ACM SIGCOMM Computer Communication ReviewSpecial Issue on ATM, Volume 25, Number 2, April 1995ACMSIGCOMM8 2 Computer Communication ReviewTopology Aggregationfor Hierarchical Routing in ATM NetworksWhay C. LeeMotorola ISG, 20 Cabot Boulevard, Mansfield, MAEmail: whay@dma.isg.mot.comCopyright 1995 34AbstractThis paper provides a tutorial for topologyaggregation in large hierarchical communicationnetworks. Specifically, it examines some issues oftopology aggregation for hierarchical PNNI Routingin ATM networks, presents a complex noderepresentation, and provides some guidelines fortopology aggregation. There are two main reasonsfor topology aggregation. First, topologyinformation must be compressed to avoid excessivecomplexity in topology advertisement. Second, theinternal topology of a network may have to be hiddenfor security reasons. A desirable topologyaggregation method must adequately represent thetopology of a given network for efficient routing andnetwork resource allocation, using a compactadvertised topology.1:IntroductionThis paper provides a tutorial for topologyaggregation in large hierarchical communicationnetworks. Specifically, it examines some issues oftopology aggregation for hierarchical PNNI (PrivateNetwork-to-Network Interface) Routing in ATMnetworks, presents a complex node representation, andprovides some guidelines for topology aggregation[1], [2], [3], [4].An ATM network consists of switching systemsrepresented by nodes, and transmission facilitiesrepresented by links. PNNI Routing, designed forATM networks, has a hierarchical structure. Inhierarchical routing, nodes and links at a hierarchicallevel may be recursively aggregated into higherlevels. At the lowest level of the hierarchy, eachnode represents a switching system. At a higherlevel, each node represents a collection of one or morenodes at a lower level. Similarly, each link at thelowest level represents a physical link, whereas at ahigher level, each link represents a connectivityformed by one or more lower level links in seriesand/or in parallel.In PNNI Routing, topology informationcontained in topology state parameters must bedistributed throughout the network and maintained up-to-date for efficient path selection as well asallocation of network resources for establishingconnections between end-users of the network. Atopology state parameter is a generic term that refersto either a link state parameter or a nodal stateparameter. A link state parameter providesinformation that captures an aspect or property of alink, and a nodal state parameter provides informationthat captures an aspect or property of a node.The process of summarizing and compressingtopology information at each hierarchical level todetermine the topology information to be advertised atthe level above is referred to as topology aggregation.There are two main reasons for topology aggregation.First, topology information must be compressed toavoid excessive complexity in topologyadvertisements. This is particularly necessary forlarge ATM networks since the number of links in anetwork can grow as an order of the square of thenumber of nodes in the network. Second, the internaltopology of a network may have to be hidden forsecurity reasons. A desirable topology aggregationmethod must adequately represent the topology of agiven network for efficient routing and networkresource allocation, using a compact advertisedtopology. In practice, topology aggregation, whilenecessary to achieve scaling in large networks, doesnot always allow perfect representation of the realunderlying topology because of the need to avoidexcessive complexity.

ACMSIGCOMM8 3 Computer Communication ReviewParent Peer GroupLogical Group NodeChildPeer GroupBorder NodeFigure 1: Hierarchical ATM NetworkIn a hierarchical network, a group of nodes maybe abstractly represented by a single point known as alogical node. An aggregated topology associated witha logical node represents the internal connectivity ofthe logical node. We refer to a communication entitybetween a pair of reference points (e.g., ports) in alogical node as a logical connectivity, which isdifferent from a logical link that is an abstractrepresentation of the connectivity between two logicalnodes.In PNNI Routing, a peer group is defined to be agroup of nodes at a given hierarchical level, whereeach node exchanges topology information with allother nodes in the group, so that topologyinformation may be synchronized among all nodes inthe group for path selection and network resourceallocation [1]. A peer group may also represent acollection of lower level peer groups. In this case,the lower level peer groups are referred to as child peergroups with respect to the upper level peer group thatrepresents the collection, and the upper level peergroup is referred to as a parent peer group. Each childpeer group is represented by a logical group nodeinside its parent peer group. In other words, a logicalgroup node is a logical node that represents an entirepeer group. One of the logical group nodes associatedwith a peer group is elected to be a peer group leaderthat performs certain functions, including topologyaggregation and advertisement, on behalf of allmembers of the peer group. Figure 1 shows anexample of a two-level PNNI hierarchical networkwith three peer groups at the lower hierarchical leveland one parent peer group at the upper hierarchicallevel.A border node in a given peer group is a nodehaving at least one link that crosses the peer groupboundary. Typically, only a subset of the nodes in apeer group are border nodes through which transitpaths that originate and terminate in external peergroups may enter and leave the peer group. Thetopology of a peer group is aggregated to form thestate of the corresponding logical group node in itsparent peer group. The points where links cross thepeer group boundary appear as ports in the logicalgroup node. Topology aggregation must retainsufficient topology information to characterize thequality of service available for information transferbetween each pair of ports. PNNI Routing obviouslyrequires a path selection algorithm that accepts bothlink and nodal state parameters as inputs.Consider a topology formed by a group of Nnodes, M of which being border nodes, interconnectedby L links, where M £ N. Topology aggregationmaps the given topology into a compact topologywith M nodes and S logical links, where S < L, suchthat enough topology information may be derivedfrom the aggregated topology for efficient admission

ACMSIGCOMM8 4 Computer Communication Reviewand routing of calls. In view of complexity, it isfurther desirable that S << L.There are two steps in topology aggregation:full-mesh generation and graph reduction. The firststep is to determine an appropriate full-meshrepresentation of the original topology such that thefull-mesh topology consists only of border nodes,where a logical link connects each pair of themtogether, and an appropriate link state parameter isassigned to each logical link. The second step is todetermine what summarized information on the full-mesh representation is to be advertised. This step ofgraph reduction determines an appropriate subgraph to"encode" the full-mesh, such that the smallest numberof logical links are used without unreasonablycompromising the accurate representation of theoriginal topology.2:Conventional Methods forTopology AggregationThere are two conventional methods for topologyaggregation: the Symmetric-Node approach and theFull-Mesh approach [1], [2], [5], [6]. These methodsrepresent the extreme alternatives for a wide spectrumof possible topology aggregation methodsrepresenting different levels of trade-off betweenaccuracy and compactness.In the Symmetric-Node approach, a giventopology with multiple nodes is collapsed into onevirtual node. An all-in-one parameter (usually the"worst case" parameter that is often loosely known asthe "diameter") is advertised. This approach clearlyoffers the greatest reduction of advertised information.Unfortunately, it does not adequately reflect anyasymmetric topology information or capture anymultiple connectivity in the original topology. Forexample, when the transition from one border node toanother in a peer group is rendered impossible due topartitioning while transitions across the peer group inother ways remain available, this approach wouldsimply result in a complete impasse in the aggregatedtopology for the peer group.The Full-Mesh approach uses a logical linkbetween each pair of border nodes to construct theaggregated topology (e.g., see Figure 2). Note thatthe Symmetric-Node approach is equivalent to theFull-Mesh approach if the logical links in the full-mesh representation are all identical. The topologyinformation embedded in the full-mesh representationof a given topology appears to be adequate forefficient routing and network resource allocation.Unfortunately, the amount of information to beadvertised increases as the square of the number ofborder nodes. The Full-Mesh approach may besubject to topology explosion that defeats the purposeof aggregation. For example, there is topologyexplosion when a peer group is a ring network withmore than three nodes and every one of the nodes inthe peer group is a border node. There may also beconsiderable redundancy in the aggregated topologydetermined with this approach when the topology ofthe original peer group is relatively symmetrical.Figure 2: Full-Mesh ApproachA compromise between the two extremeapproaches is a Star approach (e.g., see Figure 3),which may be considered as an extension of theSymmetric-Node approach. In the Star approach, thevirtual node, that is the center of the "star", isexplicitly connected to the border nodes via logicallinks which are not necessarily identical. Thisapproach has the complexity of an order that is linearin the number of the border nodes. Like theSymmetric-Node approach, this approach does notadequately capture any multiple connectivity in thepeer group. However, the approach offers a limitedflexibility for reflecting asymmetric topologyinformation.Figure 3: Star Approach

ACMSIGCOMM8 5 Computer Communication Review3:Topology Metrics and AttributesThere are two different classes of link or nodalstate parameters: metrics and attributes [7], [8], [9].A link metric is a link state parameter that requiresthe values of the parameter for all links along a givenpath to be combined to determine whether the path isacceptable and/or desirable for carrying a givenconnection, whereas a link attribute is a link stateparameter that is considered individually to determinewhether a given link is acceptable and/or desirable forcarrying a given connection. Nodal metric and nodalattribute are similarly defined. A topology metric is ageneric term that refers to either a link metric or anodal metric, whereas a topology attribute is a genericterm that refers to either a link attribute or a nodalattribute. Whenever a qualifier, "link" or "nodal", isleft out, reference is assumed to be made to topologystate parameters. We discuss in this section thedifficulty in topology aggregation with respect tometrics and attributes.3.1: Metric AggregationFor metric aggregation, we assume that the full-mesh representation for the metric is obtained suchthat a logical link between each pair of border nodesis derived from the shortest path, with respect to thegiven metric, between the same pair of border nodes.The length of the shortest path between a pair ofnodes is known as the distance between the nodes.The maximum ratio of the distance in the subgraph tothe distance in the original graph between any pair ofborder nodes is known as the stretch factor associatedwith the subgraph [10], [11]. It is desirable to encodethe full-mesh representation with a compact subgraphwhose stretch factor is close to one.The simple example shown in Figure 4 sufficesto demonstrate the difficulty in metric aggregation[12]. Consider a full-mesh network with 4 nodes and6 links. Suppose that each link has a unit metricweight. The minimum number of links needed toaggregate this topology is 3, and the stretch factor is2 in this case. If 4 links are used to aggregate thetopology, the best approach gives a stretch factor of2. Even when 5 links are used, the smallest possiblestretch factor is still 2. Accurate representation ispossible only when all 6 links are used.In another example as shown in Figure 5, weallow links to be assigned different metric weights.The most compact subgraph that provides an exactencoding (i.e., stretch factor of 1) of the given full-mesh is the 4-link aggregation shown in the figure.Since the subgraph is connected, there exists at least apath connecting any pair of nodes between whichthere is no logical link. The metric value of eachlogical link that is not included in the subgraph canbe derived by accumulating the metric values alongthe "shortest" alternate path to the logical link. The3-link aggregation shown in the figure is actually aminimum weight spanning tree. Although it is themost compact connected subgraph possible for thefull-mesh in the figure, it has a stretch factor of 4/3.For the aggregation of a topology with asymmetric metric, a Spanner Graph approach is foundin the literature [11], [13], [14]. While [13] and [14]consider a metric with a unit weight, [11] allowsarbitrary metric weights. A subgraph derived from agiven graph is said to be a t-Spanner if, between anypair of nodes, the distance in the subgraph is at mostt times longer than the distance in the original graph.The value of t is thus the stretch factor associatedwith the subgraph. It is shown in [11] that, for anundirected graph, there exists a polynomiallyconstructible (2t+1)-Spanner such that the number oflinks on the spanner is smaller than M*C(M1/t),where M is the number of nodes and C(x) denotes theintegral ceiling of x.Full-Mesh5-Link Aggregation3-Link Aggregation111111111121112221Figure 4: Aggregation of a Topology with a Constant Metric Weight

ACMSIGCOMM8 6 Computer Communication ReviewFull-Mesh4-Link Aggregation3-Link Aggregation143212432354231232Figure 5: Aggregation of a Topology with Arbitrary Metric WeightsThe approach proposed in [11] makes use of anextension of a minimum weight spanning treealgorithm. It scans the links of a given graph in theorder of non-decreasing weights. At each iteration,the scanned link is selected if there exists no alternatepath in the subgraph of selected links such that thealternate path is shorter than or equal to a fixednumber, say r, times the metric weight of the scannedlink. When all links have been scanned, the subgraphof selected links gives an r-Spanner for the originalgraph. Note the trade-off between accuracy andcompactness when the above algorithm is used formetric aggregation. For O(M) complexity, thestretch factor is of order log M. Obviously, when thelink metric is asymmetrical, the trade-off is lessacceptable.3.2: Attribute AggregationFor attribute aggregation, we assume that thefull-mesh representation for the attribute is obtainedsuch that a logical link between each pair of bordernodes is derived from the "optimal path", with respectto the given attribute, between the same pair ofnodes. The optimality criterion depends on theattribute. There are two types of attributes. In onetype, the minimum link attribute value along atandem of links determines the attribute value for thepath formed by the links. An example of this isAvailable Cell Rate. In the other type, the maximumlink attribute value along a tandem of linksdetermines the attribute value for the path formed bythe links. An example of this is Cell Loss Ratio, asit has been decided in the ATM Forum to treat thisparameter as an attribute [15]. Unless explicitlynoted, we discuss only the first type. It isstraightforward to extend our discussion to the othertype.A simple Spanning Tree method for aggregatinga topology with a symmetric attribute is available[16], [17]. The method constructs a spanning tree andadvertises the attribute values of logical links on thespanning tree, such that the attribute values of logicallinks that are not on the spanning tree may be derivedfrom the advertised attribute values. There is a uniquepath connecting each pair of nodes on a spanning tree.If the unique path consists of only one logical link,then the logical link connecting the nodes hasobviously been selected for the construction of thespanning tree. If the unique path consists of morethan one logical link, then the logical link connectingthe nodes has not been selected for the construction ofthe spanning tree.For topology aggregation with respect to the firsttype of attributes (i.e., minimum is the bottleneck), amaximum weight spanning tree with respect to theattribute value as the weight is used for aggregation.An example is shown in Figure 6. In this case, theattribute value of a logical link that is not on thespanning tree is bounded from above by theminimum weight among the logical links along thecorresponding unique path. Since the full-meshrepresentation is determined based on maximizing theattribute value of each logical link, one observes thatthe attribute value of the unique path between anypair of nodes on the spanning tree cannot be largerthan the weight of the logical link connecting thesame pair of nodes. We thus conclude that the full-mesh representation derived from maximizing theattribute value of each logical link can be perfectlyencoded by a maximum weight spanning tree.For topology aggregation with respect to thesecond type of attributes (i.e., maximum is thebottleneck), a minimum weight spanning tree withrespect to the attribute value as the weight is used foraggregation.

ACMSIGCOMM8 7 Computer Communication ReviewOriginal TopologyFull-MeshSpanning Tree21345343453344335Figure 6: Aggregation of a Topology with a Symmetric AttributeUsing the above Spanning Tree approach, onecan aggregate a given topology with a symmetricattribute by a compact spanning tree. When there areM border nodes in the given topology, the spanningtree consists of exactly (M-1) logical links. If agiven topology has an asymmetric attribute, accuraterepresentation of the topology is often much morecomplicated. An example with an asymmetricattribute is shown in Figure 7. In this example,there are 12 directed links in the original topology,and only three of them could be excluded fromadvertisement if accurate representation of the originaltopology is required. This example can be generalizedto one with M nodes [2]. Suppose that the nodes in agiven full-mesh topology are numbered 1 through Min a clockwise manner. Let (x,y) denote a directedlink from node x to node y. We first arrange thedirected links in the following order:(2,1), (3,1), . . ., (M-1,1), (M,1),(3,2), (4,2), . . . (M,2),. . . .(M,M-1),(1,2), (2,3), . . ., (M-1,M).We then assign weights in a strictly decreasing orderto each of these links and assume that the weights onall other links are strictly smaller. It can be verifiedthat this topology requires at least L(M) links in orderto construct an accurate aggregate representation,whereL(M) = M(M-1)2 + (M-1)In conclusion, if accurate aggregate representationis required, the worst case complexity of attributeaggregation is inevitably in the order of M2. In atypical case, the complexity varies between O(M) andO(M2), depending on the amount of redundancy in thetopology.4:Asymmetric Topology ParametersSymmetry in a given topology impliesredundancy [18]. It permits efficient topologyaggregation without sacrificing accuracy. There aretwo kinds of symmetry: link-wise symmetry andnode-wise symmetry. With link-wise symmetry, thevalues of a link state parameter in both directions ofeach link are the same. With node-wise symmetry,there is also link-wise symmetry, and in addition, thevalues of a link state parameter on all logical links ina full-mesh representation are the same.Link-wise symmetry is not as well defined forlogical links as for physical links. A logical linkmay be symmetrical because all physical links in agiven topology have link-wise symmetry and anyselected path always makes use of the same linkresources in both directions. A logical link may alsobe symmetrical because it is made up of twodirectional paths having the same aggregatedparameter values but not sharing the same linkresources. In subsequent discussions, we assume thefirst model.As we have shown in the previous section,topology aggregation is generally difficult when linkmetrics and attributes are not symmetrical in oppositedirections of a link. Any approach with O(M2)complexity is clearly unacceptable. An approachwith O(1) complexity is desirable, but its capabilityfor supporting efficient routing and network resourceallocation is inadequate. An approach with O(M)complexity is reasonable, provided it offers asignificant advantage over any approach with O(1)complexity. Given that any approach that permitstotal asymmetry in the original topology necessarilyhas a worst case complexity of O(M2), the only

ACMSIGCOMM8 8 Computer Communication Reviewobvious option is to resort to some kind ofsymmetry.Traditionally, node-wise symmetry is almostalways assumed. Both the Symmetric-Node approachand Full-Mesh approach described in Section 2 takeadvantage of node-wise symmetry. Although theapproaches offer considerable reduction of advertisedinformation, they do not adequately reflect anyasymmetric topology information or capture anymultiple connectivity in the original topology. Link-wise symmetry is indeed one step towards moreaccurate topology aggregation. Unfortunately,asymmetric link parameters are rather common inpractice. It behooves us to continue looking forbetter methods of aggregating topology withasymmetric metrics and attributes.5:Multi-Criteria Path SelectionTo derive a full-mesh representation for a giventopology, one requires a path selection criterion.PNNI routing requirements imply that there aremultiple path selection criteria [1], [19]. Topologymetrics are usually associated with theircorresponding path selection criteria. Topologyattributes are usually not subject to any path selectionoptimization. The following alternative approachesare available for dealing with multiple topology stateparameters and path selection criteria [18].One approach is to choose the "best" path basedon a combination of path selection criteria. Thisapproach is impractical because of the lack of a goodunderstanding of the tradeoff among the differentcriteria. For example, one might consider selectingpaths based on the minimization of a linearcombination of Cell Transfer Delay andAdministrative Weight. Then, it is not clear how onemight choose the relative weights for combining thetwo objective functions.Another approach is to stick to one full-meshrepresentation based on a predetermined path selectioncriterion for all topology state parameters. Thisapproach may lead to conservative advertisements. Itis also not clear which path selection criterion shouldbe used.Yet another approach is to use a different full-mesh representation based on a given path selectioncriterion for each topology state parameter associatedwith the same path selection criterion. This approachmay lead to aggressive advertisements. Moreover, itis not clear what to do with topology state parametersthat are not associated with any path selectioncriterion.In view of insufficient understanding of the aboveapproaches, none of them has been adopted as arequirement for PNNI Routing. If a topologyadvertisement is conservative, available resourcescannot be efficiently tapped, and calls are blocked attheir respective sources during path computation. Onthe other hand, if a topology advertisement isaggressive, calls are blocked during connection setup,call setup time may be excessive due to crankback,and signaling overhead may be high.Original TopologyAggregated Topology612591034712118612591047118Figure 7: Aggregation of a Topology with an Asymmetric Attribute

ACMSIGCOMM8 9 Computer Communication Review6:Complex Node RepresentationA complex node representation is a collection ofnodal state parameters that provide detailed stateinformation associated with a logical node. Thisrepresentation provides aggregated topologyinformation not only for traversing the logical node,but also routing to and from the "inside" of thelogical node. The interior reference point of a logicalnode is referred to as a nucleus. A border referencepoint of a logical node is known as a port. A logicalconnectivity between the nucleus and a port of thelogical node is referred to as a spoke. The complexnode representation is a flexible representation fordescribing the connectivity among border nodes in apeer group. There is plenty of flexibility forchoosing between conservative and aggressiveadvertisements.PNNI Routing supports a default noderepresentation that consists of a single value for eachnodal state parameter giving a presumed valuebetween any port and the nucleus of the logical node(See Figure 8). In the default node representation,there is no advertisement of any port-to-portconnectivity. This default, based on the Symmetric-Node model described in Section 2, has a complexityof O(1). Unfortunately, it does not provide muchaccuracy as mentioned before.Given that a logical node is in general not"perfectly round", the next level of sophistication isto allow any of the spokes in the star topology bedifferent from the default "radius" to reflect someasymmetry in the logical node. More often than not,topology aggregation is a lossy process, such thatone may not be able to recover the original topologyinformation from its aggregated version. There are,however, situations where one might want toselectively expose a logical connectivity so that itsparameter values are not lost in the aggregation. Forsuch flexibility, PNNI Routing allows logicalconnectivities between ports to be designated asexceptions. An exception is a connectivityadvertisement that represents something other than itsdefault.The complex node representation for PNNIRouting is summarized below [3], [18], [20], [21]:1)Conceptually overlay on each logical node astar topology with a nucleus representing the"inside" of the logical node, and spokesconnecting the ports of the logical node to thenucleus.2)For each nodal state parameter, advertise a"radius" to be used as the default value for thespokes.3)Any spoke or any logical connectivity betweena pair of ports may be designated as anexception.4)For each such exception, advertise the entireset of nodal state parameters associated with it.5)For each spoke advertised as an exception, theadvertised value of each nodal state parametersupersedes its corresponding default value.6)A path through the logical node is obtainedfrom the "best" concatenation of exceptionsand/or default spokes in the complex noderepresentation.NucleusSpokeFigure 8: Default Node Representation

ACMSIGCOMM9 0 Computer Communication ReviewNucleusSpokeExceptionExceptionFigure 9: Complex Node RepresentationA typical configuration of a PNNI complex noderepresentation is shown in Figure 9. The complexnode representation allows one to advertise practicallyany aggregated topology ranging from Symmetric-Node to Full-Mesh, and there are hooks forsupporting a variety of other aggregation methods.7:Topology Aggregation GuidelinesTo preserve the flexibility of the complex noderepresentation for PNNI Routing, no requirements arespecified for when and how the nodal state parametersconstituting the complex node representation shouldbe generated. Nevertheless, several guidelines, asshown below, have been adopted for the normaloperation of PNNI topology aggregation [4].7.1: Default Node RepresentationFor each nodal state parameter, the "diameter" ofa logical node is defined as an aggregation of allparameter values in a full-mesh representation of thelogical node. Each "diameter" must be converted to a"radius". For a nodal metric, the "radius" is simplyhalf the "diameter". For a nodal attribute, the "radius"is the same as the "diameter".7.2: Multiple Nodal State ParametersA conservative approach determines the entire setof parameters based on a single path selectioncriterion, whereas an aggressive approach determineseach of them based on a possibly different pathselection criterion. The degree of aggressiveness isleft to the discretion of the advertisers.7.3: Number of ExceptionsWhile PNNI Routing does not specify a hardlimit on the number of exceptions, it is recommendedthat the number of exceptions used to configure acomplex node representation of a logical node benormally kept smaller than 3 times the number ofports in the logical node.7.4: Significant ExceptionsExceptions are useful if they provide"significantly different" topology information thanthat revealed by the default node representation. Forexample, one could designate a spoke on a defaultnode representation of a peer group to be an exceptionto expose an outlier, which is a node whose exclusionfrom its containing peer group would significantlyimprove the accuracy and simplicity of theaggregation of the remainder of the peer grouptopology.7.5: Useless ExceptionsIt is useful to identify conditions under which alogical connectivity within a logical node is not to bedesignated as an exception. For example, we mayconsider the following condition. A logicalconnectivity is said to be dominated by a path if atleast one parameter value associated with the logicalconnectivity is less desirable than the correspondingparameter value of the path, and all other parameter

ACMSIGCOMM9 1 Computer Communication Reviewvalues are pair-wise equal. Since PNNI Routingselects internal paths through a logical node from the"best" concatenation of exceptions and/or defaultspokes in the complex node representation, it is notuseful to designate a logical connectivity to be anexception if it would be dominated by at least onealternate path in the advertised topology.8:ConclusionTopology aggregation is a mechanism forcomplexity reduction and information hiding inhierarchical ATM networks. This paper has providedan overview of the problem and the difficulty insearching for a satisfactory solution. There are manychallenging open issues that await furtherinvestigations.In PNNI Routing, topology advertisements maybe aggressive such that an advertised set of metricsand attributes is actually not feasible even though theparameters are individually available. With aggressiveadvertisements, a call setup is subject to a "budgetingproblem", whereby a cumulative metric valueincreases faster than anticipated by the originatingsource of a call during the connection establishmentfor the call, and control messages are generated as theconnection setup is subsequently aborted due toinsufficient network resources [22]. On the otherhand, with conservative advertisements, networkresources may be under-utilized as calls may beunnecessarily blocked by a remote source because thesource does not know that there are actually enoughnetwork resources to support the calls. Theimplications of and trade-off between aggressive andconservative advertisements are open for furtherstudies.Aggregation of a given topology with asymmetric attribute requires only O(M) complexity,where M is the number of border nodes in thetopology. For example, the Spanning Tree approachproduces a compact aggregated topology with (M-1)logical links. The Spanning Tree method can beextended for aggregating a topology with anasymmetric attribute. Some preliminary work onthis was reported in [16]. Unfortunately, in this case,the logical links whose attribute values are advertiseddo not necessarily form a spanning tree, and thecomplexity varies between O(M) and O(M2).Topology aggregation with respect to a metric,symmetric or not, is a complicated and lossy process.The Spanner Graph approach for metric aggregationappears promising if accuracy is not critical.Hierarchical topology aggregation, while attractive atthe bottom hierarchical level, would result incompounding errors at higher hierarchical levels. Ifconservative advertisements derived from the SpannerGraph approach are permitted, especially if the stretchfactor achievable with an aggregated topology ofreasonable complexity is much greater than one, theefficiency of routing and network resource allocationcan be severely compromised.Although the traditional assumption of node-wisesymmetry permits considerable simplicity intopology aggregation, it is inadequate in today’s ATMenvironment. Link-wise symmetry is a step towardsmore accurate topology aggregation, with a marginalincrease in complexity. However, since asymmetriclink parameters are common in practice, bettermethods of aggregating topology with asymmetricmetrics and attributes are desirable. Barring anycomplexity that is greater than O(M), there is littlehope for accuracy in topology aggregation. Shouldaccuracy be desired, it is likely that either theaggregation algorithm is complicated, and/or thecomplexity of the aggregated representation isconsiderably greater than the order of the number ofborder nodes.The PNNI complex node representation is aflexible representation for describing the connectivityamong border nodes in a peer group. The use ofexceptions provides hooks for existing as well asfuture topology aggregation methods. The defaultnode representation offers a significant trade-off ofaccuracy for simplicity of topology aggregation.Outliers can be exposed by designating appropriatespokes to be exceptions. The nucleus may be used torepresent a collection of reachable end-systems withina peer group, provided the reachable end-systems areindeed "close" to the "inside" of the peer group. Thecurrent version of the PNNI complex noderepresentation is not adequate in capturing a topologywhere some reachable end-systems are "far" from the"inside" of the peer group [23]. An extension of thecomplex node representation to address this issue isyet to be determined.AcknowledgmentThe author thanks his colleagues who participatein the PNNI Subworking Group in the ATM Forumfor valuable contributions to the understanding of theissues of topology aggregation and the formulation ofthe PNNI complex node representation. In particular,the author acknowledges Kumar Sivarajan forproviding the example in Figure 7, and itsgeneralization.

ACMSIGCOMM9 2 Computer Communication ReviewReferences[1]Doug Dykeman (Editor), "PNNI DraftSpecification," ATM Forum, Contribution 94-0471 (latest version), March 1995.[2]Kumar Sivarajan & Whay Lee, "Issues in theAggregation of Link State Parameters inHierarchical PNNI Networks," ATM Forum,Contribution 94-0646, July 1994.[3]Whay Lee & Ted Tedijanto, "ProposedBaseline Text for Topology Aggregation inPNNI Routing," ATM Forum, 94-1154,November/December 1994.[4]Whay Lee, "Some Guidelines for PNNITopology Aggregation," ATM Forum, 95-0153, February 1995.[5]Joel Halpern & Ross Callon, "Link and NodeMetrics," ATM Forum, Contribution 94-0590,July 1994.[6]Vasant Sahay, Jonathan Davar, & FarokhDeboo, "Metrics for Representing InternalTopology of a Logical Group Node," ATMForum, 94-0449, May 1994.[7]Ted Tedijanto & Whay Lee, "ProposedBaseline Text for Link State Parameters andUpdate Protocol," ATM Forum, 94-0645, July1994.[8]Whay Lee, "Classification of Link StateParameters," ATM Forum, 94-0672, July1994.[9]Whay Lee, "Classification of Nodal StateParameters," ATM Forum, 95-0134, February1995.[10]David Peleg & Eli Upfal, "A Trade-Offbetween Space and Efficiency for RoutingTables," Journal of the ACM, Vol. 36, No. 3,pp. 510-530, July 1989.[11]Ingo Althofer, Gautam Das, David Dobkin,Deborah Joseph, & Jose Soares, "On SparseSpanners of Weighted Graphs," DiscreteComputational Geometry, Vol.9, pp 81-100,1993.[12]Whay Lee, "Complexity of MetricAggregation," ATM Forum, 95-0200,February 1995.[13]David Peleg & Alejandro A. Schaffer, "GraphSpanners," Journal of Graph Theory, Vol. 13,No. 1, pp. 99-116, 1989.[14]Baruch Awerbuch, "Complexity of NetworkSynchronization," Journal of the ACM, Vol.32, No. 4, pp. 804-823, 1985.[15]Whay Lee & Joel Halpern, "Cell Loss Ratio� Link Attribute or Link Metric?" ATMForum, 95-0133, February 1995.[16]Whay Lee, "A Minimal SpanningConnectivity Method for Link StateAggregation," ATM Forum, 94-0673, July1994.[17]Whay Lee, "Spanning Tree Method for LinkState Aggregation in Large CommunicationNetworks," IEEE INFOCOM ’95, April 1995.[18]Whay Lee, "Topology Aggregation in PNNIRouting," ATM Forum, 94-0874, September1994.[19]Whay Lee & Michael Hluchyj, "Multi-CriteriaRouting subject to Resource and PerformanceConstraints," ATM Forum, 94-0280, March1994.[20]Joel Halpern, "Nodal Metrics with PairwiseValues," ATM Forum, 94-0862, September1994.[21]Ethan Spiegel, "Representation of NodeParameters Using Exceptions," ATM Forum,94-0907, September 1994.[22]Joel Halpern, "Allocating Resources in TransitPeer Groups," ATM Forum, 95-0100,February 1995.[23]Whay Lee & Ted Tedijanto, "TopologyAggregation and Path Selection in PNNIRouting," ATM Forum, 94-1155, November1994.