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Abstract packet can react more quickly to changes in local network condi-
tions than the source router can. Furthermore, source routing lim-
its the number of different paths that can be used to those known
by the source, which means that only a small number of possible
paths can be used. In contrast, if multiptep-free paths are ob-
tained using incremental routing, packets can flow through paths
that the source need not know. It is desirable, of course, to avoid
out-of-order packet delivery, and this can be achieved with incre-
mental routing by arranging that packets associated with particular
end points (both source and destination) follow the same path. Var-
ious technigues can be used to do this; the choice of techniques
depends on the hardware and software capabilities of the router,
but can be done in ways that do not impact the algorithm used to
compute paths to destinations, and as such are outisde the scope of
this paper.

A new distributed algorithm for the dynamic computation of mul-
tiple loop-freepaths from source to destination in a computer net-
work or internet are presented, validated, and analyzed. According
to this algorithms, which is called DASM (Diffusing Algorithm for
Shortest Mitipath), each router maintains a set of entries for each
destination in its routing table, and each such entry consists of a set
of tuples specifying the next router and distance in a loop-free path
to the destination. DASM guarantees instantaneous loop freedom
of multipath routing tables by means of a generalization of Dijkstra
and Scholten’s diffusing computations. With generalized diffusing
computations, a node in a directed acyclic graph (DAG) defined
for a given destination has multiple nex@des in the DAG and is
able to modify the DAG without creating a directed loop. DASM is
shown to be loop-free at every instant, and its average performance
is analyzed by simulation and compared against an ideal link-state  The provision of multiple paths in existing internet routing pro-

algorithm and the Diffusing Update Algorithm (DUAL). tocols is very limited. For example, OSPF [15] allows a router
) to choose more than one path to the same destination only when
1. Introduction multiple paths of minimum cost exist. IGRP [1] allows a router to

The routing protocols used in today’s computer networks and in- forward packets through paths whose length is less than the product

ternetworks are based on shortest-path algorithms that are usuaII)Pf the shortes_,t-_path length times_a Va”f"‘"ce factor Sp‘?c”ied by the
classified as distance-vector algorithms and link-state or topology- hetwork admlnlstrato_r. If the variance is too small, this appr.o_ach
broadcast algorithms. In a distance-vector algorithm, a router beqomes_one of routing through one or more shortest paths; if the
knows the length of the shortest path from each neighbor router Varnance s too large, long-term routing loops can occur even wh_en
to every network destination, and uses this information to compute all routing tables are correct, The I_|nk-state algorithm repom_ad in
the shortest path and next router in the path to each destination. A[Z] and [3] attempts to provide multipledp-free paths by requir-

router sends update messages to its neighbors—and only to them!"d @ router to forward packets toa destination through neighbprs
Wwho have reported a smaller distance than the router forwarding

each update message contains a vector of one or more entries, eac X
P 9 \tﬁe packet. None of these three approaches prevents routing loops

of which specifies, as a minimum, the distance to a given destina-Wh " routing tabl ; istent. T t routing | d
tion. Some distance-vector algorithms and protocols also specify €n routing tables are inconsistent. 1o prévent routing loops due
to inconsistent routing tables, the algorithm in [3] requires every

the second to last hop in the sh h[7 r the entir h . | . o
P ortest path [7] [3] or the entire pat router to have consistent topology information; however, requiring

to a destination [12]. In a link-state algorithm, each router broad- t the topol tabl f all routers b istent s tical
casts messages containing the state of each of the router’s adjacerfpa € lopology tables ot all routers be consistent IS impracticalin

links to every other router in the network; routers use this informa- arge internets.
tion to compute shortest paths to all network destinations. Recently, Because of the routing loops that can occur with incremental
Garcia-Luna-Aceves and Behrens introduced a hybrid type of rout- routing based on any shortest-path algorithm, Gardner, et al. [8]
ing algorithm, called link-vector algorithms [6], in which a router argue that source routing be used. This paper demonstrates that
communicates to its neighbors the costs of those links that belongincremental routing over multipl@bp-free paths is possible, even
to its preferred paths to reach destinations. when routing tables are inconsistent. It extends previous results on
Data packets can be routed using either incremental routing or loop-free routing along shortest paths by éuucing the concept
source routing. With incremental routing, also called destination- of ashortest multipathwhich is defined as a directed acyclic graph
based or hop-by-hop routing, each router in the path to the destina-defined by the successor entries of the routing tables of the routers
tion makes a decision of where to route the packetnext. In contrast,in all the paths from a source to a destination that are guaranteed
with source routing, the source router specifies the entire path toto be loop-free at a given instant. A shortest multipath to a des-
the destination in the header of each data packet, or a connectiortination contains the shortest path, but may contain longer paths,
is established so that only the connection-establishment packet hass shown in Figure 1, where dark arrows show the shortest path
to specify the entire path, while the rest of the packets need only between routers (and their successors) and destinati@ray ar-
specify the identifier of the connection. Using incremental routing rows denote part of a shortest multipath that does not lie along the
to route packets along multipledp-free paths can be more desir- shortest path from that point in the shortest multipath. The short-
able than using source routing, because the routers forwarding aest multipath from router to destinatiory, as shown in Figure 1,



shortest multipath
<—— shortest path

Fig. 1. Shortest Multipath Routes

contains additional paths with lengths longer than the shortest path.

In this paper, we introduce the Diffusing Algorithm for Short-
est Multipath (DASM) to compute shortest multipaths distributedly.

DASM is based on a generalization of the basic scheme first pro-
posed by Dijkstra and Scholten for the dissemination of distributed

operations [4], [13]. This generalization, which we dakneral-
ized Diffusing Computationgermits a router to synchronize the
updating of the routing-table entry for a given destination while

« All packets transmitted over an operational link aeeeived
correctly and in the proper sequence within a finite time.

« All messages, changes in the cost of a link, link failures, and
new-neighbor notifications are processed one at a time within
a finite time and in the order in which they occur.

Throughout this paper, the following notation is used:

G(V, E): a connected network of arbitrary topology in which
DASM is used withV denoting the set of all routers artd
denoting the set of all links.

N': the set of routers connected through a link with router
router in that set is said to be a neighbor of router

k: aneighbor of router.

(1,%): thelink between routersandk in V.

l;.: the cost of the link to neighbdk; if the link to neighbork
fails, the cost is assumed to be.

7. adestination router i¥ .

SG;j: the directed graph consisting of those routers that can
reach routery. Each link inSG; consists of a directed link
from a router to a link in that router’s successor set.

maintaining multiple sccessors in loop-free paths to the destina-
tion. Although several approaches for shortest-path routing with s . .
instantaneous loop-freedom have been proposed based on Dijkstre:la' The Distributed Algorithm for Shortest Multipath
and Scholten’s diffusing computations [10] [5] or similar appo- 3.1 Principles of Operation

raches [14], [16], all of these algorithms guarantee instantaneous
loop freedom only if the single successor chosen by each router
according to the algorithm is the one used for packet forwarding.

In contrast, DASM maintains instantaneous loop-freedom through

multiple siccessorsfor every destination at each router; the only in- The objective of a loop-free routing algorithm is to ensure that

formation exchanged among neighbor routers consist of vectors of . . : .
shortest distancesto destinations. Synchronizing the update activitythe routing tables never contain loops, i.e., that the routing-table

of routers eliminates looping but can incur considerableteahdl gggtli(ar;tci);r:c;:t:\r/zrd?::ggridlrected acyclic graph (DAG) for each
overhead. To reduce this overhead, DASM uses a feasibdlitgie y .

tion to determine when a router can update its routing table without all Iirrfega:BAOg?g?\éZ::nh%éit?fw;?ié?l Ft)ﬁ;rtng;gli;ifht?nrgﬂn;g'nnnztc_
synchronizing with other routers. This condition depends on the

router's own distance and the distances reported by its neighbors.t'v'ty than the directed trees obtained with prior loop-free routing

DASM operates wih arbiary vansmission or processing delays, 200CTRCS B L0 Tl B EERoP O B0 P00 S
assumes arbitrary positive link costs, and provides correct routing ’ 9 )

tables within a finite time after the occurrence of an arbitrary se- saAen'Fes:aglgIS)?]ntvt\)/?]/é?gtl\?llzsaslozed'l? reg (t:g‘?wl?eo‘f‘shii;ct)g’r’l ‘[Muees- N
guence of link-cost or topological changes. gelypey, ;b gelyp p , query

Section 2 presents the network model and notation assumed to?" ‘reply,” where; is a destination, and whefD; is the cost re-

describe DASM. Section 3 describes the operation of DASM and pogeAd il\r;l t_he Irpgssage. d q h ¢ b
shows how it supports loeftee area routing. Section 4 proves that . S : |tsei o]?s"not ﬁpen_ on the use o se(?(uence nulm heror
DASM is loop-free at every instant and that it converges to correct imers directly. It follows that, in DASM, a router knows only the
routing tables within a finite time after a sequence of link-cost or distances to destinations reported by each neighbor, and communi-
topology changes. Sections 5 and 6 analyze DASM's complexity ¢2(€S the same information fo its neighbors.

and average performance:; it is shown that DASM provides consid- _€duiring routers to synchronize their update activity every time
erable improvements over DUAL [5] and the ideal link-state algo- any one of them must changeits routing table incurs excessive com-

fithm, which constitutes anpper bound on the performance of ex- munication overhead. Accordingly, DASM uses generalized dif-

isting routing protocols based on topology broadcast (e.g., OSPF). fusing computations to ensure loop freedom only when a sufficient
condition for bop-freedom is not met after an input event is re-

ceived, and behaves much like the Distributed Bellman-Ford (DBF)
algorithm when such a condition is met. Accordingdgch router

An internet is modeled as an undirected connected graph in that uses DASM can be in one of two statastiveandpassive
which each link has two lengths or costs associated with it—one  Routers begin execution in the passive state and need to know
for each direction—and in which any link of the graph exists in only about their own existence; they may becomes active at vari-
both directions at any one time. Each router has a unique identifier,ous times by sending queries to all its neighbors. When the router
and link costs can vary in time but are always positive. The smallest receives a reply from each neighbor, it may either become passive
distance between two routers is defined as the sum of the link costsor stay active. The time interval between sending a query and re-
in any path of least cost ahortest pattbetween them. In addi-  ceiving the last reply to that query is called active phasgand
tion, DASM requires an underlying protocol, calle@a@ghbor-to- multiple active phases for a destination can occecsssively, but
neighbor protocofor passing messages to neighbors reliably and may not overlap. A flag’, is maintained to ensure this behavior:
for detecting changes in link status. The requirements for this pro- ,«;’k is true if router; has sent a query to routérfor destinatiory
tocol are: but has not yet received a reply and false otherwise.

« Every router detects within a finite time the existence ofanew  As with DUAL [5], DASM cannot send a query during an ac-

neighbor or the loss of connectivity with a neighbor. tive phase, so that once a router sends a query to its neighbors for

In any routing algorithm, the aggregate of each router’s routing-
table entry maintained for a given destinatipdefines a directed
graph rooted af. When the algorithm converges to correct values,
this directed graph is acyclic.

2. Network Model and Notation



destinationy, the same router cannot send more queries for desti- increasing) function of time, and its feasible distance must be no
nationy, until all replies are received. When routesends a query larger than its actual distance to the destination. Thus, if the dis-
for destinatiory, router: setsr;, = true forallk € N*, and sets tance that will be reported to neighbors falls below the feasible dis-
,«;’k = false when a reply from routek is received. Routeris not tance, the feasible distance must be decreased. Rotaerexploit
allowed to send another query for destinatjonntil i, = false this bek)avior as described below to maintain an upper bound on
for all k € N° (the time at which this first occurs after sending routerk’s fea5|ble_ d'Stance' thu§ ensuring loop-free routing Wh'le
a query marks the end of an active phase). This prevents activerouters areé passive. Itis also important, hoyvever, for the neigh-
phases from overlapping, which simplifies the state that each routerbor prov_ldl_ng the shortest path to be in roptésr successor set,
needs to maintain for each destination. anq |_f this is not true, router must increase its f_ea5|ble dlsFance:

The rest of this section describes the conditions used in DASM to ;miésigzgitm;g?ﬂite%sﬁ Z:;rﬁ\t,: q#:s% CO‘Pr:ziasmlTJ%:h?ndE?fgﬁ? gslis
determine when to invoke generalized diffusing computations, how rmission frl mr tgr neiahb P for rl ' “qr : y its feasi-
generalized diffusing computations work in DASM in static topolo- permission 1ro h outers Ieﬁ ors for route Of aise shea_ h
gies, how topology changes are handled, and why DASM supportsble (_1|stance. W en areply has bec_an received rom each neig bor,
not only multiple paths teach destination in a “flat” topology, but ending the actl\(e phase (seg Se_ctlon 3.'5 for_ how link failures are
also loop-free multipath area routing. handled), router can safely raise its feasible distance to the Iowes_t

value reported in any message since the query. Between receiv-

ing a query and sending a reply, an additional variable is used to
track the minimum reported distance since the query was received,

DASM avoids routing-table loops by forcing routers to choose as and this becomes the new upper bound once the reply is sent. This
their next hops to destinations only among those neighbor routersis described in detail below, and in subsequent sections, additional
that satisfy a destination-based ordering constraint that is valid for conditions on the behavior of a router during an active phases are
all routers in the network. Simply put, for a given destination, a introduced. These conditions are needed for ensuring convergence
routera is given a label such that it can use a neighbor rotiter  and termination.

3.2 Sufficient Conditions for Loop-Free Routing

as a successor to the destination if and onlysflabel is strictly To proceed, several aitional definitions are needed:
smaller thamu’s own label. The following describes how DASM . . . .
accomplishes this making use of the following variables: ;% an upper bound on the feasible distance of neigkafr

FD!: is the feasible distance at routeior destinatiory. i;ﬁ/‘?:ig’nftrom the neighbor is processed and before the next

Si: is the set of neighbors of routéthat are used as successors
of router; for destinatiory. This set represents the neighbors
to use along all loop-free paths maintained by the routing-

QSé: the set of routers for which a query has been received, by
routerz, but for which a reply has not been sent.

algorithm. The following summarizes the way in which the valueslljf;
Djy: the distance reported by neighbom an update, query,  andFD} are updated to make LRC a valid ordering constraint.
orreply.

Initially, S; = 0, ri, = false, and the values of the remaining
variables are infinite, except wheén= 7, in which cas@Dj =

Tk .

% an upper bound on neighbb's feasible distance.
RDj: the cost for destinatiop that will be used in messages

sent to neighbors. RD? = 0. Atrouteri # j, FD} < RDj, andFD} increasesnly
Leti € V be an arbitrary router in graghi(V, ). Foreachdes-  atthe enddf an active phase, at which pointan raiseé’Dj to the
tination 7, and every routek € N', DASM requires that router minimum value ofRD’; that occurred during the active phase.

maintains a labeF D, representing a feasible distance and a label  \hen route sends a message to routethe value in the mes-
;% that by design satisfigaD’} < D;} atall times (this is proven  sage will be the current value BD%. When routeii receives this

in Theorem 1). BecausEDf represents a value available atrouter message, it set@jk to that value, and updatézj}; so that it con-

k (which is a neighbor of routed), and given thaiD}}; andFD’ tains the minimum ofD?, and the previous value dp;;. If the

represent values available at roufethe conditionFDf < D} message was a query, routealso setsDj}; to the new value of
implies that routeg has an upper bound on each of its neighbor's pi 5.4 subsequently sef3i* to the minimum ofD‘, and the
feasible distances for destinatignand loop-free paths are easily - i ok . Ik
obtained by requiring that the next router along a path have a feasi-Previous V?'“e ODJF upon receiving each adnal messag_efrom
ble distance smaller than the current router’s feasible distance. Theroﬂtei;ksléﬁ!)g’}ite” sends routek a reply. When the reply is sent,

k gk

following definition specifies this ordering constraint as imposedin

DASM: Whether a reply has been sent or not is determined by using the
Definition 1: Loop-Free Routing Corition (LRC) setQS;—a neighboring routei is added to this setwhen a query
Routeri can choose any neighbor router in theSt= {k € N* | for destination; is received from routerr, and routerm is re-
i* < FD'} moved fromQS; when a reply for destinatiop is sent by router
Jk EEN

Clearly, for any routek in 5%, FD* < FD!. Then, provided i to routerm. This is illustrated in Figure 2 (&ibughD;}; and
that all labels are properly updated, lefipe multipath routes are ~ QS; are not shown). It is worth pointing out that when routés
obtained at each instant of time by simply choosing, at each router passive D}, = D3}
routors othertha ones along the ahortest path, her are more avai, /5 & Wil shaw in Section 4.1, the sbave implies W2} <
able paths to a destination than what is possible with shortest-path” 7% Therefore, because the successopjetatisfiess; = {k €

routing alone. N'| Dji < FDj}, then loop-free routing followsérause a loop
In order to maintain the conditioRD* < FD! at all times, would imply thatFD} < FD}, which is not possible.

DASM behaves differently within a passive phase than within an  Although LRC leads to looffree paths at every instant, the paths

active phase. While passive (for destinatifjn a router’s feasi- obtained by simply applying LRC need not be useful—additional

ble distance must be a decreasing (as opposed to monotonicallyconditions are needed, which we discuss subsequently.



3.4 Internodal Synchronization

A router becomes active when LRC does not yield any shortest
path. At that point, the router must synchronize with its neighbors,
beforeit can bring new neighbors to its successor set to reflect the
changes caused by the input event that makes the router update its
routing table.

Internodal synchronization in DASM is based on generalized
diffusing computations, which differ from the diffusing computa-
tions used in DUAL in that a router can change its query successor
R set within a diffusing computation and can reply to the members of
o its query successor set and become a root of a diffusing computa-

R tion (DUAL by contrast requires this set contain a single member
for the duration of a diffusing computation unless the link to that
member fails). Section 4.3 provides conditions under which this
Fig. 2. Feasibility ©ndition and Reported Distances can be done.

The key idea is to exploit loop-freedom and to require that a
router never empty its successor set unless (a) the router becomes

A router i is said to use docal computatiorfor destination; passive with infinite feasible distance_or (b) a topology change has
when it updates its routing-table entry for that destination with- m_ade the SUCCESSOF_unreachable. With loep pgths, a path must
out requiring any internodal synchronization. In such a case, we either reach the destination, or reach a routerw_lth an empty succes-
say that routei is in the passive state. In passive state, a router SOT Set. Furthermore, exceptin response to a link failure, a router
sends only updates or replies to queries, but it does not send itscan Preventa neighboring router from leaving the rotisesucces-
own queries. Because internodal synchronization requires addi-SOf S€t by not replying to a query until routewill e!therhavg some
tional communication overhead, it is desirable for routers to exe- Other router in its successor set (this may require that rawsend
cute local computations as much as possible, but without creating® duery with a sufficiently high feasible distance so another succes-
loops. sor can be obtained) or will become passive with infinite feasible

Because DASM is designed to provide shortestiipaths, distance (in which case all the neighbors will have reported an infi-

; . . i istan ive r r with infinite feasible distance h
routers should be allowed to update their successorsets (i.e., which te distance, so a passive router wit te feasible distance has

. - ; ..~ an empty successor set and the definition of@essor set ensures
neighbors they can use to reach destinations) without synchromzmgthat such a router is not in any other router's successor set).

with other routers, as long as those successor sets contain neighbors The requirement that a router never empty its successor set un-
that provide shortest paths_ to dest_inations. Othemise, the l.ength%ess @) o(r:1 (b) hold implies that, if routéhas%o successors and is
gghhnedl%?g:ﬁ?h%?tgf;gggzd using LRC could increasgaw also in the successor set of_a nei_ghboring router, then rouatast
' . - . be active and in fact only a link failure can cause routerbecome
Hence, a router remains passive as long as LRC yields paths, e while still in the sacessor set of another node. Hence, as
that include shortest paths. The following describes how DASM |4 as an active router eventually becomes passive (conditions that

k
FDj
node k is active —1

Q = Query

R = Reply

I propagation
active active delay
phase 1 phase 2 Active

Q Period

RDK

b

time

3.3 Conditions for Local Computations

accomplishesthis using the following variables: ensure this are given below), then in a stable topology, all routers
DY, . the cost of a path from routérto destinatiory along with no successors will eventually become passive routers that can-
the shortest pathD??, = min{D¥, + 1} | k € N}, assum- not be in the successor set of any other routers. Once this happens,

all paths will lead to the destination, and all routers for which the
destination is not reachable will have empty successor sets.

We now proceed by describing the internodal sychronization
mechanisms in DASM in detail. When a router receives a query
from a destination that is not in its successor set, the router must
send areply to ensure that the liveness property given in Section 4.2
holds. Otherwise, when the local computation condition does not
hold at router: for destinatiory, router: begins or joins a general-

ing thatDjk has been updated if routéiis responding to a
message.

Z;: the setof neighbors of routethat lie along a shortest path

to destinatiory, and is computed aftep;’. is updated.

;p, . the value the successor set of routevould have after

an active-to-passive transition or if routeremains passive.
ip, = {k € N* | D}i < min(FDj, D;J, 1}, and is com-

min

puted after}}, FDj, andD,;, are updated. ized diffusing computation by sending queries to its neighbors us-

In terms of the above variables, DASM allows a router to execute ing the new value chosen fDj in the queries. During this active
local computations for destinatigras long asz; N Sjp, # 0. phase'D; is not increased. At the end of the active phdde,

If router i is passive when a message has been received for deswill increase toRDY, if router starts another active phase, and will
tination y or a link-cost change has occurred, @, D}, QS’, assume a value no larger thB’; if routers becomes passive. The
St, D2, ., Zi, andD; have been updated, then routexill remain behavior of routei at the end of an active phase (whejg = false
passive (and therefore execute local computations) ifi Sp 7 for all k) is determined by a variabl€; , defined as follows:

. If this condition is true, then routérupdates several variable: 5§p25 At the end of an active phassjp2 is the successor set
RDj « Dy, S; < Sipy, andFDj « min(FDj, D, ). that routeri would have for destinatiop if routeri becomes
Router: then sends updates to all its neighboi$li}; has changed. passive for destinatiof. S;p, = {k € N' | Dji <

If Z; NSt = 0, then routek must become active. In this case, min(D;}, ' RD})}.
if S; = @, thenRD} « oo. Otherwise a value must be chosen. If Sip, N Z; # 0, aneighbor inS;p, will provide the shortest
This value can be eithexo or some value if{D}, + 1} | k € path to destinatiop, and routei can become passive, settifify

N'}, but if QS% # 0, then the value must be at least as large as Sip_, RD} « DY, ,andFD} « min(RD}, D2, ). In becoming

min{ D}, + 1 | k € QS}}. passive, routef will also send replies to all neighbors@s®, and



will send updates as needed to announce chan@déjn If Sjp2 N no paths to destinatiof), and (4) in a stable topology, DASM con-

Zj =0 andRD§ = o, then router can also become passive. In  verges inC; (the routers for W_hich a path to destinatipexists).
this case,D”. is alsosc, and router will become passive with ~ FOr purposes of the proof, variables in DASM are modeled as func-
Dl = oo 01 ' tions of time, with an equivalent definition é?:} that avoids the
7o . . : 0k
If S, N Zi = 0 andRD} # oo, routeri must start a new ~ Nneedto use the variabl@;;.
active phase, and to do this, it must raise its feasible distance. Th

4.1 Loop Freed
method used ensures that in a stable topology, rautan become : 00p Freedom

passive after a finite number of active phases. First, rausets For a routet, a destinatiory, and neighbok of routeri, FD’, (¢)
FD; « RDj, and then sets; « {k € N' | Dj} < FD}}. is the feasible distance at rouieRD’ (¢) is the distance that router
If S5 = 0, thenRDj « oo; else if QS; # 0, thenRDj « i will report in an update); . is the set of times at which router
min{Djk +1; | k € Qs!}, otherwiseRD} « min{Dijk + 1, | processes a message from routdor destinationy, andxmt (t)

k € S;}. Because a neighbor can only raise its feasible distanceis the time at which a message processed by rauétimet was
when the neighbor receives a reply to a query, and because a routegsent by routek. D3 (¢) is defined as follows:

does not have to reply immediately to a query from any router inits ~ Definition 2: Let G(V, E) be a graph, let € V' be a router, let
successor set, a router can keep a neighbor in its successor set long € V' be a destination, and lét € N* be a neighbor of router
enough for the router to raise its feasible distance sufficiently that ThenD}%(¢) is a function satisfying the following conditions:

the router becomes passive. ‘ « When link (¢, k) is not operational or has just recovered, or
Finally, if, during an active phase, an event resultsZinn when routeu initializes itself at timef, D7 (¢) = oo.
Jipl £ (Z)/\RD§ > ng at router: for destinatiory, then routeg « Suppose router sends a reply to routdr at timet,.. Lett;

be the last time before or &t at which either a query from
routerk was processed, link, k) recovered, or routerini-
tialized itself. ThenD!}(t,) = min{RD} (xmt{ (7)) | 7 €

may send replies to all its neighbors@Sé and updates as required
to all other neighbors. For performance reasons, this is done only
whenQS; N {k € N'| D}} = co} = 0. Under these conditions,

router: would be able to become passive if replies to all its queries ik N [6a, tr]}- )
had arrived. Upstream neighbordlwof course, behave similarly. « Otherwise,D:}(t) = min({RDf (xmt{ (7)) | 7 € Mj; N
Under the appropriate circumstances, the root of the diffusing com- [t2, t]} U {Dix(t2)}), wheret, is the last time beforewhen
putation will then move upstream shortening the time needed for router: either sent routek a reply, detected a link recovery
convergence. for link (¢, k), or initialized itself.

Lemma 1:Let G(V, E) be a graph in which each router runs
3.5 Handling of Topology Changes DASM. If router: € V initializes itself or eceives the last reply to

Link failures are treated as implicit replies to outstanding queries @ duery for destination € V' at time¢, all undelivered messages
sent to a neighbor reachable over the link. Thus, if a failure of link (if any) sent by routes for idegtlnatlon] will contain a distance
(i, k) is detected at routei; routeri setsr!, « false for each ~ 9reater than or equal t8D;(¢~), the value immediately before

destination;. Because no path may traverse a link that has failed, rOUter: processesthe lastreply. _
routeri also setd)it « oo, D% « oo, andD', « co. DASM Proof: When a router initializes itself, there are nodeliv-
J 1 J 1 J )

then behaves just as it would for any other event. ered messages. The lemma holds in this case.
DASM requires that all messages be delivered in FIFO order,
3.6 Loop-Free Area Routing and that all messages that are undelivered before a link failure are

lost. Thus, all messages that routesriginated before sending a

Suppose each area is represented by a separate entry in the rouf ey will either have been lost or delivered. For some destination,

ing tables, and that a destination can belong to more than one areay, reply distance of a routérmust be a decreasing function of

While one could add routing-table entries to represent such inter- time over the interval between sending a query for that destination

sections, this would increase table sizes and the length or numberand receiving the last reply to that query. Accordingly, all messages

of routing-table updates that would have to be sent. We can avoid o router; that are undelivered when the last reply to that query
the need for these additional table entries as follows. is received must contain a value greater than or equUADG(¢ ™).

Considera grapti(V, &) andlet/ = {j1, j2,..., jm} be aset m
of m destinations SUCE that C V. LetFDy’ = ml,ri{FD}n |Jn* € Lemma 2: Let G(V, E) be a graph in which each router runs
J}. Furthermore, let’" = {z | V(jn € J) : (D7, < FDY)} DASM, and let; € V be a destination. At time, when a router
We define the successor grapti; of graphG/(V, E) for asetof  ; ¢ v initializes itself or eceives its last reply if it had become
destinations/ attimet to be a directed graph with the same routers  active, any neighbok € N that can use router as a feasible
as those irG(V, £), but for which a directed edge from routee successor for some destinatipwill have either seD%(¢) to some
V to routerk € V exists if and only ift € S%*. Loop-free routing value such thaRD’ (t~) < D**(t)

. . . . J — J b

follows immediately, as is shown in Theorem 3. Proof: At ¢ = 0, all routers initialize themselves and set the

Thus, to route to a router that is in more than one area, one gisiance to their neighbors te. The lemma is consequently true
can set/ to be the destinations representing the areas that containg; timet — 0.

v, and use’;” to determine a successor. No matter what SUCCessor At any point at which a router has become active, or at which
in 57" is used, the path will always be loop free at each instant of ¢ | stay active after receiving replies from all its neighbors, the
time. router will send queries to all its neighbors when originating a dif-
fusing computation, and will send queries to all its neighbors.

4. Correctness of DASM Sugpposepthat, attime, router: reqceives its last reply%o aquery

The correctness proof for DASM requires proving that (1) for destination; sent at timet;. Let RD!(¢f) be the value of

DASM is loop free at every instant of time, (2) DASM ensures that the reply distance for routerthat will be sent in the query gen-
arouter will not wait indefinitely before receiving replies to queries, erated at timet;, and letRD’,(¢™) be the value of the reply dis-
(3) in a stable topology DASM convergesry (the routers with tance for router just before it receives its last reply. Because



RD} is a decreasing function if¢1,¢), RD}(tf) > RD}(t7).
Because routef is active for allt € (¢1,¢), and according to
DASM’s operation, route¢ can only send messages for destina-
tion j containing a distancBD’,(7) at some timer € (t,,¢) if
RD}(7) < min{RD}(t') | ¢’ € (t1,t)}. Suppose that router
has sent a query to routér Unless the link from router fails in
(1, t), routerk will have processed that query and routeiill have
received its reply sometime at or befateWhen routerk sends its
reply at timet, it will have received a query containing the value
RD(¢f) and will have seD’#(¢,) to the minimum value oRD
received in the query or a subsequent update. Bedall$es a de-
creasing function of time i¢1, ¢), and because routérreceived
the query transmitted from routéat timet,, RD (¢™) is less than
or equal to the value in the last message received by réutefore
time . Thus RD(t7) < DE*(¢).

If the link has failed at some time; during (¢, t2), routerk
will set Dfi*(tf) = oo. If a message from is subsequently re-
ceived during(ty, t), routerk can setD}(t) to some value such
thatD¥*(¢) € {RD(7) | 7 € (t¢,t)}. Thisis also true if the link
fails multiple times. If the link had failed at or befote and recov-
ered (or was initially established) aftar, then routek may or may

tain the minimum distance seen in a message after either a router
initialized itself (at which point the value is infinity), the link re-
covered (at which point the value is infinity), or a query was re-
ceived for which a reply has been sent, it follows thyt* () >
min({FD(ta)} U {RD}(tau) | 7 € [ta,t]} fOr t € [ta,ts). Be-
causelD}(t) < min{RD}(7) | 7 € [ta, ]}, it is obviously true
thatFD}(t) < min({FD!(ta)} U{RD}(7) | T € [ta,]}). Con-
sequentlyFDY (t) < D (t) for ¢ € [ta, ts]. [ ]

Theorem 1:Let G be a graph in which each router runs DASM.
Let:, y andk be routers in7, let j be a destination, and leéte N*.
ThenFD’(¢) < D(t) is true for allt > 0.

Proof: Consider the times in the intervi@, ¢] at which router
1 either initializes itself, looses all its rgdibors, or receives the
last reply to a query. These times form a sequehce {t, =
0,t1,¢62,...,tn < t}, Wheretq is the time at which router ini-
tializes itself, and 1, ¢2, . . . , ¢, are the times at which routemre-
ceives the last reply from some query. DASM requires that the
feasible distance of routeralways decrease except at the times
in L. When a router first initializes itself, the theorem is true be-
cause all its neighbors will set their distance-table entry for that

not have received a message (which must have been generated aftebuter toco for destination; until they receive a message for des-

t1) from router: for destinatiory. If routerk has not received this
message, theR! (¢) = oo in which caseRD(t™) < D! (t)},
otherwiseD’*(t2) € {RD4(¢') | ' € (¢11,¢5)}, in which case
RD(¢t7) < D¥r(t) becaus®DY is a decreasing function of time
in (tl, t2). ||
Lemma 3:Let G(V, E) be a graph in which each router runs
DASM. Let: andk be routers i/, andy be a destination. Further-
more, letk € N'. Suppose that, attime,, FD!(t.) < D5 (ta),
all messages that are undelivered (but not lost) at timand that
are generated by routérbeforet, contain a distance at least as
large ask'Dj(t.), and that'D; is a decreasing function affor
t € [ta, ts]. ThenFDi(t) < DEr(¢) forall ¢ € [ta, ts).

Proof: If the link from router: to routerk fails at some time
ty € [ta,ts], wheret; is the earliest time in this interval at which
such a link failure occurs, then routemwill set Dfi*(tf) to infinity,
and reset the value only when a new message for destingitae-
ceived from routei. The lemma thus holds whe}*(t;) = cc.

In the interval[t;, t:], the only messages received by routewill
have been generated by routeafter ¢ because of the operation

tination 5 containing a lower distance. Other than at titne- 0,
DASM allows a router a router to increase its feasible distance only
when it receives replies from all its neighbors, or when it has lost
all neighbors (in which case its neighbors will set their distance for
that router toxo). Thus, in the interval0, 1) the Lemma 3 applies
andFD}(t) < DE*(t) forallt € [0, ¢1).

The proof proceeds by induction. Consider any timec L and
assume the theorem holds up to that time. According to Lemma 1,
at any timet € [tm, tm+1], @any undelivered message for destina-
tion y that router; sent before,, will contain a distance greater
than or equal tdRD}(¢,,). By Lemma 2, for any neighbat of
routeri, D% (t:) will be larger tharRD', (¢, ). When routes re-
ceives its last reply at timg,,, it will change its feasible distance to
FD(tn) = RDj(t;,). Because DASM requires that at any router,
FD!(t) < RD)(t), it follows that FD’(t,n) < D%*(tm). Be-
causel'D;(t) is a decreasing function in the intenfal,, trq1),
Lemma 3 implies thaFD}(t) < D5*(t) forall t € [tm, tm1).

We can therefore proceed by induction up to time |

Theorem 2:Let G(V, E) be a graph in which each router runs

of the neighbor-to-neighbor protocol. Thus, there are no messagedDASM. Let P;(t) be a path througty for destinatiory at timet for

are undelivered at timg: that will be received aftet;, and by as-
sumption, F; is a decreasing function a@fin [t;, t5], and all the

which each € P;(t) (other than the last router) chooses a router
as the next router i®?;(¢) such thats € S} (t). ThenP;(t) is loop

conditions the lemma requires are therefore true over the interval free.

[ts,ts] if these conditions are true ft., ¢5]. It is therefore suffi-

Proof: By definition, each routes € S} satisfiesD!(t) <

cient to prove that the lemma is true only in the case where there FDj(t). By Theorem 1, for any routere P;(t), the next router

are no failures of linkz, k) in the interval[t,, ts)

By assumption, all messages generated by radieforet, and
received by routek contain distances larger thdfDj(t.), and

sin P;(t) will satisfy FFD3*(¢) < Dj%. By assumptionD;(t) <
FD’(t); accordingly, it follows that"D;*(t) < FD:(t). Thus,
each subsequent router along the path has a lower value for its

FDY(t) < FDj(ta). The lemma therefore holds when any of these feasible distance. I;(t) contained a loop, then for any router

messages are delivered to routerand if no other messages or
no messages at all are delivered to roltdrom routers during

p € P;(t) that was part of such a loop, it would follow that

FDY(t) < FDY(t). Thus, by contradiction, the path must be loop

[ta, ts], the lemmais true. The remaining case is the one where atfree. u

least one message generated after timés received before time

¢t € [ta,t:)/ For any message generated at tithec [ta, t:] for
destination;, DASM requires thaRDj(¢') > FDj(¢'), and be-
causeFD! is a decreasing function of time {., t:], it follows
thatFD}(¢) < min{RD%(7) | 7 € [ta, t]} fOr ¢t € [ta,ts]. Sim-
ilarly, becauseD’? (t.) > FD'(ta), because all messages gener-
ated before, and received aftet, contain distances larger than
FDi(t.), and because the defion of D} requires it to con-

The following theorem shows that DASM also provides loop-
free area routing:

Theorem 3:Let G(V, E) be a graph in which each router runs
DASM. LetSG(t) be the successor graph for gra@hV, £) and
for destination sef attimet. ThenSGj(t) is loop free.

Proof: By definition, for each nodé € SGj(t), every
neighbork € N* N SG;(t) satisfiesk € S, whereSY (t) =
{z | Y(jn € J) : (D},(t) < FDY(t))}. Fork € N, let



JE(t) = {jn € J | Di*,(t) < FDi*(t)}. Clearly, for eachy, €
JE(t), D}« (t) < FDi¥(t). By Theorem 2FD¥ (t) < Di*,(t), W
and thusFDf (t) < FD(t). By the definition of FD}*(t),
FD*(t) < FDF (t), and thereforé"D*(t) < FDi¥(t) for any
k € Sy (t). Accordingly, if there is a loof.;(t) in SGy(t) at
time ¢, then for some € L;(¢), FD}*(t) < FDY*(t), and by
contradiction3G(t) is loop free. |

4.2 Liveness A

Theorem 4:Let G(V, E) be a graph in which each router runs
DASM. If router: becomes active, it will receive a reply from each Fig. 3. The Successor Graph and Séfs, Ay ;, andAs;
neighbor (with link failures generating implicit replies) in a finite

time.
The formal proof is essentially the same as the proof for DUAL Link change 0
[5], and can be described informally as follows: The first require- only
ment for showing that generalized diffusing computations terminate
is to show that a router that sends a query will always receive a re-
ply to that query and will eventually become passive. To ensure

this, several requirements are necessary: a router must reply imme- 0 @

diately to a query from any router that is not in its successor set,

a router may not rais&Dj during an active phase (excluding its

start), and if a new active phase begins immediately after a previ- Fig. 4. Transitions between Sdf§;, A1, andAs;

ous active phase then the router must raise its reported distance to ) ) ) )
min({D’, (t) +1,(t) | k € QS! ()} U{oo}, and is required to be- The operation of DASM is designed to ensure that the following
come passive if possible (in which case the router must send repliesconditions are true:

to any neighborstél in QSj(¢)). Furthermore, ifQS;(t) # 0, R1 If an active phase starts at timeand S;(¢) = 0, then
router: should not decreas®D; during an active phase to a value RDi(t) = oo.

belowmin({D%, () + i (t) | k € QS! ()} unless routef replies R2 Suppose an active phase at routgtarts at time,, and ends
to a” routers |rQS; (t) at time t, and thatRD}(T) = X fOI’ a” T € [tq7 t) Then

router: must become passive at time

As a result, routef will either have sent all the routers (QS;' R3 When routes is passive at fimé, and ifi = 7 ands (¢)
: HOES

a reply during an active phase, or will be able to become passive at

the end of the active phase, as long as roiliself receives replies 0, thenFDj(t) = oo andRDj(t) = cc. _

to all the queries it has sent. Thus, a router will reply to a query R4 Suppose routeris active at time and that the active phase
unless some other router does not reply to it's query, which cannot attimet began at time, < ¢. Let M be the times at which
happen: if it did, one can generate a sequence of routers, following router; generated a message for destinagiofihen for some

the successor graph upstream, until one reach a router that had not 7 € [f1, 8] 1 M, RDj(t) = RDj(7) whereRD(7) = oo if
replied, but is not in the successor set of any router. Becausea  S;(7) =0.
router that is notin the successor set of any other router must send R5 If S}(¢7) # ( and router does not process a link event at

replies, it follows by contradiction that all diffusing computations timet, thensS; (t) # 0 unless routei becomes passive at time
will terminate. ¢ or stays passive at time ‘
L= R6 If a router: is passive at time¢™~ andS;(t~) = 0 , then
4.3 Convergence i’ router; must stay passive at tinte
The proof for convergence(s; makes use of the following sets: R7 if FDj(t) = oo, then routes cannot be in the successor set
Definition 3: of any other router.

Lemma 4:Let G(V, E) be a graph for which each router runs

Wit)={z eV ]z #jAS () =0A3y:(yeV Az e S/}  paSMand letj € V be a destination. Thel, (t) U Ay, () U
Wai(t)={z €V |z # 5 ASI(t) = 0 A activel (1)} Ay (Uit =V

Aty ={z eV |z #jASIt)#0} Proof: Routers are either active or passive, but not both. The
Aoj(t)=1{z €V |z # j A SE(t) = 0 A passive’ (1)} E?mafollows by direct computation &F; (¢) U A1, () U Az; (£)U

and W;(t) = Wi;(t) U Wa;(t), whereactive? (i) is true if Lemma 5:LetG(\4 E) bea gra_lph _for which each router runs
and only if routers is active for destinatiory at time ¢, and DASM and let; € V be a destination. IWV;(t) = 0, then
passive?(t) is true if and only if routet: is passive for destina- A1 (t) C Cj(¢) andC;(t) C As;(1). )

tion 5 at timet. Proof: If Ay;(¢)NC;(¢t) # 0, then, becauseG;(t) is acyclic

These sets are shown in Figure 3. As proven below, DASM ensuresby Theorem 2, starting at some routerdn; (¢) N C;(¢) and fol-
that routers “move” between these sets only as shown in Figure 4,lowing successors mustlead to a route€i{¢) with no successors.
and that the sé¥/;(t) eventually becomes empty once the topology Such a router must be 15 (¢), andWy;(t) € W;(t). Therefore,
is stable JV; (¢) contains all the routers other than the destination at if W;(¢) = @, thenAy;(¢) N C;(¢) = 0. By Lemma 4,C(t) =
which a path (obtained by following successors)terminates, so once[W; (¢)NC; ()] U[A1;(£)NC; (1] U[A2;(£) N C; (¢)]; therefore, |, it
W;(t) is empty, all paths must be ones that go to the destination, follows that, if W, (¢) = @, thenC; (¢ ) Azj(t )m C;(t). Accord-
and all routers that cannot reach the destination must have emptyingly, if W;(t) = 0, thenA.;(¢) C C;(t) andC;(t) C As;(t).
successor sets. [ ]



Lemma 6:Let G(V, E) be a graph for which each router runs
DASM and lety € V be a destination. Then all routersli; (¢)
are active (i.e.J; (t) = Wa;(t)).

Proof: Suppose router € V' is passive at time¢ and that €
Wy;(t). By definition of W1, S} (t) = 0 and by R3FDj(t) = oc.
Thus, by R7, router cannot be in the successor set of any router.
Because a router il¥/;;(¢t) must be in the successor set of some

aftert. , and the condition € Ay;(t') U Az, ('), it follows that
i & W;(t)forall ¢ > t'. BecauséV;(t.) can contain only a finite
number of routers, there must exist a timesuch thad¥;(¢) = 0
forallt > ¢;. BecauséV,(t) = O forallt > ¢y, Lemma 8 implies
thatC; (t) C Az (¢) for ¢ > ¢;. [ |
Theorem 5 shows that eventually for destinagogiven a stable
network, every router i6’; will be in the setd.; (¢) fort > ¢y, and

other router by Definition 3, the assumption that a passive router is the definition ofA.; (¢) requires that members of this set be passive

in W1;(t) is false. By definition, all routers ifiV2;(¢) are active,
Wi;(t) C Way(t); therefore W, (¢) = Waj;(t). Accordingly, by
Definition 3, all routers iV} (¢) are active. |

Lemma 7:Let G(V, E) be a graph for which each router runs
DASM and letj € V be a destination. Ther,;(t), A2;(t),
W;(¢), and{s} are disjoint sets that covéf.

Proof: By Definition 3,{;} is disjoint from A1;(t), Az2;(¢),
andW;(¢t). Again by Definition 3, bothi¥;(t) and Ax;(t) are
subsets ofz € V | & # j A S7(t) = 0}, and by defini-
tion, Ai;(t) = {o € V | o # y A S7(t) # 0}. Clearly,
A () nW;(t) = 0 andA1;(t) N Az (¢) = 0. By definition, all
routers inAz; (t) are passive and by Lemma 6, all routerdlii(¢)
are active. Thusds; (¢) N W, (¢) = 0. andAy;(¢), Az (t), W;(t),
and {j} are consequently disjoint sets. By Lemma4h;(¢),
Azj(t), W;(¢t), and{s} coverV. u

Lemma 8:Let G(V, E) be a graph for which each router runs
DASM, let: € V be a router, and let € V be a destination. If
i € W;(t), then atsome timé > ¢, 1 € A1;(¢') U Az (¢).

Proof: Suppose € W;(r) for all = > ¢. By Lemma 6,
router: is active at timet and by Theorem 4, must terminate the
active phase that exists at timat some timg; > ¢t. By assump-
tion, : € W;(r), and according to Lemma 6 all routersliti; (¢, )
are active; therefore, it follows that routemust begin another ac-
tive phase at time;. Becauses;(t1) = 0 if ¢ € W;(¢), then
by Rl,RD}(tl) = oo. By Theorem 4, this second active phase
must terminate at some time. If ¢ € W,(7) for r € [t1, t2),
thenS;(r) = 0 for 7 € [t1,¢2), and by R4RD;(7) = oo for
T € [t1,t2). Thus,min{RDi(7) | 7 € [t1,t2)} = co. By R2,
routeri must become passive at time, and hence; g W;(¢2),
contradicting the assumption thate W;(r) for all * > ¢. Given
thaty ¢ W;(t), theni # 5. Thus by Lemma 7, at some tinie> ¢,
iEAlj(t/)UAQJ(t/). ||

Lemma 9:Let G(V, E) be a graph for which each router runs
DASM, letz € V be a router, and lef € V be a destination.
Suppose that no link events occur after time If ¢ > ¢.,1 €
A (t7), thene & W;(¢).

~ Proof: By Lemma 7,i ¢ W,(t7) and by Definition 3,
S;(t7) # 0. By Lemma 6, if: € W,(t), router: must either
be active at time¢™ or change from passive to active at timeBe-
cause there are no link events after tiragby R5,5;(t) # 0 for
router: to be active at time. Hence: ¢ W; (¢). u

Lemma 10:Let G(V, E) be a graph for which each router runs
DASM, letz € V be a router, and lef € V be a destination.
Suppose that no link events occur after titpelf i € Az;(¢™) for
t~ > tc, thens g W,(¢).

~ Proof: By Definition 3, router: is passive at timg¢~ and
S;(t7) # 0. By R6, router: must remain passive at tinte and
therefore: ¢ W;(¢) because according to Lemma 6, all routers in
W;(t) are active. |

Theorem 5:Let G(V, E) be a graph for which each router runs
DASM, and let; € V be a destination. If no link events occur
after timet. , then there must exist a tintg¢ > ¢. such that for all
t > ty, Wi(t) = 0 andC; () C Az(t).

Proof: By Lemmas 7 and 8, any routére W;(¢.) must
satisfy: € W;(¢') andi € A1;(¢') U Az,(¢') for some timet’ >

with an empty successor set. The operation of DASM also ensures
that routers in this state have their distancg set to infinity, thus
ensuring convergence in tidg with correct distances. Termination
follows because DASM does not send messages (other than replies
to queries) when passive unless distances change.

4.4 Convergence irC};

The proof for convergence i is omitted; it is similar to the
proof for DUAL [5] and follows by an inductive argument.

The idea behind the proof is to show that, with a stable topol-
ogy, all routers inC'; eventually have obtained distances from each
neighbor at least as large as the distances along the shortest paths
through those neighbors. The proof then shows that the router
whose shortest-path distance to the destination is smallest (this
must be a neighbor of the destination) will become passive with
the correct distance, and only send replies to queries.

5. Complexity of DASM

DASM'’s complexity is measured by the number of steyadled
time complexitpr T'C, and the number of messages, catlechmu-
nication complexitpr CC, required by the algorithms after a single
change in the cost or status of a link. To calculate DASM's com-
plexity, it is necessary to assume that the algorithms under study
behave synchronously, so that every router in the network executes
a step of the algorithm simultaneously at fixed points in time. At
each step, a router receives and processes all input events origi-
nated during the preceding step, and, if needed, creates an update
message after processing each input event; all these update mes-
sages are transmitted in the same step. The first step occurs when
at least one router detects a topological change and issues update
messages to its neighbors. During the last step, at least one router
receives and processes updates from its neighbors, after which all
routing tables are correct and routers stop transmittpggates until
a new topological change takes place.

DASM has the same time and communication complexity as
DUAL. After a single link failure or link-cost increase, DASM has
TC = O(x) [5] [10], wherex is the number of routers affected
by the routing-table perturbation. To verify this, we note that in
the worst case all routers upstream of a destination rguite5 G ;
must participate in a diffusing computation for rougewhich cor-
responds to the operation of DUAL. DASM’s communication com-
plexity is the same as DUALS, i.e(C = O(6D - z), whereD
is the maximum degree of a router; this is verified in [5]. After a
single link addition or link-cost reduction, DASM ha¥> = O(d)
andCC = O(E), whereF is the number of links in the network
andd is the network diameter (i.e., the length of the longest shortest
path in hops between any two network routers). To verify this, note
that any router that receives a query reporting a distance decrease
must be able to find a feasible successor; accordingly, a router that
sends a query after its distance decreases must receive immediate
replies from all its neighbors, without those neighbors having to
forward the query. On the other hand, routers as faklagps from
the router detecting the change may require to send an update after
receiving an update from a neighbor on their successor set, and all

t.. By Lemmas 9, 10, the assumption that there are no link eventsrouters may have to send an update as a result of the update they



receive from at least one neighbor in their successor sets. Link CostIncreases

Statistic DUAL DASM ILS
6. Average Performance and Consistency Tests Duration 10.0092 <708 | 7.8132
Packet Count 141.949 | 108.087 | 166.777
Message Count | 505.602 | 415.319 | 168.777
Operation Count 597.602 | 507.319 | 27395.3

A series of simulations were run using an existing network simu-
lator [17] to compare the performance of DASM with that of DUAL
and an ideal link-state algorithm (ILS). The simulator measured the
duration (the running time to convergence, with packets propagat-
ing between neighbors in unit time), the number of messages pro-
cessed (the number of updates, queries, and replies summed over
all routers in the network) and the number of packets transferred

(summed over all links in the network, with each packet containing were no more than a few percent in any of the performance mea-

one or more mess_,ages). The ratio of the packet count to MESSAgL res. This is to be expected—the mechanisms that DASM uses to
count gives an estimate of the average packetlength. The simulator :

. . : reduce the number of diffusing computations do not provide bene-
also recorded an operation count that is an approximate measure.. _ . :
; . its in these particular cases.
of the CPU resources needed to run the algorithm, again summe

over all routers in the network. For DASM and DUAL, the oper- We also simulated a case in which initially all links in the

ation count was incremented once for each message and once fOQErEA;\In%EZFﬁ Ilgg)::ggtdv::sltirﬁgfézsiclil%k Vilzsutzﬁg (;r]‘]t%sr?/\?h?élqratlﬂé
each iteration in a loop iterating over destinations. For ILS, each ' Y2 !

. ) : simulation was allowed to run until it converged. This was repeated
packet processed resultsli, V' 4+ E operations (obtained from .
the complexity for the best implementations of Dijkstra’s shortest- for_a total of 500 topology c_hanges. Although the fractional cha_nge
path algorithm). in link costs effects the ability of both DUAL and DASM to avoid

The simulation assumes that each router responds to a messa starting a diffusing computation, because the link-cost increase was
instantaneously (i.e., that the time required to coFr)n lete locall er_ggonstant, various fractional changes were averaged as a result of the
y{.€., d P Y Per™ increases in link costs during the course of the simulation—with

formed computations is a small fraction of that needed to send 4500 changes in a 68-link topology, links had their costs increased
packet to a neighbor), and consequently the assumption that mes-

. . AL multiple times. Situations do occur in which costs increase steadily,
sages propagate l_)etwe(_an neighbors in unit time _|mpI|es that ON€such as the start of a work day, and thus represent an interesting
duration time unit is equivalent to one step in the time-complexity :

estimate given in Section 5 case. In addition, five separate simulations were run (using a differ-
9 . - . . ent set of random numbers to select the sequence of link changes),
To validate the simulation, we ran a series of tests using an

: ; . : so that statistical errors could be measured. Table | shows the av-
ARPANET topology, modeling single-point failures and recover- g a46 herformance obtained in combining these runs. The largest
ies for all links and routers. An ARPANET topology was used for

) : . improvement was in the number of packets transmitted—DUAL
this purpose because previous experience has shown that tests pefaqyires about 40% more packets than DASM. The variance were
formed on topologies with only a few routers are not adequate for |,\ver for DASM than for DUAL. so that cases in which DASM
detecting implementation errors. After each topology change, the ;g sjgnificantly longer than the average occur less frequently than
algorithm was allowed to convergence. We also ran several hundred, i, pyAL. The statistical errors in these simulations results are
sequences of topology changes, in which each sequence consisteflss than 294 for mean values and less than 10% for standard devia-
of a random sequence of link-cost changes, link failures, and link {j5ns 50 the differences seen in Table | are statistically significant.
recoveries. After each sequence of changes, the algorithm was aly, 5qgition, Table I includes the corresponding numbers for an ideal

lowed to run until it converged. In both cases, we compared the jiny state algorithm (labeled ILS), which behaves like OSPF within
shortest-path distances computed by DUAL and DASM (using & 5 gingle area or within a backbone. The results show a substantial

previously validated simulation of DUAL [17], and showed that m5ravement in both CPU utilization and the number of packets
these distances were identical. Every router was used as a destina;ansmitted for DASM over ILS (and by inferenceSOF).
tion in these runs to increase the coverage of the tests. Finally, after A final set of simulations used a model in which link costs

each step in the simu]atior}, the I?ASMksimula}:[ﬂion Viriﬁed th?t for changed in fixed increments, varying randomly up and down with
destinatiory at routers, QS,J C 55, FDy < Dji, FD; _< FD; a minimum value of 1.0, and in which the simulation is allowed to
whenk € S}, thatk € S; andk € 5; are not true simultane-  converge after each link-cost change. We used the Markov chain
ously, and that'D}; < RDj. In addition, the simulation ran a  shown in Figure 5 to model link-cost changes. State 1 in the chain
loop-detection algorithm after each step using only the next-hop in- represents a link cost of 1, a statether than 1 represents a link
formation (not the feasible distances) as an independent test thaicost of1 + (i — 1)6, where the value of is a constant specified for
DASM is in fact loop free. each simulation. In this chaip,is the probability that a link cost

After validation, a series of simulations were run to compare the increases per step and= 1 — p. In states other than statedlis
performance of DASM to that of other algorithms. These simu- the probability of a link cost decreases per step. For the steady-state
lations used the ARPANET topology that was used for validation. probabilities, one obtains [1#; = (1 — p/q) andPp41 = §Pn.
This topology was chosen both for convenience (input files for this This was used to provide an initial set of link costs for a simula-
topology were available) and size—it is large enough that one can-tion. Subsequently, the simulation can be run long enough so that
not predict the outcome of a simulation by reasoning about the step-each link on the average changes its cost 5 times before data col-
by-step behavior of an algorithm, but it is also small enough to al- lection started, to allow the routing tables to reach typical values
low the simulations to run quickly. (because with DASM, the values 6f andD;; are dependenton

We first determined the average performance of the algorithms, the sequence of previous events, even after convergence).
measuring duration, message counts, packet counts, and operation In Table Il, the results of several runs are shown. Both the prob-
counts, after all single-point router and link failures and recoveries, ability of a link-cost increase and the sieof the increase are
and for random changes in link cost. In all these cases, the per-varied. These tables suggest that DASM sends fewer messages
formance of DUAL and DASM were nearly identical—differences than DUAL and ILS when link costs vary continuously. In com-

TABLE |
COMPARISON OF ALGORITHMS FOR LINKCOST INCREASES



0.Q.0.4,

Fig. 5. Markov Chain for Slowly Varying Link-Cost Changes

Link Cost Changesi(= 1.5, p = 0.45)
Statistic DUAL | DASM ILS
Duration 9.6 9.1 7.8
Packet Count 127.2 113.4 | 166.2
Message Count | 527.8 474.0 | 168.3
Operation Count| 619.9 566.0 | 27299
Link Cost Changesi(= 1.0, p = 0.45)
Statistic DUAL | DASM ILS
Duration 9.3 8.5 7.8
Packet Count 116.8 97.4 | 166.6
Message Count| 480.2 414.0 | 168.6
Operation Count| 572.2 506.0 | 27370
Link Cost Changesi(= 0.5, p = 0.45)
Statistic DUAL | DASM ILS
Duration 7.8 7.6 7.8
Packet Count 101.6 92.9 | 167.0
Message Count| 402.8 | 382.40 | 169.0
Operation Count| 494.8 474.4 | 27275
Link Cost Changesi(= 1.5, p = 0.40)
Statistic DUAL | DASM ILS
Duration 10.24 9.60 7.8
Packet Count 136.2 119.9 | 166.5
Message Count| 564.0 496.3 | 168.5
Operation Count| 656.0 588.3 | 27158
Link Cost Changesi(= 1.0, p = 0.40)
Statistic DUAL | DASM ILS
Duration 9.49 8.40 7.8
Packet Count 119.0 98.1 | 166.5
Message Count| 476.9 402.9 | 168.5
Operation Count| 568.98 494.9 | 27346
Link Cost Changesi(= 0.5, p = 0.40)
Statistic DUAL | DASM ILS
Duration 7.9 7.7 7.8
Packet Count 102.3 93.6 | 166.8
Message Count| 397.7 376.6 | 168.9
Operation Count| 489.7 468.6 | 27409
TABLE Il

RANDOM LINK-COSTCHANGE

parison to DUAL, the improvement is larger the higher the value
of & because with low values @, diffusing computations occur
less frequently. As is decreased, however, both algorithms do
significantly better than ILS (and hence OSPF when area routing
is used). Based on the duration, it would appear that ILS con-
verges slightly faster. The additional time that DUAL and DASM
take, however, involves cleanup messages related to diffusing com-
putations. DASM uses slightly less computational resources than
DUAL for these cases, and both use about 50 times less than ILS.

7. Conclusions

DASM provides enhanced functionality over all prior routing al-
gorithms by providing loop-free multipath routing angpport for
loop-free area routing. With DASM, routers can use multipleg-
free paths of different lengths at any time; if routers are in the inter-
section of two areas, the intersection does not require an additional

entry in the routing tables.

DASM provides similar performance to DUAL for link or router
failures and recoveries, and provides better performance in some
cases. The evidence indicates that DASM performs significantly
better than DUAL and ILS for the case where link-costs changes
are incremental, which would be the case in practice for networks
and internets in which link costs are related to congestion—e.g., by
basing the cost of links on moving averages of various quantities
that can be readily measured, such as queue length or delay. DASM
thus appears to offer both better performance and functionality over
link-state algorithms and other algorithms based on diffusing com-
putations.
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