceptable GOS (nGOS or fGOS)for each of the states is as described in the previous sec-tion. To summarize, we have arrived at this heuristic algo-rithm by making two approximations to the original model(Model-A): a) by handling each failure state sequentiallyand b) by separating the design problem at each failurestate into two subproblems, one for the tra�c network(Model-D) and the other for the facility network (Model-E). Note that in the algorithmic description, the notation(a; fbg)  DoFunction(c; fdg) means that procedure Do-Function takes c and a set of data fdg as input producinga and a set of data fbg as output.B. Algorithm for Model-BThe algorithm for solving the incremental model is sim-ilar to the desert model. However, for Model-B, we needto provide an initial network to the model. The initialnetwork provides information about the present number oftrunks in the tra�c network and the present circuit routingof these trunks in the facility network. Thus, this changesmainly Step 0 where we now additionally require existingnetwork with trunk capacity and circuit routing as input.

Also, additional facility paths may be generated in step 2 ifneeded. For clarity, we call this algorithm HA-B. We havelisted the steps of HA-B that are changed from HA-A inFig. 3. Also, note that in HA-B, steps 3.3 and steps 3.4are done if #(L̂) > 0.IV. Computational StudiesThe present mode of operation (PMO) for telecommuni-cations networks is usually independent design of the traf-�c network and the facility network; the tra�c network isdesigned primarily for GOS under a normal operating con-dition with little or no information concerning reliability;for the facility network, a minimum cost circuit layout isapplied without or with diversity requirement. We havedone two sets of computational work here: in the �rst set,we have obtained design results based on algorithm HA-Aand compared with two scenarios for PMO in terms of cost;and in the second set, we have obtained results on impactof a facility link failure using a call-by-call tra�c simulatorto see the e�ectiveness of survivable design compared topresent modes of design.A. Design ResultsA prototype tool, UTAFNET (for Uni�ed Tra�c and Fa-cility NETwork design), has been developed implementingheuristic algorithms HA-A and HA-B. In this prototypesome additional issues are addressed. For example, enu-meration of failure states (step 4) can be ordered in variousways. In our implementation, we have the following two:1) one based on computing 
ow on facility links from thenormal network design part and then sorting these links indescending order of 
ow; and 2) the other according to theorder the facility links are provided in the input procedure(for example, we use alphanumeric names of f-links as theorder in the input �le). For brevity, we refer to these tworules as ord = y and ord = n, respectively. Additionally,if a user wants to study the failure scenario for a speci�cf-link or a subset of all the possible f-links, this can bedone by providing the appropriate directive using a spec�le. The concept of �ctitious facility paths (one for eachpair) is also provided; the bene�t is that if all the candi-date facility paths generated (before the design phase) fora particular pair is a�ected due to an f-link failure, thenthe design procedure can still load the required trunks onthe �ctitious path, thereby letting the user know that anadditional path is needed to route circuits. We have alsoadded a simple integerization routine right before output-ing design to obtain integral solution. (This may be re-placed by a more sophisticated modularization routine iftrunks are required to be a multiple of certain units suchas DS1 (24 voice channels)). Linear programs of Model-Dand Model-E are solved using MINOS [17]. Note that theincremental model can be useful for studying di�erent net-work scenarios for strategic planning since this allows theuser the 
exibility to start with an initial network.We have considered three example networks to study sur-vivable design (these are the same three examples for whichproblem sizes have been discussed in the previous section.)



541 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994Algorithm : HA-AStep 0: Input parameters and data for tra�c and facility network.Step 1: fJ hk g k2K;h2H  � GenerateTra�cPaths �Nt;K;L;H�Step 2: fLig i2L  � GenerateFacilityPaths �Nf ;L;F�Step 3: /* Normal network design (note: � = 0) */Step 3.1: /* Compute VT */fvthkg k2K;h2H  � ComputeVT �0; fahkg; nGOS; fGOS�Step 3.2: /* Do tra�c routing and dimensioning */�L̂; fyaugi gi2L̂ ; costt � � SolveModelD �0;L;K;H; fJhk g; fcig; fvthkg; f0gi2L�Step 3.3: /* Do circuit layout */�fsaugij gj2L̂i ; i2L̂; costf � � SolveModelE �0; L̂;F ; ffijg; fyaugi gi2L̂; fu`g; ��Step 3.4: /* Update */ynowi  � yaugi ; i 2 L̂; snowij  � saugij ; j 2 L̂i; i 2 L̂u`  � u` + Pi2L̂ Pj2L̂i�ìjsaugij ; ` 2 F ; costnow  � costt + costfStep 4: Enumerate failure states in EfStep 5: For each � 2 Ef doStep 5.1: Identify acceptable sets L�;J h�k ;L�i based on failure stateStep 5.2: /* Adjust availability */yavaili  � ynowi � Pj2LinL�i sij ; i 2 L; uavail`  � u` ; ` 2 Fnf�g; uavail�  � 0Step 5.3: /* Design for this failure state */Step 5.3.1: /* Compute VT in this failure state */fvthkg k2K;h2H  � ComputeVT ��; fahkg; nGOS; fGOS�Step 5.3.2: /* Do tra�c routing and trunk augmentation, if any */�L̂�; fyaugi g i2L̂� ; costt � � SolveModelD ��;L�;K;H; fJ h�k g; fcig; fvthkg; fyavaili gi2L�Step 5.3.3: If ( #(L̂�) > 0 ) then /* there are augmentation */Step 5.3.3.1: /* Do circuit layout */�fsaugij g j2L̂�i ;i2L̂� ; costf � � SolveModelE ��; L̂�;F ; ffijg; fyaugi g i2L̂� ; fuavail` g; ��Step 5.3.3.2: /* Update */ynowi  � ynowi + yaugi ; i 2 L̂�; snowij  � snowij + saugij ; j 2 L̂�i ; i 2 L̂�u`  � u` + Pi2L̂� Pj2L̂�i �ìjsaugij ; ` 2 F ; costnow  � costnow + costt + costfEndIf /* Step 5.3.3 */Step 6: OutputDesignResults: fynowi g; fsnowij g; costnowFig. 2. Algorithm HA-AParts of Algorithm : HA-BStep 0.1: Also input initial trunking fynowi g, and layout fLigi2L; fsnowij g.Step 2: fLigi2L  � GenerateAdditionalFacilityPathsIfNeeded �Nf ;L;F; fLigi2L�Step 3.2: /* Do tra�c routing and dimensioning */�L̂; fyaugi gi2L̂ ; costt � � SolveModelD �0;L;K;H; fJhk g; fcig; fvthkg; fynowi gi2L�Part of Step 3.4: /* Update u` and costnow as in HA-A */ynowi  � ynowi + yaugi ; i 2 L̂�; snowij  � snowij + saugij ; j 2 L̂�i ; i 2 L̂�Fig. 3. Parts of Algorithm HA-B



542 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994The data for these networks are extracted from an actualpublic switched voice network spanning the continental US.Examples EN-1, EN-2 and EN-3 (discussed earlier in thecontext of the size of problems) are extracted from thisnetwork by considering various subsets of switching nodes,facility nodes and facility links (see Table I). The facilitynetwork for EN-2 which is also used in our simulation study(discussed later) is shown in Fig. 4. (Some more discussionon EN-2 data can be found in [14]). We assume that theunit trunk cost (ci) to have two components: terminationcost at switch of $300 per port and an airline distance costof $0.05 per mile between two switching nodes. For eachof these example networks, three di�erent load periods oftra�c data are considered to re
ect variation of tra�c dur-ing the day; they are for morning, early afternoon and lateafternoon. For the facility network, we assume the unittransmission path cost (fij) to be distance-based with thecost of $0.25 per trunk-mile. We assume that there is noinitial trunking/circuit layout in the network.We have considered two scenarios for present mode ofoperation as observed in the case of actual networks: 1)the tra�c network is designed for a given GOS under nor-mal operating condition (nGOS) and the facility networkis designed based on minimum cost routing subject to linkcapacity constraints, and 2) the tra�c network is designedas in scenario one but the facility network is designed basedon minimum cost routing subject to link capacity con-straints and additional constraints that demand betweentwo switching nodes are split on two or more physicallydiverse transmission paths. For brevity, we refer to thesetwo scenarios as PMO-1 and PMO-2, respectively. (Welike to note that although PMO-1 has been the norm for along time, PMO-2 is becoming more prevalent in the recentyears.) We obtain results for PMO-1 by setting � to 1.0and running UTAFNET without steps 4 and 5 of heuristicHA-A. Similarly, we have obtained results for PMO-2 bysetting � to 0.5 and using UTAFNET without steps 4 and5 of heuristic HA-A. Note that, here, � = 0:5 implies thatnot more than 50% of the trunk demands between twoswitching nodes can be circuit-routed on a facility pathconnecting the nodes. Additionally, we ensure that, of thegenerated facility paths, any link diverse paths are not al-lowed to have 
ow more than 100 � % of trunk requirementsbetween two switching nodes; this can be accomplished byappropriately setting �ij. In Table V, we report the trunkrequired and the total cost for PMO-1 and PMO-2 for annGOS of 1%. Note that trunk required under PMO-1 andPMO-2 are the same as the tra�c network design rule is thesame; the only di�erence is in the facility network layoutas PMO-1 does not have any diverse layout requirementwhereas PMO-2 has. This table gives us some perspectiveon the cost of diversity.Now we discuss survivable network design. We have pri-marily used two heuristic rules (ord = y and ord = n) forenumeration of the failure states due to failure of an f-link(step 4 of HA-A). These two rules give us some indicationon the impact on design results if the failures states are con-sidered in di�erent orders. In Table VI, we present trunk

requirements and total costs using these two rules for thethree example networks. These results are obtained start-ing with � to be 0.5, and using nGOS to be 1% and fGOSto be 50%. For ease of reference, we call this design SDSN-�. The cost for SDSN-� is on average about 16% morethan PMO-2. We observe that for the scenarios consideredhere the order of f-link does not appear to have signi�cantimpact on the design cost of the network, the di�erencebetween them is less than 2%. While for EN-1 and EN-2,using ord = y results in less cost than using ord = n, it isthe other way for EN-3. Note that ord = y and ord = nare heuristic rules only; for some problems, it may be pos-sible to arrange the failure states in a way that may resultin noticeably higher cost than these two heuristic rules.For example, when we used a third rule (where the failurestates are ordered in ascending order of link 
ow), we foundthat the cost for EN-2 is 6.89% higher than the cost withrule ord = y. However, the cost for EN-1 and EN-3 withthe third rule was less than 0.2% higher than the cost withrule ord = y. Table vTrunking and Cost for Three Networks under PMO-1 andPMO-2Trunks Cost ($) Cost ($)(PMO{1/ PMO{1 PMO{2PMO{2)EN-1 1,932 1,445,211 1,618,996EN-2 3,863 3,920,768 4,423,443EN-3 6,008 5,873,876 6,660,032Table viTrunking and Cost with Survivable Design SDSN{� withTwo Different Order for Failure StatesSDSN{�ord = y ord = nTrunks Cost Trunks CostEN-1 2,281 1,904,399 2,278 1,911,259EN-2 4,241 4,910,500 4,295 4,996,516EN-3 6,934 8,003,182 6,835 7,890,613In Table VII, we have reported another set of designresults for the three networks. Note that in HA-A as de-scribed, we have set the requirement that at each failurestate, una�ected tra�c pairs follow nGOS (see (1)). Thishas been followed in obtaining results SDSN-� presentedin Table VI. For the sake of fairness, it may be desirablethat when a failure occurs in the network, the non a�ectedtra�c pairs have a GOS higher than nGOS (but lower thanfailure GOS) since a�ected pairs try to maintain fGOS. Tore
ect this case, we have computed design results by ini-tially setting nGOS at 5%; for each failure state, we setfGOS at 50% for a�ected pairs. To ensure that GOS un-der normal circumstances is maintained at 1% GOS, we



543 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994have invoked the operation done in step 3 of HA-A onemore time after step 5 is over using 1% GOS. The resultsare reported in Table VII and we refer to this design asSDSN-�. Note that the cost of design SDSN-� is on aver-age 2.5% lower than SDSN-�; trunk requirement is 2.8%lower with SDSN-� than with SDSN-�. Similarly, usingthis approach, other design results can be obtained by set-ting di�erent acceptable values for nGOS.Table viiTrunking and Cost with Survivable Design SDSN{� withTwo Different Order for Failure StatesSDSN{�ord = y ord = nTrunks Cost Trunks CostEN-1 2,207 1,845,023 2,206 1,853,795EN-2 4,120 4,794,095 4,192 4,902,267EN-3 6,748 7,814,886 6,643 7,692,969In Table VIII, we report CPU time taken for runningPMO-1, PMO-2 and SDSN-� (with ord = y and ord = n)on a NeXTstation (reported performance: 15 DhrystoneMIPS, 2 MFLOPS DP LINPACK [18]). This time in-cludes time to do I/O for input of various �les and de-sign output. For the example networks, the survivable de-sign takes about �ve times more computational time thanpresent modes of operation. This is certainly dependenton number of failure states in the network. In any case,the total computational time can be reduced if, instead ofconsidering all failure states, only a subset of failure states(e.g. f-links that are likely to fail due to where they arelocated) are considered. Note that at each failure state,Model-D is solved | Model-E is then solved if there istrunk augmentation dictated by Model-D. For the studynetworks, we have observed that up to 70% of the failurestates require augmentation, and when there is augmenta-tion required, only about 11% of the tra�c pairs requirecircuit layout (requirement to solve Model-E). Note thatthe bulk of the time is spent on solving Model-D in steps3.2 and 5.3.2 of HA-A (shown as percentage of total CPUtime in the table).B. Failure AnalysisTo observe the impact of a failure on a network withpresent modes of operation and with survivable design, wehave used a call-by-call dynamic routing tra�c simulator.We �rst brie
y describe this simulator.1) Dynamic Call Routing Tra�c Simulator: This sim-ulator is written in CSIM, a process-oriented simulationlanguage based on the C programming language [22], [23].The dynamic call routing scheme used in the simulationuses at-most two t-links to complete a call. In this scheme,the routing table is updated for each switching pair at aregular interval based on the free trunk capacity availablein the network. To describe how the routing table is com-puted, we introduce the following notation:

N := Total number of switching nodes in the networktij := Total number of trunks on the tra�c link (trunk-group) between node i and node joij := Total number of busy trunks on the tra�c link(trunkgroup) between node i and node j at the timeof computing the routing tablerij := Number of reserved trunks 1 for the direct tra�cbetween node i and node j.The number of free trunks available, dkij, via an alternateswitching node k for a call for the pair i{j is then calculatedas: dkij := min ftik � oik � rik; tkj � okj � rkjg:For each switching node pair i{j, we sort f dkij j k 2N; k 6= i; k 6= j g in descending order. The �rst m (�N � 2)alternate nodes (i.e. the alternate nodes with mostfree capacity) are then included in the routing table. Anarriving call between switching nodes i and j �rst tries onthe direct tra�c link i{j. If there is a free trunk, the call isconnected on that trunk. If there are no free trunks on thedirect t-link, then the call �rst tries through the �rst alter-nate via node (say, k0) as given in the routing table; if itcannot �nd any free trunks on this alternate route then thecall is crankbacked (see [1]) and tried via the next alternatevia node as given in the routing table. If the call cannot�nd any free trunks after trying all the m alternate nodes,then the call is blocked. (Some more discussion about thisrouting can be found in [14]).The main inputs to the simulator are: the length of thesimulation run, when to fail the network, how long the fail-ure will last, how often to update the routing table, howoften to collect tra�c statistics, the tra�c data and thenumber of trunks required, and the status of the trunks incase of a failure. The simulator does the following: basedon tra�c o�ered load and mean call holding time, it gener-ates a call. We assume call arrival to be Poissonian and themean call holding time to be exponential. This call is �rsttried on the direct trunkgroup and then alternately up totwo tra�c link routes based on the call routing scheme de-scribed earlier | if it does not succeed the call is blocked; ifit does succeed, the call is held for an exponential amountof time, in which case appropriate trunks are occupied. Atthe end of the holding time, the call is released and the as-sociated trunk (two trunks if a two t-link call) is freed up.In case of a failure, it determines which trunks are a�ected,and which active calls are a�ected. All active calls on af-fected trunks are \aborted" as soon as the failure occurs.For our study, we have set the mean call holding time tobe 180 seconds, the tra�c statistics collection interval tobe every 300 seconds and routing update interval to be tenseconds, and trunk reservation to be uniformly 5 % of thetrunks for direct tra�c for each trunk group. For a par-ticular load period, we start collecting statistics after three1Trunk Reservation is a control mechanism which is assigned throughthe parameter rij for the trunk group for the switching node pair i{j.It means direct routed calls may always be carried on the direct trunk-group, while alternate routed calls may be carried only if at least rij freetrunks are available. Its importance has already been addressed by otherresearchers (see, for example, [4], [11], [16]).



544 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994hours of simulation (to ignore any initial transient behav-ior); we continue simulation run for another hour (collect-ing statistics) at which point the failure of an f-link occurs(if we are doing a failure study); the run is further con-tinued for another hour (collecting statistics). For resultsdescribed below, for each case we did ten replications usingdi�erent seeds.2) Simulation Results: We conducted our simulationstudy using example network EN-2. This network has tenswitching nodes, eighteen facility nodes and twenty sevenf-links (Fig. 4). The tra�c network is fully-interconnectedunder normal circumstances. Total o�ered loads in thethree load periods are 2684.80 erlangs, 2826.16 erlangs and3224.08 erlangs; for ease of reference, we call them as load-1, load-2, and load-3, respectively. For the study of thisnetwork, we have set the maximum number of alternateroutes to 4 (m = 4) in the simulator. First, we did net-work simulation using trunks for PMO-1/2 when there isno failure in the network. In this case, 95 % con�denceintervals for network blocking for load-1, load-2 and load-3are 0.046� 0.014% , 0.641� 0.098% , and 0.616� 0.078%,respectively. (All the results report below are also at a 95%con�dence interval).For failure study, we choose two f-links in the network:4{15 and 1{3. In Table IX, we show the number of trunkgroups directly a�ected and the total number of trunksthat fail due to each of these two failures. These num-bers are shown for PMO-1, PMO-2, SDSN-� (ord = y),SDSN-� (ord = y). Recall that PMO-1 and PMO-2 havethe same number of trunks and that they have di�erentcircuit layouts in the facility network. Recall that SDSN-�is designed to provide 50% GOS for a�ected tra�c pairsand 5% for non a�ected tra�c pairs in case of a failurewhereas SDSN-� is designed to provide 50% GOS for af-fected tra�c pairs and 1% for non a�ected tra�c pairs incase of a failure. It can be easily seen that a signi�cantnumber of trunks are a�ected due to each of these f-linkfailures. Note that more trunk groups are a�ected underPMO-2, SDSN-� and SDSN-� than PMO-1; this does notnecessarily mean that more trunks are a�ected (see TableIX, f-link 1{3). Due to di�erent tra�c loads at di�erenttime of the day, all a�ected trunks may not have activecalls when there is a failure in the network. In Table X, wereport from simulation of each load and failure case, thenumber of calls aborted at a 95% con�dence interval. Notethat more trunks lost do not necessarily mean that moreactive calls are aborted (failure 4{15). We further note thatalthough total o�ered load in load-1 is less than in load-2,the total number of calls aborted is more in load-1 than inload-2 in three cases.In Table XI, we report overall network blocking afterfailure. Introduction of diversity (PMO-2) in the facilitynetwork can signi�cantly reduce overall blocking comparedto the case where the facility network is designed based onstraight minimum cost routing (PMO-1); in the case of f-link failure 1{3, the network blocking di�erence is as muchas 20%. This also gives us some idea on cost/bene�t trade

o� between PMO-1 and PMO-2; note that PMO-2 costsabout 13% more than PMO-1. (More detailed results onimpact of an f-link failure on tra�c networks designed onlyto nGOS, but with various circuit layout policies, can befound in [14]).Both survivable designs SDSN-� and SDSN-� furtherreduce overall network blocking (after failure) compared toPMO-2. While the cost of SDSN-� is 8% more than PMO-2, the network blocking (for the cases we considered) withSDSN-� is about 3 to 5% lower than PMO-2. Di�erence inblocking between SDSN-� and SDSN-� is most often lessthan 1% while the cost of SDSN-� is about 3% lower thanSDSN-�.Finally, we consider the impact on pairwise blocking dueto a failure. In Table XII, we report number of pairs (alongwith its percentage compared to total number of tra�cpairs) that have blocking over 50% after a failure (we alsoshow the number of pairs for which it is inconclusive at95% con�dence interval whether the blocking is more than50%). Additionally, we report the maximum (pairwise)blocking faced by a tra�c pair. This table shows us thedi�erence between network designed without and with asurvivability objective. With PMO-1, we observe as highas 40% of the tra�c pairs have blocking over 50% (f-linkfailure 1{3); maximumpairwise blocking is as high as 99.22� 0.13%. It may be noted that under PMO-1, when atrunk group is a�ected due to an f-link failure, usually allits trunks are lost. For a�ected tra�c pairs, percentage ofcalls that can be alternate routed using dynamic routingvary depending on the location of the failure and the of-fered load in the network; in some instances, a signi�cantamount of tra�c can be alternate routed. For example, weobserved that if f-link failure 4{15 occurs in load period-1,the lowest blocking among the directly a�ected tra�c pairsis 25.0 � 2.2%. However, if the same failure occurs in loadperiod 2 and load period 3, the lowest blocking among thedirectly a�ected pairs is 70.0 � 1.7% and 88.0 � 1.4%, re-spectively. However, if we consider the f-link failure 1{3,we observe that the lowest blocking among directly a�ectedtra�c pairs for load-1, load-2 and load-3 are 79.2 � 1.7%,71.1 � 1.7%, 87.9 � 1.5%, respectively.We report number of tra�c pair that have blocking over50% for PMO-2 in Table XII also. Although trunk groupdiversity has improved the impact (compared to PMO-1),we observe that as high as 13.3% of the tra�c pairs canhave blocking over 50% and that maximumpairwise block-ing can be as high as 64.7 � 1.4%. With survivable de-sign SDSN-� (same table), we observe that one tra�c pairhas blocking over 50%. With SDSN-�, there are no pairswith more than 50 % blocking; however, for a few pairsit is inconclusive (if blocking is over 50%) at 95% con�-dence interval. On closer look, we have found that thepairs (with more than 50% blocking or inconclusive un-der SDSN-� and SDSN-�) have o�ered load less than 30erlangs each whereas the pairs (with more than 50% block-ing or inconclusive under PMO-2) have o�ered load morethan 60 erlangs each and as high as 100 erlangs in somecases. From these results, we can infer that both SDSN-�



545 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994Table viiiTotal CPU Time (in min.) on a NeXTstation for PMO{1, PMO{2, SDSN{�(1 { Percentage of Total Time Spent Solving Model-D in Steps 3.2 and 5.3.2 of HA-A)PMO{1 PMO{2 SDSN{� (ord = y) SDSN{� (ord = n)time time time ModelD1 time ModelD1(%) (%)EN-1 0.04 0.04 0.21 73.9% 0.24 74.2%EN-2 0.84 0.84 3.69 93.7% 3.77 93.9%EN-3 8.72 8.85 41.95 98.4% 46.00 98.6%
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Fig. 4. 10-switching node, 18-cross connect node network (EN-2)Table ixNumber of Trunk Groups (TG) Affected and Trunks (tk) Lost due to a FailurePMO{1 PMO{2 SDSN{� SDSN{�f-link TG tk TG tk TG tk TG tk4{15 12 977 23 1006 23 1101 23 10731{3 18 1313 20 716 21 813 21 809Table xNumber of Aborted Callsf-link Load PMO{1 PMO{2 SDSN{� SDSN{�Period1 703 � 15 578 � 27 569 � 26 563 � 274{15 2 752 � 9 813 � 12 795 � 16 798 � 173 864 � 11 828 � 20 839 � 30 832 � 211 1025 � 23 572 � 21 580 � 27 566 � 191{3 2 951 � 16 499 � 13 565 � 21 584 � 103 1095 � 19 580 � 14 640 � 20 655 � 18



546 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994Table xiNetwork Blocking (in %) After a Failuref-link Load PMO{1 PMO{2 SDSN{� SDSN{�Period1 19.72 � 0.16 10.36 � 0.17 5.46 � 0.10 6.27 � 0.124{15 2 28.57 � 0.18 25.33 � 0.20 19.93 � 0.26 20.43 � 0.233 28.20 � 0.19 24.57 � 0.21 19.43 � 0.25 19.97 � 0.201 37.29 � 0.11 14.91 � 0.15 10.81 � 0.16 11.91 � 0.171{3 2 35.30 � 0.14 14.48 � 0.25 11.05 � 0.25 11.76 � 0.283 36.44 � 0.15 18.05 � 0.20 15.00 � 0.21 15.71 � 0.20Table xiiTraffic Pairs with Blocking over 50% and Maximum Pairwise Blocking after a Failure(1 { Pairs for which it Could not be Concluded if Blocking is over 50% at 95% Confidence Interval)(2 { in Percentage of Total Traffic Pairs)Load Design Tra�c pairs with blocking Maximumf-link Period over 50% inconclusive1 PairwiseNo. in p.c.2 No. in p.c.2 Blocking (in %)1 PMO-1 11 24.4 0 0.0 93.3 � 0.5PMO-2 1 2.2 1 2.2 55.5 � 1.0SDSN-� 0 0.0 0 0.0 44.7 � 2.3SDSN-� 0 0.0 0 0.0 45.9 � 1.7: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :2 PMO-1 12 26.7 0 0.0 98.8 � 0.2PMO-2 6 13.3 2 4.4 59.0 � 1.44{15 SDSN-� 0 0.0 0 0.0 47.0 � 0.6SDSN-� 0 0.0 1 2.2 47.5 � 2.9: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :3 PMO-1 12 26.7 0 0.0 97.0 � 0.3PMO-2 5 11.1 5 11.1 64.7 � 1.4SDSN-� 1 2.2 0 0.0 51.4 � 1.4SDSN-� 0 0.0 3 6.7 51.5 � 1.91 PMO-1 18 40.0 0 0.0 99.2 � 0.1PMO-2 0 0.0 0 0.0 46.9 � 0.9SDSN-� 0 0.0 0 0.0 45.0 � 0.9SDSN-� 0 0.0 0 0.0 46.0 � 1.0: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :2 PMO-1 18 40.0 0 0.0 98.7 � 0.2PMO-2 3 6.7 0 0.0 55.7 � 1.71{3 SDSN-� 0 0.0 0 0.0 41.2 � 1.1SDSN-� 0 0.0 0 0.0 42.3 � 1.2: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :3 PMO-1 18 40.0 0 0.0 98.8 � 0.2PMO-2 3 6.7 1 2.2 53.5 � 1.1SDSN-� 0 0.0 0 0.0 42.5 � 1.2SDSN-� 0 0.0 0 0.0 44.6 � 1.7



547 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994and SDSN-� essentially meet the design goal of providing50% GOS for a�ected tra�c pairs in case a failure occurs.V. DiscussionWe have presented here mathematicalmodels and heuris-tic algorithms for designing a survivable dynamic routingteletra�c network and described a uni�ed de�nition by ex-plicitly addressing the tra�c and the facility network. Wehave reported cost of survivable design for realistic net-works compared to present modes of network design. Itshould be kept in mind that the results obtained are topol-ogy dependent. Nevertheless, the trade o� between presentmodes of design and survivable design can be assessed byconsidering the cost against the performance of the networkin the event of a failure.We observed that, for the test networks considered here,the computational time for survivable design is about �vetimes more than present modes of design (Table VIII). Thisis certainly dependent on number of failure states and com-putational time (trunk augmentation and/or circuit rout-ing) required for solving Model-D/E at each of these failurestates. Our observation has been that bulk of the compu-tational time is spent on solving Model-D (see Table VIII).To reduce computational time, a faster method to solveD (then using MINOS) by exploiting the structure of theproblem can be explored.We also observed that by providing trunk diversity alonein the transmission network, one may not necessarily beable to obtain a desired level of performance in the tra�cnetwork for various services. A survivable design approach(considering the tra�c and the facility network in a uni-�ed framework) such as the one presented in this work isdesirable if one wants to meet a speci�c GOS for the tra�cnetwork in the event of a failure.The survivable teletra�c network design problem is acomplex problem. As a matter of fact, the facility networkis much more complex than the view we have taken here.We do not address multiplex bundling for the facility net-work which is itself a complex problem [7], or nonlinearityof the cost functions. Nevertheless, our view shows an in-terrelationship between the tra�c and the facility network,which has not been addressed before.AcknowledgementWe wish to thank the Sprint Corporation for providingus with the network data used in this study. The authorbene�ted from discussion with G. R. Ash, F. Chang andJ. Pearce. We used a subroutine version of MINOS as apart of UTAFNET; this subroutine version was provided tous by R. Maier. Constructive comments by the anonymousreferees and J. G. Morris were very helpful in improving thecontent and the presentation of the paper.
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