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ABSTRACT

DELAY-CONSTRAINED ONLINE MULTICAST ROUTING
HEURISTICS FOR REAL-TIME COMMUNICATION

Realetime communications is becoming essential. As applications of real-time
communications with mﬁltiple participants become widespread, multicast routing is
becoming more popular. | Although there is a vast amo'unt of literature on multicast
rout_irlg;'7 online .multicast routing is a relatively unexplored area. In online multicast ses-
sions, multicast group members join and leave the multicast session ﬁequently. When
real—tlme commumcatlons is- concerned, online multlcast routing becomes tougher.
Real-time commumcatlons imposes 1ts addltlonal constramts such as end—to-end de-
lay, to multlcast routing. ngld delay constraints of real-time communications restrict

computatiohal effort for online update of multicast trees.

The motwatlon of this Work is to develop fast and efficient online multicast routing
heuristics that can be used in real-time commumcatlons for online computation of
delay—constramed multlcast trees throughout a multicast sessmn without mgmﬁcantly‘
sacr1ﬁ01ng optlmahty for speed For this purpose, fast and efficient delay—constralned
least—cost path heunst_rcs are also required to be used as an underlying umcast routing

“heuristic in multicast routing.

~In this thesis, two online multicast ‘routing heuristics and one unicast routing
heurlstlc is proposed Performance of proposed heur1stlcs is evaluated ‘using online
-and offline multicast routmg heurlstlcs from hterature Slmulatlons indicate that our

heuristics oﬂ"er the best balance among performance and computational effort.



OZET

- GERCEK-ZAMANLI ILETISIM ICIN
GECiKME—KISITLAMALI CEVRIMICI COKLU-YAYIN
YOL-ATAMA BiLiSSEL YONTEMLERA

Gergek-zamanh iletigim 6nem kazanmakta. Coklu kullanicili gergek—zainanh
’i'lé'ti§im uygulamalan yayginlagirken, gbkhi—ya;ym yol-atama daha popiiler olmaktadir.
Coklu-yayin yol-atama literatiirii oldukga génig olmasina ragmen, gevrimigi coklu-yaym

yol-atama. goreceli olarak fazla gdl;§1lmanu§ bir alandir. Cevrimigi 'gioklu-yaym otu-
H rumlarlndd coklu-yaymn grup l'iyelefi oturuma siklikla girer ve gikar. Gergek—zamanh’
iletigim s6z konusu oldugunda, gevmmlgl goklu—yayln yol-atama daha zor olmaktadir.
- Gergek-zamanl 1let1§1m ugtan—uca gecikme glbl 11ave ksitlamalan ¢oklu-yayin yol-

atama lizerine empoze eder. Gergek—zamanh iletisimin kat1 gemkme kisitlamalar: goklu—

yaym agaglarimin yemlenmes1 icin gosterllecek hesapsal gabayl 51mrlar '

Bu §a11§mamn motiyéSyonu gergek—zamanh iletigimde oturum boyunca geCikmé-
k131tlamah.gok‘1u-ya,y1n agaglarimm gévﬁmigi hes'aplamalarlnda' hiz igin eniyilikten be- .
lirgin bir §ek11de odiin vermeksmm kullamlabllecek hizli ve’ etklh cevrimici coklu-yayin
yol—atama bulu§sal yontemlerl geh§t1rmekt1r Bu amag igin goklu—yaym yol-atama,
altyaplslnda kullanllabllecek hth ve etkili gec1kme—klsltlamah tekh—yaym yol-atama,

yontemlen ayrlca gerekhdlr

Bu ﬁezde, iki (;rev.rimigi goklu—yaym ydl-atamd biii§sel ybntemi ve 1tr)ir tekli-yayin
yol-atama. bili§sei yt')ritemi 6neri1mi§tir Onerilen b111§se1 yontemlerm basarimi- lit-
"eraturdekl cevrimici ve gevr1md1§1 b1h§sel yontemler kullanilarak degerlendlrllmlgtlr
Bengzetimlerin de isaret ettigi lizere, Snerilen b1h§se1 yontemler baganm ile hesapsal

gaba arasindaki en 1y1 dengeyl sunmaktadlr
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1. INTRODUCTION

, Real-t1me commun1cat10ns is becommg essentxal Some well—known applications
~ of real-time commumcatmns are teleconferencmg, v1deoconferenc1ng, e-learmng, and
radio/tv broadcastmg services over IP networks. A substantlal portlon of those appli-
cations concerns multiple receivers. Multlcastmg well fits into bas1c requlrements of
such group communications. Hence, multicasting is becommg more and more popular,

as real—time_communications with multiple participants becomes Widespread.

* “Construction of optimal multicast trees for static multicast groups can be modeled
as the NP-complete Steiner problem [1 2]‘ However, real—time communications imposes
. its additional constramts such as end-to-end delay as a part of its QoS requirements.

This QoS constraint, end-to—end delay, requlres the computat1on of delay-constralned
least-cost multicast trees. Network delay is the compos1t10n of different delay compo- -
-nents such as transm1ss1on delay, queuing delay and processmg delay. Processmg delay
. may be the prmcrple component of delay if computatlonal requirements are hlgh on

the router site. When real-time commumcatlons is concerned delay bounds are tight
"Iand computation of delay—constramed least-cost multicast trees is required to create
acceptable multlcast trees with respect to predeﬁned delay bounds However, compu-
tation of such a multicast tree is NP-complete and it may result in unacceptable delays
at the start or durmg a multrcast sess1on for large networks. Delay sensitivity of those
applications requlres limiting the processing time for the computatlon of such trees
by using heur1st1cs instead of exphmt algorithms and the result is a trade of between
optlmallty and computatlonal effort. Some of those heunst1cs are explained shortly
in tlns thesis and their t1rne complexrtles are usually proportlonal to optimality of the

resultant multicast trees.

Many of the multicasting applications_ also require the network to support online
~ or dynamic multicast sesSions‘ in which the membership of the multicast group chan'ges
' frequently In order to support online multicast sessions, an existing multicast tree

» should be altered to accommodate membersmp changes throughout a mult1cast session



- as members join and leave. There is a vast »literature on the sﬁbject -of establishing
static or offline multicast trees in point-to-point networks. Howevéi', online multicasting

is a relatively unexplored area of research especially for real-time communications.

- The purpose of this thesis is to develop fast and efficient heuristics that can
be used in real_-_time communications for the computation of delay-constrained online
multicast trees without significantly sacrificing optimality of resulting multicast tree

- for.speed. Contribution of this thesis is depicted. in Fig_ure 1.1.

[ Thesis Contribution )

) 1 e s it C - - Qe )
Delay Constramgd Least.Cost Path Heuristic | ‘ Delay-Constrained Online Multicast RoutingHeuristicJ
(Chapter 3.2) - - . - .
' T

. s _ - | Non-Rearrangeable Heuristic | Rearrangeable Heuristic
- \_.PMBDCLC ~ (Chapter3.3) _ (Chapter 34)
DeCoNROM ) ( CoBacROM )

Figure 1.1. Contribution of thesis




2. MULTICAST ROUTING AND RELATED WORK

Multicasting is the capability of delivering a packet to mnltiple receivers. A multi-
'cast tree is used for this purpose. | Ina multicast session, exactly one copy of the packet
traverses each link in the multlcast tree. There are NUmMerous examples of multlcast
apphcatlons Some ‘of those applications include v1deoconferenc1ng, teleconferencmg,

Whlteboard apphcatlons e-learnmg applications, and radio/ tv broadcasting over IP

networks.

‘Multicast routing heuristics can roughly be classified into two categories. The first
category 1s the shortest path based heumstzcs These heuristics construct a multlcast
tree that minimizes the length of paths from the source node to each multicast group
member. The other category is the Steiner Minimal Tree (SMT) based heuristics. The
purpose of these heuristics is to minimize the total cost of the multicast tree SMT
problem is NP- hard [3]. If the set of receivers of a Steiner minimal tree includes all
nodes in the network, the problem becomes a minimum spannlng tree problem and it

is solvable in polynomra.l time [4].

Fignre 2.1 shows the taxonomy of rnulticast routing heuristics. SMT based heuris-
tics can be further divided as online and offline heuristics. In the ofﬂine multicasting,
: members of the multicasf group are known a priori"whereas multicast members can
join or leave the multicast tree dynamically in the onhne multlcastlng, Whlle the mul-
~ ticast session is in progress ‘Most of multicasting apphcatrons may require ablhty of
| supporting dynamic sessions. Online multicast routing heuristics concern dynamic fea-
~tures of multicast sessions and update multicast tree accordlngly, while the multicast
session is in progress. A trivial solutlon to dynamlc multlcast sess1ons is to rebuild -
‘the multicast tree usmg an offline heurlstlc whenever multrcast group membershlp is
‘ changed. However this solution results in disturbance of. unchanged group members
in each change of membershlp and may be costly in terms of computation time and

packet loss.
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Figure 2.1. Taxonomy of multicast routing heuristics

Unlike SMT based heuristics, shortest path based heilristics concern paths to
| rnﬁlticast group members instead of whole tree. So, they can sirriply' add and remove
paths, as group members join and leave the session. .Therefore shortest path based
heuristics are both offline and onl_ine heuristics.
_naive approach that connects a joining node to the existing tree via the least cost path
from the source node in a dynamlc multicast session. They made simulations on 100-
“node networks Their simulations showed that this naive approach constructs trees
that are on the average 50 per cent more expenswe than the costs of multicast trees

constructed using KMB heurlstlc [6], which is an unconstrained SMT based multlcast*v

routing heuristic (see Section 2.2.1).

Doar and Leslie [5] investigated a



Waxman was one of the first researchers investigating online multicasting problem
[7 8]. Waxman partitioned online heurlstlcs into two categories as rearrangeable and
non-rearrangeable Rearrangeable heunstlcs allow reconfiguration, when degradation
of the tree exceeds some hmlt This degradatlon is orlglnated from join/ leave requests.

Non—rearra_ngeable heunstlcs do not allow reconfiguration.

There may also be heuristips'and.categories other than those shown in Figure
2.1. However, those heuristics and categories in the figure best fit to the scope of this

- thesis and are explained in the following sections.
2.1. Shortest Path Based Heuristics

The objective of shortest path based mul_ticest routing heuristics is to minimize
the cost of each path from the source to each destination individually. In order to
coristruct shortest path trees, shortest paths from source 'node to destination nodes
" are combined. Shortest path based multicast routing heqristics are further classified

as unconstrained and constrained.
2.1.1. Unconstrained Heuristics

There are wellékriown shoitest path algorithms to cohstruct unconstrained short-
est path trees; those are Bellman-Ford algorithm (BF) [9] and Dijkstra algorithm [10].
Those algorithms compute the optimal solution in polynomial time.'-,Time complexity
of BF is O(n3) and that of Dijkstra is O(n?), where n is the number of nodes in the
network. Reverse path forwarding is another algorithm for the construction of uncon-
strained least cost paths and trees [11]. RPF works and can ﬁnd optimum paths in
networks w1th symmetric links. In RPF, each packet is forwarded from the source to

the recelvers using knowledge of the shortest path from the receivers back to source

Shortest path based trees produced by BF, Dijkstra or RPF algorithms carries
out: broadcasting. These algorithms can be used to carry a multicast packet to all

_ links in the network using shortest paths. However, this is not acceptable, because



‘unwanted multicast packets are sent to all nodes in a network. So, leaf nodes not
, desiring to get multicast packets should be truncated from shortest path tree. For
~ this purpose, Deering et al. [12] generallzed RPF algonthm to the multicast case and
proposed two distributed algonthms the truncated reverse path broadcastmg (TRPB)
- algorlthm and the reverse path mult1cast1ng (RPM) algonthm

Link cost or erid;to-end delay is usually used as metric in shortest path algorithms.
: -Resulting tree is a least cost tree and called as LC if the metric is cost and it is a least
delay tree and called as LD if the metric is end-to-end delay. LD is usually‘computed
in cases where end-to-end delay is crucial, such as in real-time applications. If LD does

‘not satisfy the delayconstraiht, no other heuristics or algorithms can do.
2.1.2. Constrained Heuristics

Multimedia and real—tirne multicast applications‘motlvate the delay-constrained
- multicast routing research. However, ﬁuding constrained paths or constrained trees is
an NP- complete problem [13 14]. Widyono [15] proposed the Constrained Bellman-
| Ford (CBF) which is an optlmal algonthm basing on BF algorithm. CBF finds opti-
’ mum solution, but its running time grows exponentially Wlth network size. So CBF is
not practical for real life. However it is usually used as a comparison basis for delay :

constrained Steiner minimal tree heuristics.

Sun and Langendorefer [16] proposed a delay—constramed shortest path tree heurls-
tic, Constrained Dlestra (CDKS) CDKS runs Dijkstra algonthm using link cost metric
to construct LC. If LC satisfies the delay constraint, then CDKS has the optimal tree,
otherwise, CDKS runs Dukstra algorrthm agam using l1nk delay metric to construct

_LD. Finally, CDKS combmes LC and LD by cancelling the paths from the LC that
. do not satlsfy delay constralnt and replacing them by the paths from the LD. The
worst-case time eomplex1tyof CDKS is O(n ), since Dijkstra algorlthm dominates the
algorithm; It can be further reduced to O(nlog(n)) using proper data structures for

’ Dijkstra algorithm.



2.2. Steiner Minimal Tree Based Heuristics

SMT based heuristics use the Steiner tree problem as a model for the construction
of multicast trees. This technique is one of the most studied techniques forrnulticast
tree construction. There are many algorithms and heuristics available for this ‘class
of multicast routing techmque In the followmg subsectlons important SMT based

heuristics are explalned shortly
2.2.1. Unconstrained Heuristics

Unconstrained' SMT based heuristics'do not attempt to optirnize the end-to-end
delay at all. Therefore they may not be suitable for real-time apphcatlons However
these heuristics have come to be very popular. This set of heuristics is further divided

as offline (or static) and online (or dynamic) heuristics.

2.2.1.1. Offline Heuristics. 'The best-known SMT based unconstrained ofﬁine heuris-
tics were proposed by Kou, Markowski, ‘and Berman (KMB heuristic) [6], Takahashi
and Matsuyama (TM heuristic) [17], and Rayward-Smith (RS heuristic) [18]. |

, The KMB heuristic constructs a complete graph consisting of multicast group
 members only. Each edge between two nodes in this graph represents the Jeast cost path'
between those mnodes in orlgmal graph Then, KMB heuristic uses Prim’s algorithm
[4] to construct a spanning tree of all multlcast group members. Lastly, edges of this
tree replaced by the least cost paths to construct multicast tree. Prim’s algorithm is
optimal only for networks with symmetrlc links. Thus, the cost performance of the
KMB heuristic may be degraded if it is apphed to networks w1th asymmetnc links.

The worst- case time complexity of the KMB heuristic is O(m -n?), where m is the size of
the multicast group and n is network size. Wall [19, 20] proposed a distributed version

of the ‘KMB heuristic. The cost of trees generated usmg KMB heunstlc in symmetnc

" networks is compared (5, 21] and result of this comparlson is, on the average “only five

per ‘cent worse than the cost of the opt1ma1 Stemer minimal trees.



The TM heuristic starts with a tree containing only of the source node. TM
1terat1vely adds the nearest multlcast group member to the tree using the least cost
path, until no multlcast group member remains out of the tree “The worst- -case time

complex1ty of the TM heurlst1c isO(m-n )

The RS heuristic starts with a forest of treeslwhere each multicast group member
‘isvrepresefnted by a tree. RS heuristic uses an algorithm similar to Kru{skal’s mirrirnum '
spanning tree algorithm. It iteratively combines nearest two trees using the shortest‘
path between the trees, until one tree is left. ‘Rayward-Smith and Clare [22] showed .
that performance of RS heuristic in terms of tree cost is better than that of KMB and
- TM heuristics. However, RS heuristic was designed for symrnetric netvsrorks,l'and may

“not produce good solutions for asymmetric networks.

Another unconstrained offline multicast routing heuristic is Greedy heuristic [7,
- 23]. It is similar to TM. However, it adds multicast grotrp members to the tree randomly
instead of addi‘ng‘ nearest nodes ﬁr_st. It starts with a randomly ohosen multicast node
as initial multicast tree. Then, it iteratively ehooses another random multicast group
member and adds this node to the multicast tree using the shortest path from the
tree to this node. This .approach can give bad r_esill_ts but it usuall‘;)r gives reasonable
approximations; on average not worse than 20 per cent of optimal solution. [23]; The

worst-case time eomplexity of the Greedy heuristic is O(m - n?).

Jiang [24] proposed modified versions of KMB heuristic and RS heuristic that pro-
duces better trees than the trees produced by original- heurlstlcs Jlang also proposed

a distributed Steiner minimal tree heurlstlc in [25].

The heuristics explained dntil now are working ohly with symmetric links. A
| heurlstrc Workmg in asymmetnc networks was ‘proposed by Ramanathan [26]. ThlS
'heurlstlc is parameterlzed to select between low tree cost and fast execution time. Ra-
manathan showed that Dijkstra’s shortest path algorrthm KMB and TM are partlcular
cases of the propOSed heuristic with different values of heur1st1o_s parameter. "There are

also other SMT based heuristics to construct unconstrained multicast trees. Further



examples of those heuristics can be found in [27, 28, 29).

2.2.1.2. Online Heuristics. Waxman was one of the first researchers investigating on-
line multicast routing problem (7, 8]. First online'multicast routing heuristic proposed

by Waxman is GREEDY heuristic (7). GREEDY.is a non-rearrangeable online multi-

cast routing heuristic. In case of a join request, new multicast group member is added |
to multicast tree using the shortest path‘between the tree .and» the new member node.
In case of a leave request, the member node to be removed is pruned only if it is a
' leaf node; otherwise this node becomes a relay node. Imase and Waxman proved that
worst-case cost of the multicast tree produced by GREEDY heuristic is not WOrse than
twice the cost of multicast tree produced by the best non—rearrangeable algorithm for

- unconstrained onhne multlcast routing problem [8].

Edge Bounded Algorithm (EBA) is a rearrangeable online multicast routing
' heuristic and proposed by Imase and Waxman [8]. In EBA, partial reconfiguration
of the tree is permitted, ini case of a change in multicast group membership‘ EBA
bounds the worst-case cost performance of the generated multrcast tree to 4 - o times
the cost of the optlmal Steiner tree, where o is a user-defined variable [8]. Number
of rearrangements in EBA is hmlted to O(K 2) where K is the number of join/leave
requests EBA creates multicast trees in a way srmllar to KMB heurlstlc It creates
a distance graph G of multicast members: Distance graph is' a complete graph where
edges between any two nodes are weighted by the shortest path between the two nodes
~ in the original graph. Then, it Tuns minimum spanning tree algorithm on G’ and re-
places edges with shortest paths to compute a tree T’ connectlng all of the multicast.
group members. For each join request, EBA connects the new member node v to the
multrcast tree via the closest node w in T'. EBA venﬁes that the added path is a-
‘bounded bounded by ensuring that the cost of the max1mum—cost edge on the path
: between v and any node u in 7" does not exceed o' tlmes the cost of edge (v u) in G

If the path from v to u in the tree exceeds that limit, v and u are connected using
the least cost path between v and u. For a leave request, if the degree of the node to

‘ -:be. removed is one, it is simply pruned just as in GREEDY heuristic. If the node has
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- degree ‘three or more, the node is marked as ‘deleted and no further action is taken.
- If the degree of the node is two then the node is removed along with the parent and

| child nodes. This creates two subtrees and these two subtrees are connected using the
~least cost path between two subtrees. After any request, EBA verifies that T’ is still an
- extension tree, which is a treein which the degree'_Of any non-multicast group member v
is greater than two. If the degree of a non-multicast group member node is two, this

node is removed and resulting subtrees are connected similarly.

The Geographic Spread Dynamic Multicast Heuristic (GSDM) isan unconstrained
rearrangeable online multicast routing heuristic proposed by Kadirire [30].' The GSDM
introduces the idea of Geogrephic Spread (GS). GSDM spreads out the multicast con- |
nections geographically in the network and lowers the cost of the resulting muiticast
tree. For each add request, GSDM identifies the c10seSi: tree node to the new member,
let it be node X, and two other tree nodes, which are'dosest to node X. Then GSDM-
chooses the least cost conﬁguratlon among four possible ways to connect the new mem-
ber to those three nodes.. GSDM chooses configuration with greatest GS, if more than

‘one cheapest configuration exists. For each delete request GSDM deletes the nodes
only if it is a leaf node. Kadirire evaluated the performance of GSDM and compared
it with Waxman’s GREEDY heuristic [8] and Doar and Leslie’s shortest path based -
heurrstlc NAIVE heuristic [5] using simulations on random networks with 100 nodes.
He showed that GSDM’s performance is similar to performance of GREEDY heurlstlc |
and performance of GSDM is better than that of Doar and Leslie’s NAIVE heuristic.

Bauer and Verma proposed an unconstramed rearrangeable online multrcast rout-

ing heuristic, ARIES [31] ARIES behaves just hke GREEDY heuristic as it ‘adds and

= removes members at each request. So, it makes the mlnlmum necessary modlﬁcatlons

to the exrstmg multrcast tree 'For each join request, ARIES adds the new member
node to the existing multrcast tree usmg the shortest path between the new member
" node and the tree. For each remove request, ARIES deletes the member node only if it
is a leaf node and ARIES just cancels its membershlp if it is not a leaf node. However,
ARIES always momtors the cumulatwe damage happened in the multicast tree due to

the changing membershlp. It marks Jomrng member nodes and leaving member nodes,
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7 which are kept as relay nodes in the tree. Those marked nodes define regions. These
| reglons encapsulate the degraded portrons of the tree. Degradation is due to join/leave
- requests If the number of marked nodes in a region is greater than a threshold, this
means the region is degraded too much and that region is removed. The resulting
subtrees are connected using a method srmllar to RS heuristic. Source subtree, which
is a subtree containing the source node, is 1terat1vely merged with the nearest subtree,
until only one tree is left. Bauer and Verma compared the performance of ARIES
 with that of EBA and GREEDY. They showed that ARIES is much better than both
GREEDY and EBA.

2.2.2. Constrained Heuristics

Kompella, Pasquale, and Polyzos (32, 33] formulated the delay-constrained SMT |
problem for the ﬁrst time. The objective of the problem is to minimize the total cost
~of the tree, Wrthout v1olat1ng the delay constraints. Kompella et al. also proved the
NP-completeness of the problem in their studies [32, 33]. There are optimal algorlthms
for the problem [34], but these algorlthms are complex and they are useful only as a -

~ reference to evaluate a heuristic solutlon for the problem.

9.9.2.1. Offline Heuristics. “"Kompella, Pasquale, and Polyzos [32, 33] proposed the
first heurrstxc for the delay—constramed Steiner minimal tree problem This heuristic :
is cited- as KPP in the hterature KPP assumes that the link delays and the delay
constramt A, are 1ntegers, but the link costs may be any pos1t1ve real number. KPP
is dommated by computlng a constrarned dlstance graph in O(A - n®). KPP uses
Prrm s algorithm [4] to obtain a mlmmum spa.nmng tree of the distance graph. Prim’s
algorithm is only optlmal for symmetric networks ThlS m1ght affect the performance |
of KPP in asymmetrlc networks Tlme complex1ty of KPP hlghly depends on A and it
is polynomlal only if A has a fixed 1nteger value. When the link delays and A are not
| mteger Kompella, Pasquale and Polyzos proposed to multiply out fractlonal values
to get integers. So, KPP is guaranteed to construct a constralned tree if one ex1sts

- However, the granularlty of the delay constraint becomes very small in some cases,
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and the number of bits required to represent delay constraint increases considerably.
This results in very high time complexities. Fixed .granularity may be used to avoid
very high time complexities. However KPP’s performance is compromised and it may

fail to construct a constramed multlcast tree if the granularity is comparable to the

| average link delays.

Sun and Langendorfer proposed a delay—constralned least-cost multicast routmg
heuristic, CKMB [35]. CKMB bases on the KMB heuristic [6] whlch is proposed
by Kou, Markowsky, and Berman CKMB first finds the least cost, delay—constralned
‘paths between every two mult1cast members by first finding least cost path and replaces
it w1th least delay path if it v1olates delay constraint as in' CDKS [16]. Using these
paths, the heuristic builds a distance graph consisting of the multicast members. The
cost and delay of an edge between two nodes in the distance graph is the cost and delay
of the least-cost delay—constrained path-between these two nodes in the original graph.
From the distance graph, the heurlstlc uses KMB to build the multlcast tree [35] The

- worst-case time complexrty of CKMB heuristic is O(m-n 2.

, Parsa et al. proposed the Bounded’ Shortest Multicast Algorithm (BSMA) [36].
BSMA is an iterative heurlstlc It starts by computing LD usmg Dijkstra algorlthm :
for a glven source and multicast group members If this tree v1olates delay constramt
then delay constraint must be renegotlated BSMA iteratively replaces superedges in
the tree with cheaper superedges, without v1olat1ng the delay constralnt. A superedge
is a path in the tree between two branching nodes, or two multicast group members,

or a_ branching no'de and a mnlticast group member. This iterative«procedure stops,
. when the total cost of the tree cannot be reduced any further. BSMA uses a k—shortest
path algorithm to find cheaper superedges. Number of iterations is O(n log(n)) and
time complex1ty of BSMA is O(KSTP(n ) nlog(n)) where K STP(n) is the time"
: comple}nty of k-shortest path algorithm used in the BSMA. Time complexity of the
k-shortest path algorlthmvused in the implementation of BSMA is O(k - n3), where k
' is the number of paths produced by the k-shortest path algorithm [37]. The'k—shortest
' path algorithms find paths between two nodes. Parsa et al. made fine modifications on

| the k—shortest path algorithm to find paths between subtrees resultmg from removal of
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' _snperedges. In case of large, densely connected networks, k£ may be very lerge, and it
- may be difficult to achieve.acceptable running times. However, it is possible to trade
off multicast tree cost for‘ fast execution speed by either limiting the value of k }in
the k-shortest path algorithm bor by 1imiringﬂthe number of superedge replacements.
BSMA always finds a constrained mul‘ricaSt tree, if one exists, because it starts with
'.LD,l and replaces superedges, only if it finds a s_uperedge, which is not violating the
delay constraint and resulting in a lovrer cost tree. Unlike most of the other heuristics,
BSMA also works with asymmetric links. Salama et al.” evaluated the -performance
of delay-constrained least-cost multicast routing heuristics [38]. BSMA was shown to
be the best heuristic in terms of the tree'cost among other heuristics proposed 'ror the
problem [38]. Hence, in the literature, BSMA is frequently used for the performance
evaluation of other heuristics, because for large networks it is not feasible to use optimal

~ algorithms for comparison.

2.2.2.2. Onhne Heuristics.  Hong et al. proposed a non—rearra.ngeable online multicast

outing heuristic; Lagrangian Relaxation-Based Algorlthm (LRA) [39]. LRA tries to
minimize the cost of multlcast tree, while boundmg the delay. For each join request
the heuristic first tries to add the new member node usmg the least-cost path between
the source node and the new member node. If the least-cost path violates the delay
constraint, the heuristic creates a new metric for path calculations. Value of new
metric on an edge bases'on edge’s cost, edge’s delay_and botn of least cost path and

least delay path. Then LRA iteratively changes the new metric and searches for a

- least-cost, delay-constralned path. For this purpose LRA uses a lagranglan rela.xatlon

based technique wrth dynamlc parameters comblmng cost and delay .Leave requests
| are handled as in GREEDY heuristic [7]. If the member node to be removed i is a leaf
. node it is 31mply pruned, otherw1se nothlng is done. Time complexity of the heurlstlc '
s not presented in [39] and there is no known upper bound for time complex1ty of this

“heuristic.

Baoxian et al. [40] proposed a heuristic, DCMA for non—rearrangea.ble online

_multlcast routing problem DCMA uses 1nformat10n avallable from unicast protocol,
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OSPF, to simplify‘the addition of new multicast group members to -multicast tree.
: For each join request, new member node is connected to tree via the least-cost delay-
' constrarned path between source node and the new member node. Least-cost delay—v
constrained path between source node, s, and the new member node, d, is computed
using .an 1terat1ve procedure Initially, node d is the ﬁrst node on constrained path.
Node d is set as current active node, then recursively one predecessor of active node is

added to constrained path, if the predecessor node, say w, satisfies Equation 2.1.
D(PLc(s,w)) + delay_so_far < A - (2.1)

In the Equatron 2.1, delay_so-far is the delay of the path alrea.dy constructed and A
‘is the delay constraint. Then, node w is set as current active node and the process 1s
repeated recursively until s is reached. In this way, the delay—constralned unicast path
from s to d is constructed. ThlS path i is simply merged with the tree. There can be.
loops in the resulting tree. These loops are removed in such a way that the resultlng
tree is connected, loop-free and none of delay constraints is violated. Leave requests are
handled as in most of the other non-rearrangeable online multicast routing heuristics.
If the member node to be removed is a leaf node, it is simply pruned, otherwise nothing

is done.

Zhengying et al. :[41] proposed DDCLCMR, a delay—constretined least—cost multi- -
' cdSt routing heuristic for dynamic groups. This heuristic is a non—rearrangeable onli'ne‘
multicast routing»heuristic. For each join request, neW member node is connected to
the tree using the dpro'cedure explained in [41]. In this procedure DDCLCMR creates
"8 v1rtua1 node, v,, which is connected to each tree node Wlth a virtual edge whose cost
and delay are the cost and the delay of the path in the tree from source node to that
tree node respectively. Virtual node is used to prevent cycles in the tree after addition
of the new member node. Current node is set to v,. Then, current node 1terat1vely
selects one of its nelghbors accordrng to a selection function and the selected node is
set as current node. This procedure is repeated until the new member node is selected.
Selected nodes constitute the path connecting the new member to the tree; Selection

function is critical. Tt is a nonlinear function of cost and delay. DDCLCMR always
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finds a delay-constrarned path from source to the new member node. Because selectlon
~value of a neighbor node becomes infinite if the nelghbor node of current node is not
‘on any delay-constrained path. However, a neighbor node with lower selection value is
'selected by the current node. So, a delay-constrained path is always found. However,
this patvh.is usually not the delay-constrained least-cost path.  The Worst-case time
complexity of DDCLCMR heuristic is O(n - €), where ¢ is the number of edges and n |

is the number of nodes in the graph.

_Raghavan et al. proposed a delay-constrained rearrangeable online multicast
routing heuristic, CRCDM [42]. CRCDM behaves just like ARIES heuristic as it adds
--and removes members at each request ‘Moreover, CRCDM’s rearrangement decisions
are made very s1m11ar to that of ARIES The major differences between those heuris-

tlcs are that CRCDM is a delay-constrarned heurlstrc but ARIES is not, and metrlcs
for rearrangement in the two heuristics are slightly different. For each join request,
CRCDM adds the new member to the existing multicast tree by a delay-constrained
least-cost path between the tree and the node. Any delay-constrained least-cost path
heuristic can be used for this, but preferred—link based delay—constrained »1east-cost
- routing heuristic [43] is used in the original implementatrionv. CRCDM is also a param-’
eterized heuristic like ARIES. CRCDM’s parameter,n defines the number of tree nodes
from which delay-constrained least-cost paths to the new member node are computed.

Firstly all tree nodes are sorted accordrng to .decreasing priorities Tree nodes with
~ less delay from source node have hlgher priority. Then first number of these nodes
is selected and delay—constramed paths from those nodes to new member node are
computed.  Lowest cost path among those % paths 1schosen and new member is added
" to the tree usmg this path. For the best performance in terms of tree cost, x should
be set to the number of tree nodes For each remove request, CRCDM deletes the
~ member node, odly if it is a leaf node, and CRCDM cancels its membership if it is not
a leaf node. However, CRCDM always monitors the cumulative damaée happened in
the multicast tree due to the changing membership. CRCDM marks leaving member
nodes, which are kept as relay nodes in the tree. ‘These marked nodes define regions..
These reglons encapsulate the degraded portions of the tree. Degradatlon is due to

leave requests.
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Let R be a region, 6 be the number of marked nodes in R, and ¥ be the number |
of multicast group members serv1ced by those marked nodes in §R In ARIES if © is
greater than a threshold, this means that the reglon 'R is degraded t00 much and this
region is removed. In CRCDM, deﬁmtlon of the reglon, R, is almost the same as that
of ARIES but rearrangement criterion does not depend only on the number of marked
‘nodes in the region. CRCDM makes rearrangement if the ratlo 2 decreases below a

' predeﬁned threshold p. After the removal of the degraded region R, the resulting sub-

. trees are connected using delay—constramed least-cost paths between subtrees. Source

subtree, which is a subtree contarnmg the source node, is iteratively merged with the

nearest subtree using the delay-constramed path between subtrees until only one tree

is left. Raghavan et al. compared the performance of CRCDM with LRA [39] and

ARIES [31]. They showed that CRCDM is better than LRA and ARIES.
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- 3. PROPOSED HEURISTICS FOR -
DELAY—CONSTRAINED ONLINE MULTICAST ROUTING; |
PROBLEM

- 3.1. Formulation»of Delay-Constrajhed Oriline Multicast Routing Problem

The network is modeled as & directed, connected graph G = (V, E), where V is the -
set of vertices represehting nodes in the netwdrk aﬁd E is the s'et‘.of edges representing
links in the network. An edge e e'E ‘conn'ecting‘ nodes u and v will be ‘der'loted as
(u,v) and has a reverse edge ¢ €E denoted as ('u u) Each edge has two nonnegative
metrics associated with it: a cost C(e)and a delay D(e). A path P (vo, U1, U2, ey Un),s

in the network, has also two associated characteristics: a cost C(P) and a delay D(P).

C’(P) =,i ) e

D(P) = 3 D{(w,v641)) (32
1.—'0 : . . :
Similarly, a tree T = (Vr, ET), which is a subgrai)h'of G such that VTEV’and E}TEE y

“has an-aSs_ociatedk cost defined as in Equation 3.3.

-y 0<e> SR @3
ecEp . '
The path Pr(v;,v;) denotes the path in tree T, whi_éh is betwee.n,nodes v; and vj

belonging the tree T'.

e GIVEN: A graph G = (V,E), a set of multicast members W € V, a request '
vector R = (ro,T1,T2, ey Tm)s bwhe‘re each element of R is a join or a leave request
coﬁcerning a .single'member node, an initial multicast tree Tp, a multicast source
s and a positive delay constraint A. |

e FIND: Multicast trees T3, T3, ..., Tm such that th_e member nodes of each tree T;
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are those of the tree Ty modified by the requests o, 71,72, -+ Ti and its cost is the
- minimum among all possible choices for tree T;. For any v€T; in each tree, path
delay from source s to v must be less than or equal to the delay constraint A,

This means that Equetion 3.4 must be correct.
D(Pp(s,v)) <A . (3.4)

' Th1s problem is NP- complete [13 14, 33, 32] However, heuristics can ﬁnd ap-‘
proximate solutions in polynom1a1 time. Waxman partitioned this problem into two
| categories as rearrangeable and non—rearrangeable 7, 8. Rearrangeable heurlstlcs al-

low reconfiguration, when degradatlon of the tree exceeds some limit. This degradation
is- originated from Jom/leave requests. Non-rearrangeable heuristics do not allow re-
»conﬁguratlon Rearrangements should not take too much time and dlfference between
consecutive trees should be minimum to prevent the loss of packets on the ﬂy. Those
are some basic requirements for real-time communications and should be considered ‘

carefully in a solution for the problem. '
3.2. Heuristic DMBDCLC

v -Unconstrained unicast routing protocols characterize network links by a single
- metric, usually cost. Well—known algonthms Dijkstra’s algorlthm and the BF algo-
rithm, find the shortest paths based on a single metric. However routing with explicit
quality of service (QoS) requirements characterizes network links with additional met-
rics such as bandw1dth end-to-end-delay, jitter or congestlon These additional metrlcs
make routing more complicated. The problem of finding a path subJect to two or more

additive metrics is NP-complete [13).

Although the problem is. NP complete, some polynomial time heuristics are pro-

posed to approximate the solution. A substantial portion of those heunstlcs depends

on k-shortest path algorlthms [44, 45, 46, 47, 48, 49] Performance of such heuristics -

hlghly depends on k parameter and the performance of underlying k-shortest path al-

' gorlthm They can find near optimum paths for approprlately large k values with a
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drawback of high computation time. Constrainedb versions of well—known single met-
ric routmg algonthms are also proposed W1dyono proposed the CBF algorithm [15]

Although CBF algorlthm is exact, its worst-case running time grows exponentlally
with the network size. There are also heuristics combining two or more metrics ac-
cordlngly as a single metric to find constrained paths. In [50] a Lagrange relaxatmn |
based heurlstlc (LARAC) was proposed for this purpose. LARAC linearly combines
cost and delay: Another heurlstlc using non—hnear combinations of cost and delay to
find delay-constralned least-cost paths was proposed in [51]. However, none of these

heuristics guarantees the optimal solution.

For teal-time communications, ‘such as teleconferencing, v.ideoconferencing or
real-time online multicast routing applicatiOns, connection establishment time can be
crucial. Especially for online multicast sessions where new members join and some
members leave the session, immediate estabhshment of new admrss1ble paths may be
nearly as important as constructing low cost delay-constramed paths. Dual Memory
Based Delay—Constralned Least-Cost Path Heuristic (DMBDCLC) is a heuristic pro-
posed to find best effort least-cost delay-constrained paths within a worst-case time
complexity of O(n-log(n)) for the applications, which require fast computation of new

delay-constrained paths without trading off performance for speed.
3.2.1. Formulation of Delay-Constrained Least-Cost Path Problem

The network is modeled as a directed, connected graph‘.G = (V,E), where V' is
the set of vertices representing nodes and E is the set of directed edges representing
links in the network Each link, eyis characterized by a cost, C (e), and a delay, D(e),
and n is the number of nodes. An example graph is shown in Figure 3. 1 Edges in
the figure are labelled accordlng to (cost, delay) format. leen a source node sevV,
'-a._destmatlon node d € V, and a posmve delay constraint A, the delay-constramed
least—cost path problem i is ’summanzed 1n‘Equat_1on 3.5.

min - ZC’»(e) - B | (3.5)

PEPut(s d) per
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In Equation 3.5, Ps%t is the set of paths from s to d for which the end-to-end delay is
bounded by A. With Py denoting the set of all paths from s to d, 2 path P € Peei(s, d)
belongs to P%, if Equation 3.6, is valid for P. -

Y D<A - (36)

ecP ' ; ‘ . - ‘
| This problem is NP complete and we will prgs_ent a fast approximation to the

optimal solution in _thé next section. Performance of the heuristic is evaluated and

results are presented in Chapter 4.

Wy /‘5\ @5)

destination

Figure 3.1. An example graph
3.2.2. Proposed Heuristic

DMBDCLC bases on Dijksfra and Reyerse—D_ijkstra algorithms. In Dijkstra al-
gorithm, objective is to find the shortest pat-hsi from a source node to other nodes.‘
Each node keeps the least cost path from source node to _itsélf by keeping previous
node on that path. By back tracking this previous node, this path' can be con-
structed. in other words, each node rerﬁembers the least cost path to itself. This
‘node also keeps the totai cost and the total delay of the path. In Figure 3.2, re-
sult of one run of Dijks’_ci‘a algdrithm with cost metric from a source. nQde to other
‘ nodes is shown for the graph in Figtire 3.1. In the ‘ﬁgure, nodes are labelled with
[pathcost,pathdelay], PredecessorN odel D format-in order"tb keep path information

~at each node.
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destination
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[2,3]1( 2 [5 513 ({). _[6,8],6( ) {8,1319

Figure 3.2. Cost metric Dijksf,ra from source node to other nodes

Similaﬂy-Reverse—Dijkstra algerithm can be used to find paths to a destinar,ion
from other nodes. This time each node remembers a path from 1tself to destlnatlon by
keepmg forward node 1nformat10n This node also keeps total cost and total delay of the
path In Figure 3.3, result of Reverse-Dijkstra algonthm with cost metric from nodes
to a destmatron is shown for the graph in Figure 3.1. In the figure, nodes are labelled
with [pathcost, pathdelay] ForwardN odeI D format in order to keep path mformatmn

at ‘each node. A pseudo-code of Reverse-Dijkstra algorithm can be found in Figure A.2.

32113

01215 19918
S 13) (4,

(54110
3.2

destination

0 001

; (3.2 (13 23 .
P16 - 699 EXORVIRNR EAIRER

i Figure 3.3. Cosl; metric ReverSe-Dijks’gra from other nodes to destination node

By combining information in node labels computed by Dijkstra and Reverse-

Dijkstra, that is summrng path cost and path delay values and appending values of

PredecessorNodeID and F orwardN odel D, each node remembers the shortest path -

- from source to destrnatron passing over itself. This is shown in Figure 3.4. In the figure,

~ eachnode remembers one path passing over 1tself and this path is the best path contain-
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1ng that node. ‘As a result, we have n paths and only a subset of them is unique. Nodes

are labelled according to [pathcost pathdelay] PredecessorN odel D, ForwardN odelI D
format in Figure 3.4. ’ '

[11,14}1,5 (11L,14128° - [11,1415,10 (12141813
45 .

destination
(11,141,12,-

oy Ty ey
[11.141,1.§- [11,141,39 (11,14},6,12 [11,1419.13°

Figure 3.4. Combined labels of cost metric Dijkstra and Reverse—Dijkstra

The "Dual Memory notat1on m the name of the heunstrc refers that each node in
‘the graph remembers a second path This path is found by applymg the same procedure |
" for delay metric instead of cost metric. This time each node remembers the least delay
path from the source node to the dest1nat1on node which is passing over that node.
Flgure 3.5 shows the results of Dl_]kStI‘a. algonthm for delay metric and Figure 3. 6 shows
the results of Reverse-Dijkstra algonthm for delay metric. In Flgure 3. 7, combination-
'of the_ results computed by Drjkstra and Reverse—Dukstra are shown. In Figure 3.5,
" nodes are labelled with [pathcost pathdelay], Predecessor N odeI D format and nodes
in Figure 3.6 are labelled with [pathcost pathdelay] ForwardNodel D format as well as
nodes are labelled with [pathcost, pathdelay] PredecessorN odel D ForwardNodel D
format in Figure 3.7. Table 3.1 and Table 3.2 tabulate the derived paths from nodes
for cost metric and delay metric respectively. For each node, two »paths are derrved,

one path for cost metric and one path for delay metric.

 Path select1on can be done by traversmg node labels and selecting the cheapest
delay—constramed path. Label 1nformat1on and der1ved paths from those labels are
- shown in Table 3.1 and Table 3.2. Paths in Table 3.1 and Table 3.2 are not unique,
_ Umque paths are ‘shown in Table 3. 3. Further details of DMBDCLC heurlstlc are

stated and explained in the followmg Lemmas



23

Al RS o (10817 (13,1018
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paL (5513 (6,816 {12,11],10

~ Figure 3.5. Delay metric Dijkstra from source node to other nodes

(14,1015 . (1377 541,10 32113
\2)

destination
(0,0)-

G2
(16,1014

9.81.7

Figure 3.6. Delay metric Reverse-Dijkstra from other nodes to destination node o

Lemma'3.2.1: DMBDCLC can find a delay-constrained path, if one exists,.be—

" tween a source node and a destination node

 Proof: Least delay path between source node and destination node is always
included in the derived paths. This path must be a delay-éohstraihed path, if such a
path exists. W o A

' Lemma 8.2.2: DMBDCLC -can'ﬁild'a delay-constrained péith, if one exists, be-

~tween a source tree and a destination node (if some modifications are made).

Proof: In the preprocessing phase of classical Dijkstra algofithm, (éost, delay)

pénir of the source node is set to Zero \and‘ (cost, delafy) pair of other nodes is set to
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0502515 - [15,121.27 (1512110 - (16121813

destination
{6,12311,

B3 1413137 (13,131,610 [IsAL10,13

Figure 3.7. Combined labels of delay rrretric Dijketra and .Reverse—Dijkstra

infinity. In case of a source tree, not only the source node s (cost, delay) pair but also
all of the source tree nodes’ (cost, delay) pair is set to zero. S0, at the end of delay
metric calculations, each source tree node keeps a. label contammg the least delay path
from itself to destination node. This means that, if such a path exists, DMBDCLC
can always find a delay-constrained_ path between a source tree node and a destmatron
node. A pseudo-code for the modified version of Dijkstra algorlthm can be found in

Figure A.3. I

Lemma 3.2.8: DMBDCLC can find a delay-constramed path if one exrsts be-

tween a source tree and a destination tree (if some modrﬁcatrons are made).

Proof: Algorithmic differences explained fdr-Dijkstra algorithm in the ‘proof of
Lemma 3.2.2 are also made and the same procedure is repeated for Reverse—Dijkstra _
- algorithm asing destination tree instead of source tree. In addltron to those algonth—
mic differences, some'others are made on Dijkstra- algorithm. These differences are

'explained in the following lines.

Let node u not be in the source tree, and node v be any node in the source tree,
| and there exists an edge (v u) combining v and u in the graph If (costu, delayu) pa1rv
| of node u is updated usmg the node v, (costu,delayv) pair of node v, which is (0, 0),
is not used to update (costu,delayu) dunng relaxat10n phase. However, C(Pr(s, v)) ’

- and D(Pr(s,v)) ¢ are used, instead of costy and delay,,, respectively. C(PT(s v)) and
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Table 3.1. Cost metric paths derived from labels

‘Node | Cost | Delay . Path’

1| 11| 14 | 1,25810,1213
2 | 11| 14 | 1258101213
3 | 11| 14 | 1,369,123
4 | 12| 16 |124581012,13
5 | 11| 14 | 1258101213
6 | 11| 14 | 13691213
7
8
9

13| 16 | 1,36,79,12,13
11| 14 | 1,2,5,8,10,12,13
1| 14 | 13691213

10 | 11| 14 | 1258101213
1] 12 | 14| 12581113
12 | 11| 14 | 1,2,58,10,12,13
13 | 11| 14 | 1,2,58,10,12,13

(PT(s v)) are cost and delay of the path in the tree from source node to node v. Let
cost and delay of the edge (v, u) be ¢ and ¢, respectlvely This exceptional procedure
s shownin Equation 3.7 and in Equation 3.8. If node v-were not in the source tree,

proeedure would-be as in Equation 3.9 and in Equation 3.10.

costy = C(Pr(s,v)) +s N X4
delay@:D(PT(s,v))'Jr:go P (3.8)
costy = costy +¢ S | (3.9)

delayu = delayv + <pv : o (3.10)

After thls exceptmnal procedure, at the end of delay metnc calculatlons of DMBDCLC
each destlnatmn tree node keeps 2 label contalmng the least- delay path from source
node to itself. This means that, if such a path exists, DMBDCLC can always find a

| ’delay-constralned path between a source tree and a destination tree without violating

@ Bﬂﬁazu;l Umversnesu Kﬂtuphanem @
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Table 3.2. Delay metric paths derived from labels

Node | Cost | Delay | Path

1 |15 | 12 | 1,2,5,738,10,12,13 -
2 | 15 | 12 | 1,2,578,10,12,13

5 | 18 | 13 |1,34,578,10,12,13 |
4 | 18 | 13 |1,3,4,57,38,10,12,13
5 | 15 | 12 | 1,2,578,10,12,13

6 | 14 | 13 | 1,3,6,7,810,12,13

7 15 12| 1,2,5,7,8,10,12,13 |
8 | 15 | 12 | 1,2,57810,12,13
9 | 13 | 13 | 1,3,69,10,12,13
10 | 15 | 12 | 1,2,5748,10,12,13
1] 16 1 12 | 1,257811,13

12 | 15 | 12 | 1,2578,10,12,13
13 | 16| 12 | 1,25/78,11,13

the delay constraints. Pseudo—codes for the modified versions of Reverse-Dijkstra and

Dijkstra algonthms can be found in Flgure A.4 and in Figure A.5 respectively. After

Lemma 3.2. 3 DMBDCLC can also find a constrained path between a source tree and

a destmatlon node without violating the delay constraints. B

Lemma 3.2..{: The worst-case time complexity of DMBDCLC is O(n-log(n)) if
_{;he number of edges in the graph is O(n). B '

Proof: In the heuristic, Dljkstra is run two times and Reverse—Dljkstra is also run
two times. Complemty of Dljkstra and Reverse—Dljkstra. algonthms are O(n- log(n)) if
Fibonacci heap is used i in the 1mp1ementat10n and the number of edges in the graph is
O(n) [52] So, the total complexity of runs of Dijkstra and Reverse—Dljkstra algorithms
i O(4- (n-log(n))). Traversal of node labels requires O(n). So, total comple)uty of the
" heuristic becomes O(4 - (n-log(n)) +n) = O(n log(n)) -
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Table 3.3. Unique paths sorted by cost

Node | Cost | Delay Path Metric
1 | 11| 14| 12581011213 | COST

3 | 11| 14 13,69,12,13 | COST
1 | 12| 14 1,2,5,8,11,13 COST

7 | 13| 16| 136791213 | COST
o | 13| 13 | 1,3609,0,1213 |DELAY |
6 | 14 | 13 | 1,36,7,810,1213 | DELAY
1| 15 | 12 | 1,2578101213 'DELAY
11 | 16| 12 | 125781113 | DELAY
4 | 18| 13 11,345,738,10,12,13 DELAY

Implementatlon of DMBDCLC heuristic contains all of the algorithmic differ-
ences explained i in the lemmas. Pseudo-codes of modified algorithms can be found in

appendix.

3.2.3. Fast-BSMA

" In Chapter 2, BSMA heuristic is explained shortly. It is an iterative delay- |

constramed offhne multlcast routmg heuristic proposed by Parsa et al. [36]. It uses a
k-shortest path algorlthm to find constramed paths. Parsa et al. made some differences
_ von the k-shortest path algorlthm to find paths between subtrees instead of nodes. The
k—shortest path algonthms usually have hlgh computational complexities. Therefore
BSMA heuristic has a high tlme complexity. Especially in case of large and densely

connected networks, k may be very large, and it may be difficult to ach1eve acceptable

running times;

' Fast—BSMA (FBSMA) is a version of BSMA heurlstlc in Wthh DMBDCLC is |

used instead of a k-shortest path algonthm based delay-constralned least cost path
~ heuristic. FBSMA is a good environment to evaluate the performance of DMBDCLC

both as a stand-alone unicast routing heuristic a.nd ‘an underlymg umcast routmg
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heuristic in multicast routing. Because BSMA is known td be the beet polynomial—
time: heuristic in terms of the multlcast tree cost in the hterature and its high time

- complexity is its only bottleneck [38] This bottleneck is relaxed by using DMBDCLC :
instead of a k-shortest path algorithm based heuristic without compromising tree cost .
performance significantly. Moreover, 'DMBDCLC is more .convenient for use in. BSMA
heurlstlc tha.n most of the other delay-constrained-least-cost path heunstlcs Because
BSMA connects subtrees durmg the replacement of superedges and DMBDCLC is
capable of ﬁndmg delay-constrained paths between two trees. So, FBSMA heurlstlc
is 1mp1emented and used for the evaluation of DMBDCLC heuristic. Implementations
of BSMA and FBSMA are exactly the same except DMBDCLC is ﬁse_d instead of the
k-shortest pe,th based delay—constrained .least-cost path heuristic. The same Dijkstra
routines are used jn BSMA and FBSMA heuristics. T hewerst-case time complexity of
"FBSMA heuristic is O([n log(n)]?). Because expected number of iterations in FBSMA is
O(nlog(n)) as in BSMA and worst-case time complexity of DMBDCLC is O(n log(n)).
So, the total time complemty is 0([n log(n)] [nlog(n)]) = O([n log(n)]?).

3.3. Heurbistic DeCoNROM'

Delay-Constrained Non—Rearrangeable Online Multicast Reuting Heuristic (De— ‘
‘CONROM) is a simple non—rearrangeable heuristic. DeCoNROM is very similar to
the unconstramed ‘non-rearrangeable online multicast routingA heuriétic of Waxman,
'GREEDY heuristic [7). Major difference of those two heuristics is that DeCoNROM is
a dela}?~constraii1ed heuristic and it uses DMBDCLC as underlying delay-constrained |

~ least-cost path heuristics.

DeCoNROM bheuristic handles join/leave'requests in a simple ‘fast and efficient
' manner. In case of a join request, new mu1t1cast group member node is added to the
multicast tree ‘using the delay—constramed least- cost path between the tree- and the
node. This path is computed using DMBDCLC, Wthh can calculate delay-constrained
Jeast-cost paf,hs between a tree and a node with a time complexity of O(nlog(n)).
In case of a leave request, the member node leaving'the multicast group is pruned

“only if it is a leaf node; otherwise it becomes a relay node. Pruning algorithm firstly
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deletes the member node from the tree and it continues to delete its ancestors itera- |
t1ve1y until it meets a node with more than one child or it meets a member node or
a source node So, worst- -case time complex1ty of DeCoNROM for a request is only'
O(nlog(n)). DeCoNROM is directly affected by the performance of DMBDCLC. Per-
formance of DMBDCLC and DeCoNROM are evaluated using simulations. Results of

those simulations are presented in Chapter 4. |
3.4. Heuristic CoBaCROM

Although there is a vast amount of literature on multicast routing, online mul-
" ticast routing is a relatively unexplored area of research. Online multicast routing
~ heuristics are classified as rearrangeable and non-rearrangeable heuristics. Rearrange-
able heuristics allow reconfiguration of the ”multicast tree, when degradation_of the
tree exceeds some limit. Non—rearrangeable heuristics do not allow reconﬁguration. In
the literature, very few rearrangeable heuristic is proposed for onhne multicast routing
problem In this section, the Contract Based Delay-Constrained Rearrangeable Online
Multicast Routing Heuristic (CoBaCROM) is proposed and explained. CoBaCROM is

compared with the existing heuristics in Chapter 4.
3.4.1. Existing Approaches and Their Deficiencies

In Chapter 2, some of the 1mportant heuristics from online multlcast routmg liter-
ature are shortly explalned Two 1mpress1ve heuristics from rearrangeable onhne mul-
~ ticast routing literature are unconstrained heuristic, ARIES [31] and delay—constralned

-~ heuristic, CRCDM [42]. In ARIES and its delay-constrained counterpart CRCDM |
mechanrsmsv for trrg_germg.rearrangement 81mr1ar1y base on regions. Those regions,
called m-regions, are assumed to represent degraded portions of a multicast tree. An
example of m-regions is shown in Figure 3.8. M-reglons are maximally connected re-
- gions and they are created by marked nodes (m-nodes). A node becomes an m-node in
two cases. Flrstly, if a member node is a leaf node and a leave request is made for this
member node, the member node is pruned until another member node source node

or a node with more than two childs is encountered. If pruning is stopped at a node,
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nvhich is neither a member nor source node, this node becomes an m-node. Secondly,
if the member node to be removed is an intermediate node, if is simply becomes an
~m-node and remains in the multicast tree in order to'servé existing multicast menlbers
as a relay node. Each m-node must belong to an m-region. Figure 3.10 and Figure 3.11
show hoW .nodes become m-node and how they’constitut'e m-reginns.’ Internal nodes of
* an m-region are either relay nodes or m-nodes and leaf nodes of this reginn are either
member nodes or source node. If degradation in an‘m-région exceeds some limit, it is
simply removed from the multicast tree. Removal of an m-region and fesultant sub-
‘trees are shown in Figure 3.9. Thosé subtrees are reconnected to construct a better

tree and this procedure is called rearrangement.

_.0--.-_'___._0:"'

SR M - : m-region 7 e

W Source Node . . y . ' . y S - '
© Member Node _ ) . o

O Relay Node' : : . : P a R

‘| ® M-Node ' :

Figure 3.8. An example of an m-region in ARIES and CRCDM

P

Figure 3.9. Resulting subtrees after the removal of m-region in ARIES and CRCDM

Let R be an m-region, © be the number»of m-nodes in ®, and ¥ be the number
of multicast group members serviced by those m-nodes in ®. In ARIES, R is removed

and resulﬁing' subtrees are reconnected, when © exceeds a predefined threshold. In
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M Source Node
© Member Node
O Relay Node
® M-Node

. Remove Member

Figure 3.10. Removal of a member and resulting m—region. in ARIES and CRCDM

| [31], it has been shown that this rearrangement scheme of‘ARIES outperforms another
unconstrained rearrangeable online multicast routing heuristic, EBA [7,8]. In CRCDM,
rearrangement is done when the ratio g decreases below a predefined threshold It is
claimed that this ratio represents the usefulness of the m—reglon and usefulness of the
reglon decreases as this ratlo decreases.. So, it is required to rearrange the tree by
removing that region. In,[42], it has been shown that trees computed by CRCDM
are better than the trees computed by the_delay—constrmned non—rearrangeable online

' multicast routing heuristic, LRA [39].

It seems. that both ARIES and CRCDM are very successful However deﬁmtmn
of an m-region in both CRCDM and ARIES. covers a maximally connected region
and this region covers nodes and edges, which are actually not affected by the leave
requests In heuristics ARIES and CRCDM removal of a member node results in
a new m-region or expansion of an ex1st1ng one. Construction or: expansmn of the
* m-region continues until a member node or the source node is encountered. This is
depicted in Figure 3. 10 and Figure 3.11. Resulting m—reglon.alsocovers the part of.
the tree, which is nothlng to do with the removed member nodes. This part should
- not be included in the m-region and should not be removed from the tree durmg_ \

the rearrangement phase. However, prev1ous heurlstlcs do not distinguish - this part
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------------ > _® | Removed Member

~ Figure 3.11. Removal of a member and resulting m-region in ARIES and CRCDM

Figure 3.12. Tree before rearrangement and tree after rearrangement

from the rest of rt_he m—region. Removal of this maximally connected region results in
* unnecessary and excess amount of reconﬁgurations on the multicast tree and so it may
result in better trees than that of some non—rearrangeable or rearrangeable heuristics.
Since it is explicit that maklng more reconﬁgurations will probably result in a better
tree. This means that the criteria employed in triggering the rearrangement process for
- ARIES and CRCDM are disputable. Moreover, excessive number of reconﬁgurations
tesult in excessrve differences between consecutive trees and real—tlme multicast sessions
cannot tolerate large changes in the multrcast tree after each rearrangement because
this might cause unacceptable disruptions in the packet flow. There should be other
metrics capable of determining maximally mﬁuence_d portlon of the tree and capable of
triggering rearrangement of that portion only, as the membership ofa multicast group

-changes.-
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Additionally, both ARIES and CRCDM work better on networks with symmetric
. linksj ‘However, links are usually asymmetric in real networks: In a network with
asymmetric links, both heuristics may fail because change in the direction of links in
a subtree may result in a more costly tree after rearrangement of the multicast tree.
As shown in. Flgure 3.12, direction of some links in some subtrees can change during
' the rearrangement procedure, and this may result in more expenswe trees because of
the extra cost coming from reverse links and rearrangement may not result in a better

tree. A heuristic for asymmetrrc network should take all this into account

In the next section, the proposed delay-constramed rearrangeable online multi- .
cast routing heuristic, CoBaCROM is presented. CoBaCROM defines a better metric
for the initiation of rearrangement and it can handle asymmetric links successfully.

CoBaCROM’s performance is evaluated in Chapter 4.
3.4.2. Proposed Heuristic

In the»previous section, two important rearrangeable online multicast routing
heuristics are evaluated i in terms of their deficiencies. Both heuristics fail in networks
with asymmetric hnks, and the1r rearrangement decisions depend on disputable met-
rics. CoBaCROM proposes & new dec1s1on maklng scheme in order to decide when to
rearrange the multrcast tree and which- parts will be rearranged "This scheme deals
with individual member nodes instead of regions in order to make rearrangement de-
cisions. So, each member can even set its 1nd1v1dua1 threshold for the rearrangement
decision. CoBaCROM Tearranges the tree by removrng edges and nodes which are
"mammally affected by membershlp changes. CoBaCROM also can handle asymmetric
hnks successfully. As in CRCDM, only leave request will contnbute to the rearrange—
- ment dec1sron, because previous studies on the unconstralned version of the on-line |

" multicast routrng problem in [5] and [53] have shown that when new member nodes
are added to a multxcast tree through a minimum cost path good performance can
be obtained. In the delay—constramed case, delay-constralned least-cost paths can be
~used to extend this result as in CRCDM. So, it is convenrent to assume that damage

: von the_mult1cast tree is especrally the result of leave requests
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3.4.2.1. Contract Entity of a Group Member. CoBaCROM defines an entity called
contract for each member node in the multlcast tree. The contract keeps two pnce

values Initial Price and CurrentPrice. I mtzalPrzce is the price of addmg a node to

the multlcast group as a member and it is set during a join request I mtzalPrzce can

be regarded as the contribution of a member node to the cost of multicast tree at the
" time it is added to the multicast group. Current Pnce can be deﬁned as the current
contrlbutlon of the member node to the cost of the multicast tree. I mtzalPrzce and
C’urrentPrice of a member node are equal Just’after»the addition of that member node

to the multicast tree and unlike Initial Price, CurrentPrice changes as membership

of the group changes.

The last variable that a contract contains is JointNodel D. JointNodelD is the
identity of the node from which the member node is cennected to the tree. It is first set
at the time the member is added to multicast tree and its value changes as membership
of the group changes. ‘JointNodel D of a member node helps defining other member
- nodes, which are affected in case of a leave request concerning the member. This is
. shown in Figure 3.13. During the leave request, those member nodes’ contract entities

are then updated accordihgly as explained in the following sections. =

Add Member
[}

seeeceeenD> Remove Member

F1gure 3 13 Add1t10n of a member to mu1t1cast tree, appearance of the tree before

removal of the member, and region affected by the removal
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13.4.2.2. Join Requests.

7 As a result of a join request, a member node is added. to
_ multicast tree using a delay~cohstrained least-cost path. Problem of finding delay-

constrained least-cost paths is NP-complete [13] HoweVer, there are fast and efficient -
~ heuristics to compute deiay—constrained leé,st-cost paths. Anyvof those heuristics can '
kbe used for the addition of new member node to existing multicast tree. However, the

choeen heuristic should be good enough to be used in real-time communications.

In order to connect a new member node to‘the existing tree, unicast paths‘ from
each node in the tree to the new member node can be found and most appropriate path -
can be used for the connection. However, this may be costly An alternative method is
to u_se a subset of tree nodes as in CRCDM instead of all of them, and to find paths from
‘those nodes to the new member node. However, in the implementation of CoBaCROM,
DMBDCLC is used. DMBDCLC can find delay-constrained paths between a tree and
a node within a time complex1ty of O(nlog(n)). DMBDCLC is chosen because of
its low time complexity and its successful results in numerous 51mulatlons The new
member node sets Initial Price and CurrentPrice variables of its contract to the cost
of its delay-constrained path between the tree and itself. JointNodeID variable of
the contract is set to the ID of the tree node to which the new member is connected

through this path. This is shown in Figure 3.14.

- Add Member - Contract
L il Pice = 4
Edge Cost Q'.' " Curent Price =4
‘o JointNodeID =3
—_— .. ODirectionNode
NodeID=3 hoint .
Path between

new member and tree

Figure 3.14. Addition of a new member node and contract entity of the new member

If the new member node i is already in the mu1t1ca.st tree, it is marked as member.

Then, Initial Price and C’urrentPrzce varla.bles of its contract are set to zero. Since
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~ contribution of the new member node to the cost of the tree is zero This is shown in
Flgure 3.15. '

; Contract

“ " Initial Price: = 0

Current Price =0
JointNodelD =3

Node D=3

Figure 3.15. ‘Addition of a new me_mber and contract entity of the member

3.4.2.3. Leave Requests. The member node to be removed may be a leaf node or an

intermediate node. Each case reqmres different actions to be taken during the removal
“of the member node. For both cases, Dz'rectzonN ode should be found. DzrectzonN ode
is the first node after joint node of the member node on the path from the joint node to
~ the member node in \ the tree. Joint node of a member node is referred by JointNodel D

of the member. A DirectionNode is shown in Figure 3.14.

If a member node is a leaf node, a pruning algorithm i is run. Pruning algorithm
first deletes the member node from the tree and it continues to delete its ancestors
. iteratively unt11 1t meets a node w1th more than one chrld or a member node, or 3
source node. Pseudo—code of the prumng algonthm is shown in Figure 3.17 and a
.demonstratlon of the algorlthm is shown in Flgure 3. 16 Prumng algonthm returns
ID of the node at Wthh pruning is stopped At this po1nt removal of the member
node from the multlcast group and the multicast tree is accomplished successfully if
this ID is equal to JointNodel D of the member node. ThlS means that none of other
" member nodes will be affected by the removal of this member node But there w111 be

an exceptron This exceptlon will be explamed at the end of this subsectlon

It the ID returned by the pruning'algorithm and the JointN. odelD are not equel
there should be other members, whlch will be 1nﬂuenced by the removal of the member .

node This case is shown in Flgure 3 18 Member nodes, Wthh are connected to the
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W Source Node
® Member Node
O Relay Node

Figure 3.16. An example of ‘pruning procedure

- function Prune(int nodelD, Tree &ee){

tree.Nodes[nodeID].IsMember = false;

if(tree.Nodes[ID].childs. sxze() >0) return m;

int ID=nodelD; '

while(tree. Nodes[ID] childs.size() <2 && !tree.Nodes{ID].IsMember && !tree. Nodes[ID] IsSource){
int parentID = tree.Nodes[[D].parentID;
tree.deleteNode(ID),
1D = parentID;

}

return ID;

Figure 3.17. Pseudo—code for pruning algorithm |

, multlcast tree usmg the nodes on the path between the removed member node and its
joint node are affected by the remove request. The contract entltles of those members _’
should be updated to reﬂect their more realistic contribution to the cost of the current .
» " multicast tree. Figure 3.19 explicitly shows an example of the dramatic change in the -
contribution of a member_node to the cost of the multicast tree in case of aleave

request.

_ SharePrzces algorithm is used to update contract entltles of members which
are mﬂuenced by the leave request. This algorlthm starts from the joint node of the
removed member and goes toward the’dlrectlon of the DirectionNode untll it visits
all member nodes in the affected region. This algorlthm makes member nodes in the

aﬁected region share the cost of edges, by Wthh they connect to the JOlIlt node or
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Add Member . - :
-} i : Remove Member

Figure 3.18. Addition of a member node, removal of the same node and member

‘nodes‘ affected by this remove request

W Source Node

Contribution of
© Member Node Contribution of X to tree cost
Xe Add X to tree cost

O Relay Node

Member 3\
\; Remove

Member

Figure 3.19. Dramatic change in the contribution of a member node to cost of _the tree ,

- another member node in the. affected reglon So, members in the affected region sha.re
the contnbutlon of the region to the cost of the multlcast tree Flgure 3. 20 shows the
pseudo-code for SharePrices algonthm. »

In the pseudo-code, parentE'dge object represents the edge by WhiCh. a node is
ccnnected to its parent node, so to the tree. Flgure 3.21 shows the removal of a member
node and result of SharePrzces algonthm The member nodes in the reglon uses
| SharePrices algonthm to share cost of edges in the affected regmn as in Figure 3. 21
The members using those edges share the cost of them. Any cost shanng strategy
can be used. However, SharePrices algonthm is used as the cost sharing strategy‘

~ in CoBaCROM. Algorithm starts from the joint node of a _removed member and goes
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function SharePrices(int J ointNodelD,int DirectionNodeID) {
SharePrice(JointNodeID, DirectionNodeID , false);

function SharePrice(int nodeID,int directionID, bool addStartPrice) {
for(int i=0;i<tree.Nodes[nodeID].childs.size(y;i++){ -
if(directionID!=-1 && directionID !=1i) continue;
int childID = tree. Nodes[directionID] childs[i];
double initialprice = 0 : :
if(addStartPrice) initialprice = tree. Nodes[nodelD] Contract CurrentPnce / tree.Nodes[nodeID].child s.size();
tree.Nodes[childID].Contract.CurrentPrice = initialprice + tree. Nodes[chxldID] parentEdge.cost;
if(tree.Nodes[nodeID).childs.size() > 1iltree.Nodes[nodeID] IsMember Il tree.Nodes[nodelD]. IsSource){
tree. Nodes[chxldID] Contract.J oth odelD = nodeID
Jelse{
tree.Nodes[childID]. Comract JothodeID : tree.Nodes[nodeID]. Contract JothodeID )
)
if(1tree.Nodes[childID}.IsMember) {
SharePrice(childID, -1, true); -
tree.Nodes[childID].Contract.clear(); .
Jelse{"
SharePrice(childID,-1, false);

Figure 3.20. Pseudo-code for SharePrices algorithm

toward the direction of its DirectionNode. Algorlthm uses a varlable to keep the sum

of edge costs on the direction. At joint node, this sum is set to zero. As it v1s1ts other

edges in the direction of DirectionN ode, it adds the cost of the edges to the sum: In a

» node with more than one child, this sum is divided to the number of chrld nodes and‘
old sum varlable is not used any more. The result of this drvrsron is assrgned to new

varlables each is a variable to keep the sum of edge costs at the direction of each chﬂd '

node If the algorlthm meets a member node, value of the correspondmg sum varlable is

set as the value of CurrentPrzce of thlS member node and J ointNodel D of the member

is set to the 1dent1ty of the member s nearest ancestor node which is a member node
or a source node or a node w1th more than two ch11ds Then the value of this sum

variable is set to zero and the algorlthm goes similarly toward the same direction until

| it reaches a leaf node So, the cost of edges in an aﬁected region is shared by the
| member nodes in that reglon After the SharePrzces algonthm C’urrenthce values
of the member nodes in the affected regron reﬁect therr more reallstlc contrlbutlons
to the cost of the multlcast tree. JointNodel D values of those- member nodes are

also updated accordmgly by SharePrzces procedure Other approaches to share prlces
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are also plausible, but this approach is used in the 1mp1ementat10n of CoBaCROM
Essence of the SharePrices procedure is to compute more realistic quantities for the

contrrbutron of member nodes to the cost of the multicast tree after a leave request.

Adde : ' o

d Member . Remove Member M Source Node
2 ) " © Member Node
Direction Node ) (?P l-{g:xy::?dl’ilce

CP =[((412)+1)/2]+1=2,5
JointNodelD . = G

CP =[S
JointNodelD =G

 CP=({(4222=4
- JointNodeID =T

]

CP =({(42)+212)+1=3
JointNodelD =T

Figure 3.21. Removal of a. member node and result of S harePrices algorithm

It was prevrously noted that there is an exception in Wthh there will be members‘
affected by a leave request, even if the removed member node is pruned until its joint
node. That is the case that the removed member was sharing cost of some edges with
other member nodes. If thls member is completely removed from the tree by pruning
- it until its joint ‘node is reached, the shared cost ‘must be re-shared among the. other
" member nodes. The portion of the cost shared by the removed member node becomes
an excess cost Thrs excess COSt is drstnbuted among those members sharing edge costs

w1th the member node. This exceptronal case is shown in Figure 3. 22.

Ifa leave request concerns a member node, Wthh is an 1ntermed1ate node 1nstead
h of a leaf node, the prumng algorlthm does not -prune any node. ThlS member node
becomes a relay node. If CurrentPrice of the member node is non-zero, CurrentPrice
values of member nodes in the region affected by this leave request is updated using the

joint node and DirectionNode of the leaving member node. This update is done usmg
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[ CP=[((42)+1)2}+1=2,5
JointNodelD =G

) Remove ] o Remove node  J and
T CP=[((4l2)+1)2)+1=2,5  Re-Share Excess Price with G
JointNodeID =G -

F :
-CP =([(4IZ)+2]I2_)+2=4 :

CP=((42HA241=3  JoinNodelD = T

JointNodeID =T -

CP=(4/2)+1+1=4
JointNodelD =Z .

CP=([(412)+2)/2)+2=4
F  JointNodelD =T
CP =({(4/2)+2)/2)+1=3

JointNodeID =T

Figure 3.22. Removal of a leaf member node which shares some cost with other

members

Sharerces algorlthm just like explained in the previous subsection. SharePrzces

algorithm changes CurrentPrice, not I mtzalPrzce This is shown in Figure 3.23.

If CurrentPrice of the leavrng member is zero, nothing is done except the node
~ becomes a relay node. This means that thls member node was on the tree ‘before
becommg a member and its contribution to the cost’ of the tree is zero. So, it is safe

to do nothing except maklng it a relay node This case is shown in Flgure 3.24.

3 4.2.4. Rearrangement The contract entlty of each member helps the member node

make decrsrons on rearrangement Durlng the add1t1on phase of a member the new

member selects the least-cost path to the tree among the other alternatlve paths so
that the cost of the tree w1ll increase , minimum with the addition of this new member
However, this selection may be much more costly in the future because of a leave

request. In Figure 3. 19 such a dramatlc change in the contrrbutlon to the cost of the
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Added Member : s 'lNod

. W Source e
© Member Node
O Relay Node

CP: Current Price

CP=(43)+2+1=433
JointNodelD =27

1 CP {4y 1)2141=2,5
JointNodeID =G

CP=[((42)+1)2}+1=2,5
} JointNodelD =G

- CP(ABM2ANN2=36

P ointNodeID . = T

" CP=((BN2AMH=26
JointNodeID =T

Figure '3.2_3._ Removal of a non-leaf member node and result of S ha'reP'ricve'sv algorithm

tree is shown. In the figure, a new member selects to connect to the tree through a

path, but the path becomes more costly after a leave request.

In order to make healthy decrs1ons on rearrangement a member should remember
under which condltlons it has selected the path by Whlch it is currently connected to
the rest of the tree. Current price of thls connection over that path is also 1mportant
in rearrangement decision. If the conditions makmg a memeber node select its current
path become 1nval1d because of the changmg membershlp, the member node should
revise 1ts current connection. The contract entlty keeps thls data and rearrangement
decisions are done using I mtzalPrzce and Cur'rentPrzce vanables Percentage increase
1n the pr1ce of keepmg a member node in the tree usmg the path by Wthh it is initially
: added to the mult1cast tree plays an 1mportant role in making rearrangement decision.
Calculation of this percentage increase is ‘calculated as shown in Equat1on 3. 11 Cal—
-culation of the percentage increase resembles the calculatlon of inflation so it is called

as in flation. |
CurrentPrice — Initial Price

Inflation = TnitialPrice x 100 o (3.11)
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_ : * IP: Inital Price:
B ' B CP :Current Price

Add Member CP =0

—_— Remove Member

Figure 3.24. Removal of a member whose CurrentPrice and I nitial Price are zero N

A threshold, which is called InflationTolerance (7), is used to decide when to
| rearrange a member node’s connection to the tree. The 7 is the maximaliy tolerable
'rnﬂetion for a member to stay in its current on-tree location using its current path in
the tree. Each member can define its 7 or a global 7 can be used for the whole‘session as
in our 31mulat1ons Ifinf latzon calculated for a member node exceeds T, this member -
node is rearranged and some of the other member nodes may also be affected from this

. rearrangement.

- After a decision is made on the rearrangement of a member node, a region called
- r-region is defined. An r-region is defined as a region contamlng the path from the joint
node of the member node to that member node i in the tree. This region also contains

: paths to subtrees branching from the nodes in this path, except the member node

~ and the joint node. Leaf nodes of each branching subtree are member nodes. Those_

subtrees are at the leaves of the r-region. Edges and relay nodes in the r-region are
vthen removed and resultant subtrees are connected to the source subtree using delay-»
constramed least-cost paths. Flgure 3 95 shows how a member node in rearrangement :
 defines its- r-region and resultant subtrees after removal of edges and relay nodes of

that r—reglon.

7 Any heurlstlc can be used to find delay—constrainedpath's However, DMBDCLC'
is used in CoBaCROM DMBDCLC can find delay—constralned paths between a source .
subtree and another subtree with a time complexity of O(nlog(n)). DMBDCLC is

chosen for its low time complexity and its successful results in numerous. 31mulatlons
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Remove r-region

eceseamcsecen

- Find r-region

Joint of ) joint of

X

Figure 3.25. How a member node in rearrangement defines an r-region and resultant

subtrees

There is an exception for rearrangement if a member node’s I mtzalPrzce is zero.
If its CurrentPrice is also zero, there is no need to compute inf lation for rearrange- |
ment decision and rearrangement is not initiated. If its CurrentPrice is greater than
zero, rearrangement is 1n1t1ated Wlthout computing in flatzon For this case r—reglon
also contains paths to the subtrees branchrng from the member node ‘deciding rear-

rangement. This is shown in Figure 3.26.

There can be different approaches on how to connect subtrees to the 'eource sub-
tree. Let M amOrossDelay be the maximum of end—to—end delay between any two nodes
in a subtree. A subtree with greater M azCrossDelay is connected to source subtree
first. The way that subtrees are connected to the source subtree and rearrangement is

accornplished is explained in the following paragraph.

Let a subtree T1 be connected to source subtree Ts usrng a path P. First node
in P is node X, which is a node in Ts and last node of PisnodeY, which is a node‘
in Ty.  Other nodes in P are neither in Ts nor in Ti. After connectmg Ts and T3 -
using P, source subtree becomes TSUPUT1 Let node Z be the root node of T1 If
-node Y is drfferent from’ node Z, then Sharerces algorithm is run startmg from
node X through direction of the path P. In case that node Y is different from node
Z, some links are reversed during the mergrng of the two subtrees and it may be -

much more costly for some members in Ty to connect the tree via their current paths.
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IP: Initial Price
CP:Current Price

. Joint of -
X

" Figure 3.26. How a member node in rearrangement defines an r-region and resultant

_subtrees in case its Initial Price is zero and its CurrentPrice greater than zero

So, S harePrzces algorithm also helps CoBaCROM work in networks with asymmetnc |
links by making CoBaCROM take reversed links into consideration. After connectmg
Ts and T} using P, Initial Price of node Y is set to its CurrentPrzce In Figure 3.27, a
scenario is shown to 111ustrate how [ mtzalPrzce and CurrentPrice values change and
how rearrangement is 1n1t1ated and accomplished. Nodes in Figure 3.27 are labelled
according to Initial Price : CurrentPrice format and numbers above the edges i in the |
_ ﬁgure show costs of the edges Rearrangement procedure is triggered, when inflation of

' a member is more than 7, which is less than 200 per cent in the scenario of Flgure 3. 27 ‘

Lemma 8.4.1: Worst-case complexity of Tearrangement operation is O(n?log(n))

| (if DMBDCLC is used as delay-conStrained least-cost path heuristic).

Proof: In the rearrangement operation after ‘removing anv T-region, resulting
subtrees are connected to the source subtree. Rearrangement operation is dominated
by Connecting these subtrees to source subtree to construct better multlcast trees. In

the worst-case scenario, there will be n—-2 one—node subtrees and a source subtree
| consisting only of the source node. If DMBDCLC is used to connect a subtree to
the source subtree, the worst-case tlme complex1ty of connectlng a subtree to source
subtree is O(n log(n)) So, for n — 2 subtrees, the total worst- case time complexity

becomes O((n —2)n log(n)) = (n?log(n)). t I
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‘B Source Node
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Figure 3.27. HoW Initial Price and CurrentPrice. values change and how

rearrangement is initiated and accomplished

Lemma 3 4.2: Worst-case complexity of CoBaCROM for a request is O(n? log(n))
_ (1f DMBDCLC is used as the delay-constramed least-cost path heuristic)..

Proof: A request_can either be a join request orv a leave request. If it is a join
: request ‘complexity of adding a new member to the multicast tree is O(n log(n)) In the
_ worst-case scenario of a leave request, rearrangement is triggered and the 1eave request
- procedure is dominated by the rearrangement operatlon If DMBDCLC i is used WOI‘St-‘ '
case time complexity of rearrangement operatron is O(n2 log(n)) by lemma 3.4.1. So,

the total worst-case time complexity of CoBaCROM for a request is O(n?log(n)). W
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4. PERFORMANCE ANALYSIS OF THE PROPOSED
'~ HEURISTICS o |

In this_' chapter, we present the results of our 'simulations, whichA are conducted
to analyze the performance of the proposed heuristics; DMBDCL'C‘ DeCONROM and
CoBaCROM In order to compare our heuristics with dlfferent heuritics from multi-
cast routlng hterature a network simulator is 1mplemented in C++ using well-known
random network and random request generatron models. Our simulator is run under

~ Windows XP Professional OS using a PC with Intel Pentiom 4 1.2 GHz CPU and 256
'MB RAM. | '

'4.1. Performance Metrics

In order to analyze the performance of our heuristics, we used -the metrics de-

scribed below. Other heuristics in the literature uses similar metrics to evaluate their
performance. However, some add1t10na1 metrics are also used to measure the perfor-

mance of our heurlstncs Those additional metrics are the number of rearrangements,

the gain per rearrangement, the tree change per rearrangement- ’and the number of

subtrees per rearrangement.

i. Cost Competitiveness (CC): This metric evaluates how well a given heuristic

performs in terms of the cost of the multicas’b tree it produced with respect to the
optlmal algorithm. However ‘the problem of ﬁndmg optimal delay-constramed E

1east-cost trees is NP-complete. So it is not practlcal to use the optrmal a.lgorlthm

for large networks for the companson of the trees produced by dlfferent heunst1cs

' For the basis of comparison, BSMA [36] is used in our simulations. BSMA is an |

iterative heuristic proposed to find delay—constramed least—cost multlcast trees in

polynomlal time. BSMA is the best polynomral tlme heuristic, in terms of tree

cost, among other heuristics proposed for the problem [38] That is why we choose

to use BSMA for-the comparison. For an online multicast session with join/leave



ii.

iii.

48

- request set R, CC is calculated with the formula in Equation 4.1. T; is the tree
computed by a heuristic after z request and TESMA4 is the tree computed by
“the heuristic BSMA after it request C(T) represents the cost of a tree, T. A

- heurlstlc with a low CC value 1ndrcates that it is.able to construct multlcast trees

whose cost is not much larger than the cost of a multicast tree constructed by

: the optimal algorithm. Since CC is computed with respect to BSMA and BSMA-

produces good multicast trees in terms of cost- [36, 38].

Y | e x100| -
1= (T;
cC = [ A ) ] | (4.1)

CPU Time: This metric measures the average CPU time requlred for a heuristic
to construct a multlcast tree after a Jom/ leave request in an onhne multlcastlng
session and it is measured in seconds CPU tlme is computed usmg the formula
in Equation 4.2. Time(T;) represents the CPU time requlred to compute a tree

by a heuristic after i* request of R. -

S pimem
CPUTime = il [T;;Te(ﬂ)] o (4.2)

Change per Request (CPRQ): Each request Tresult in a difference in the tree.

This difference can be measured as the difference in edges between two consecutive
multicast trees. Each new edge in the tree means a new connection. If a request
results in too much difference between consecutive trees, it may be hard to handle
the real-time cOmmunicetions properly. CPRQ is computed using the formulla in
Equation 4.3. (T UT_l) represents the union of edges in two consecutive trees,

the tree after ¢ — 1t request and the tree after it request (T;NT;—1) represents

~common edges in the two consecutlve trees. |Tj| represents the number of edges

Cin T

CIv.

IR [(T.-u:r.-_u-'(:rm_l) % 100]

i=1 |Ti-|

. OPRQ= - —  ®3

|R]

Number . of Rearrangements (NR); Rearrangement procedure is triggered
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depending on the cumulative damage of leave requests on the tree. Although

, th,eY result in better trees in terms of cost, rearrangements are costly in terms
of CPU time and they may cause great differences between consec_utive trees.
- So, NR in a session for an online multicast routing heuristic is a good metric to

‘measure its performance.

. Gain per Rearrangement (GPR): As mentioned before, ,rearrangements may

be costly, so it should be worth making rearrangements. Gain of a rearrangement

is a good metric to measure how successful a heuristic on making rearrangement

decisions. In a non-rearrangeable online multicast routing heuristic, leave requests

are accomplished by the pruning algorithm, which prunes a member node if it is

a leaf node and does nothing if it is a non-leaf node. In rearrangeable heuristics,

after running the pruning algorithm for a leave reduest, rearrangement decision
is made and rearrangement is performed. GPR is computed using the formula
in Equation 4.4. Let ith request be a leave request for which a rearrangement
is made and le_t T; represent the tree after it request Then, T”"‘"ed represents

the tree after running pruning algorithm on T;_; according to the i** request.

How successful the rearrangements are in a session is measured by this metric.

“ Shortly, GPR is the average percentage achievement of a rearrangement in terms

- of multicast tree cost for a session. -

vi.

vii.

" . Y _ runed . .
T ‘[————1——0“1') G ) 100]

’ C(TFZ™™)
GPR- . NE

(49)

Change per Rearrangement (CPR) This metrlc is srmllar to GPR but it

‘measures the percentage d1ﬁ'erence between pruned tree and rearranged tree in

terms of edges.

| [(Tiur.-":*;"“)—m TPraned

Zl—l le:;medl X 100]

C’PR = NE

Nurnber'of Subtrees per Rearrangement (NSPR.): This metric measures

the aVerage number of subtrees per rearrangement produced by a heuristic’s re-

(4.5)
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arrangement procedure during a session. Average number of subtrees to be con- .
nected during a rearrangement procedure may be an 1mportant metrrc to evaluate :

the performance of the heuristic in terms of time complexity and change between

consecutive trees.

42 Simulation quel

Simulation model used for the evaluation of the heuristics is adopted from the
literature. This model was first proposed by Waxman [7] and is frequently used after
x Waxman for the evaluation of online multicast routing heuristics [5, 31, 36, 38, 42 53]

- In the next subsections, model is described in detail.
4.2.1. Random Graph Model

Random graph generatron model is adopted from the Waxman’s model in lit-
erature [7). In the model, nodes are placed randomly in a rectangular coord1nate
gr1d by generating uniformly distributed values for thelr z and y coordinates. In our
‘s1mulat10ns rectangular grid is chosen as 20000km>< 90000km and Takuji Nishimura’s
pseudo random number generator [54] is used to generate uniformly distributed pseudo— '
- random numbers. By generatrng a random spanning tree connecting all nodes in the
graph, connectivity of the random graph is ensured. That is done iteratively chooslng
- two random nodes one in the spanning tree and other not in the spanmng tree, and
 then an edge is generated to connect the two nodes. Other edges in the graph are
generated by examining each pair of nodes, [u, v] in the graph as a candidate for the
generat1on of a new edge. A random number, rand, is generated for the node pair
[ v] so that 0<rand<l. The edges, (u v) and (v, u) are included in the graph if

rand is less than Pr(u v), which is defined as in Equatlon 4.6 by Waxman. '

d(u,v)

Pr(u v) = ,Bxe'ia'b— ' . (46)

In Equation 4.6, d(u v) is the Euchdlan drstance between two nodes u and v, o and ,B .

' are tunable parameters, and L is the maximum possible dlstance between two nodes'
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in th o nn . . ] - ' » .
e graph. An 1ncrease in' o results in an increase in the number of connections

between far nodes and an 1ncrease in 8 results in an increase in the degree of each'

node

This method of random graph construction produces graphs,v which model some
- aspects Of.,real networks. For values of 0.25 and 0.2 for o and B, generated graphs
roughly resemble the graphs of the major nodes in .the Internet [5]. So, those values
are used in our 31mulatrons for o and (. However, there is one problem related to this
model. As the number of nodes increases, the number of edges from each node, so
the degree of each node tends to increase. A mod1ﬁcat1on to the model is proposed in
. [5] to solve this problem and this new version of the model is used in our simulations.

Modified definition of Pr(u,v) is shown in Equation 4.7.
. ‘ K E ~d(u, 11! l - : . . »
Pr(u,v) = - XBxe =L (4.7)

In Equation 4.7, € is the mean degree of a node and n is the number of nodes in the
graph. In order to ensure that mean degree of each node remains constant another
scale related to the mean distance between two random nodes is introduced. - This
 factor is K and its value is 25 for o = 0.25 and § = 0.2 [5] In our simulations, Z is
, -’ taken as four. Additionally, minimum and maximum degrees of a node is bounded as ‘

two and eight respectively to resemble real networks.'

. For the edges 155 Mbps dual links are used. Propagatlon delay of a link is
computed using the length of the lmk in 20000kmx20000km rectangular grrd Cost of
a lmk is a real number and randomly chosen between one and ten in our simulations.
So, cost of a link (u,v) may be 10 times greater than the cost of reverse link (v, ) if
 links are chosen to be asymmetrrc If hnks are chosen to be symmetric, costs. of (u v)

and (v, u) are the same. Our simulations are run for asymmetrrc links.
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‘4.2.2. Random Request Model.

| In order to generate join/ leaVe requests for a session in thesimulations, another
model from the literature is used. This model was also proposed by Waxman [7]band |
- it is employed i‘ri the online multicasting literature frequently (5, 31, 36, 38, 42, 53]. In
the modelrpmbebility of a joiri-reqUest is given by Eque,tion 4.8. In the equation, n
| is the network size and m is the number of multica‘,st group members as well asy is-a
| constant in the range (0,1). The value of y determines the equilibrium point at which

the probability of a join or leave request is equally likely.

Pr(join) = yx{n=—m) T (48)

(o) %(n—m)+ (1 —y)xm | (8)
In Equation 4.8, when v = 2, the probability becomes 0.5. For our simulations, v = 2

and the probability of a join or leave request is equally likely. For each simulation, 100 |

random join/leave requests are genere.ted.

Let A;_j be the delay bound after i — 1th request and ith request be a join request

: for node X. If node X does not have a least-delay path bounded by A;_i, delay bound
' is re-negotlated for the new member. Delay bound becomes A; = scalexLD(X ), where
scale is a scaling factor and LD(X ) is delay of the least-delay path between source."

| node and node X in the graph. LD(X) is computed using the Dijkstra algonthm;wrth
~delay as the metric. i'During the simulation design phase of this work, different scale
fectors in the range of (1. 25-5.25) are used for scale factor selection. Simulations for
different scale factors give similar results in terms of comparrson of our heuristics with
others. However for low scale factors it may not be posmble to add the new member
| to the multicast tree for any of the heuristics beca.use of the fact that the current
.structure of the multicast tree may not let the existence of the least~delay path in the
tree. Similarly, for high values of scaling factor, delay bounds become so loose tha.t the
.prloblem turns into unconstrained. So, for our simulations, the scaling factor is set as

two.
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-4.3. Heuristics for Comparison - .

" For the companson of the proposed heurlstlcs, several heuristics from the litera-

ture are used. Those heurrstlcs are; LG, LD CDKS BSMA, DDCLCMR and CRCDM.
For the performance evaluation of DMBDCLC, BSMA heurlstrc is used. Multicast trees
- produced by BSMA are compared with that of FBSMA, which uses DMBDCLC as the

‘underlying delay-constrained unicast routing heuristic. Implementations of BSMA and

FBSMA are exactly the same except DMBDCLC is used instead of a k-shortest path

based delay—constrained least-cost path heuristic. BSMA is chosen, because of the fact -

that BSMA was shown to be the best heuristic in terms of tree cost among other

heuristics proposed for delay-constrained offline multicast routing problem [38].

~ A non-rearrangeable online multicast routing heuristic, DDCLCMR. [41], is used

for the performance evaluation of DeCoNROM and a rearrarngeable online multioast
routing heuristic, CRCDM [42], is used for the performance evaluation of CoBa.CROM

CRCDM’s parameters are set accordingly so that performance of CRCDM in terms of
" the tree cost will be the best. CRCDM’S % parameter for join requests is set to the
tree size. CRCDM'’s minimum region utilization threshold p for rearrangement decision

makmg is set to infinity so that CRCDM will try to rearrange the tree after almost

each leave request: So, these parameters result in the best possible performance of

‘CRCDM, as explamed in [42]. Performance of CoBaCROM with different parameters
s compared with the CRCDM, Wthh is parameterlzed for the best performance. Orig-
1nal 1mp1ementat10n of CRCDM uses preferred—hnk based delay—constramed least-cost
routing heuristic [43]. However, CRCDM is 1mp1emented using DMBDCLC, because
CoBaCROM is 1mplemented using DMBDCLC. CRCDM and CoBaCROM will not be
comparable, if they do not use the same underlying umcast routmg heuristic. Moreover
it is shown that the worst-case time complemty of - the heurrstlc used in the original
implementation of CRCDM goes exponentlal [55]. So, CRCDM would not be suitable

“for real-time commumcatlon if it was 1mp1emented as in [42)].

-Two shortest path -based unconstrained heunstrcs are also used for the compar-

o ison. Those heuristics are LC and LD, whrch are the same as NAIVE approach of N
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Doar and Leslie with cost metric and delay metric respectively [5]. LC calculates m.ul-‘
ticast‘trees by combining least cost paths from source node to each of multicast group
" members. Similarly, LD calculates multicast trees by combining least delay'paths from -
source node to each of multicast group members. Both LC and LD use Dijkstra’s
shortest path algorithm. CDKS heuristic is one of the constrained shortest path based
multlcast routing heuristics in the hterature It is a combmatmn of LC and LD. In
CDKS, paths of LD replace paths of LC, which are v1olat1ng the delay constramt

CDKS is also used in our simulations for comparisons.
4.4. Simulation Results |

In order to compare performance of our heuristics in sparse and dense multicast
sess1ons four groups of multicast sessions are used. Those’ groups are classified accord—v
ing to initial member size of : sessions with respect to network size. Member size does
not change much durmg a session because join and leave requests are equally hkely In-
those four groups initial member sizes are 10 20, 40 and 60 per cent of the network

-size.
4.4.1. Simulation Results for DMBDCLC

Performance of DMBDCLC as an underlymg unicast routlng heur1st1c in delay—
~ constrained multicast routmg is evaluated using s1mulatrons on randomly generated'
networks An online multlcast session is simulated for each network A mult1cast’
sessron has 100 Jorn/leave requests After each request a new delay—constramed mul-
ticast tree is computed for the new set of multicast members using BSMA and FB—
.ASMA BSMA uses an embedded k-shortest path based . delay—constralned least~cost
path heuristic as underlymg delay—constramed unicast routmg heuristic. Multicast
trees produced by BSMA are compared w1th that of FBSMA, which uses DMBDCLC 2
as underlying delay-constrained unicast routing heurrst1c Complexrty of k—shortest
path based heuristic is O(kn®) and that of DMBDCLC is O(n log(n)’) BSMA heurrs—
tic is run for different k values of its k-shortest path algorithm for better comparlson

Those k values are 100 and 1000. Total 800 different networks are s1mulated 400 for
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 50-node networks and 400 for 100-node networks. Simulation results are presented and

evaluated ‘in this section. In our simulations, it is shown that DMBDCLC is a fast and |

efficient heuristic by figuring out that FBSMA can compute the same quality multicast
trees much faster than BSMA without trading off tree cost for speed. |

4.4.1.1. Cost Competitiveness. Average CC of BSMA and FBSMA heuristics for 50-
node networks are shown in Figure 4.1 and Flgure 4.2 for different k values In the
figures, CC for 400 50-node networks is deprcted Average CC of FBSMA looks shghtly
better in Figure 4.1 than'average CC of FBSMA in Figure 4.2. Because in Figure 4.2,

k parameter of BSMA is 1000, whereas it is 100 in Figure 4.1. As k increases, result of |

BSMA is expected to approach the optrmum So, cost of the trees computed by BSMA
heuristic will be less, if k increases. That is why the average CC of FBSMA looks
slightly better in Figure 4.1 than the average CC of FBSMA in Figure 4.2. However,
- the difference between the average CC values of FBSMA is negligible. For k is 100,
average CC changes between 99.996 and 100.014 and for k is 1000, average CC changes

 between 100.015 and 100.037. This means that 100 is a good value for k£ parameter of .

k-shortest path algorithm used in BSMA‘heuristic because BSMA with this k value
- produces results 31m11ar to the case that k is 1000. Th1s k value may be enough to find

most of the constralned paths in 50-node networks. As a result of our s1mulat10ns on

400 drfferent 50-node networks, it is exphcrtly shown in the ﬁgures that FBSMA can
vsuccessfully produce multicast trees for sparse and dense multicast groups. In terms of

tree cost, those multicast trees produced by FBSMA are as good as the multrcast trees

produced by BSMA heuristic with different & values, 100 and 1000. FBSMA is used to

~ evaluate the performance of DMBDCLC heuristic. Simulations show that performance
of DMBDCLC in terms of tree cost is as good as the performance of k—shortest path
algorlthm based delay-constrained least-cost path heuristic used in BSMA for 50-node

networks. Difference between performances of the two heuristics in terms of CC are

negligible.

Slmﬂar simulations are run. for 100—node networks to measure the performance of -

" FBSMA, so the performance of DMBDCLC in 100-node networks Result of simula-
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) tions on 100-node networks is very. similar to that of simulations on 50-node networks.
Average cost competitiveness of BSMA and FBSMA heuristics for 100-node networks
are shown in Figure 4.3 and Flgure 4.4 for different & values 100 and 1000 respectlvely
In those ﬁgures, average cost competltlveness for 400 100-node networks is deplcted

| As shown in Figure 4.3 and Figure 4.4, the dlfference between average cost competi-

tiveness of FBSMA for different k values is also neghglble for 100—node networks For

ks 100 average cost competltlveness of FBSMA- changes between 99.97 and 100. 04

and for k is 1000, average cost competitiveness changes between 99.99 and 100.054. ' As

' a result of simulations on 400 different 100-node networks, it is.shown in the figures

vthat FBSMA can successfully produce multicast trees for sparse and dense multicast
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groups. Those multicast trees produced by FBSMA are as good as multicast trees |
produced by BSMA heurlstlc In this set of s1mu1at10ns FBSMA is used to evalu-
ate the performance of DMBDCLC heuristic in 100-node networks Slmulatlons show
that DMBDCLC’s performance in terms of tree cost is as good as the performance

of k~shertest path algorithm based delay-constrained least-cost path heuristic used in
- BSMA for 100-node networks.'
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4.4.1. 2 CPU Time. In terms of average CC 1t is prev1ously shown that FBSMA is

as good as BSMA heunstrc for different & values ‘Moreover, FBSMA is much faster
than BSMA as its name implies. The worst- case time complexity of FBSMA is only
O([nlog(n)]?), whereas worst-case time complemty of BSMA is O(K STP(n) Xn log(n))
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Wbere KS TP (n) is the tflmev complexity of k-shortest path algorithm used in the BSMA,
~ that is O(kn?) [37]. ' |
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Figure 4.6. Average CPU time vs. member size for 50-node networks (k=1000)

Average CPU time of BSMA and FBSMA heuristics for 50-node networks and
100-node networks is shown in ﬁgures from Figure 4.5 through Figure 4.8 for different
k ivelues 1n the figures, it is shown that CPU time of BSMA increases dramatically
~ with increasing number of nodes in the network or multicast members in the multicast

group. However CPU time of FBSMA is minor with respect to that of BSMA and

- does not increase much with mcrea,smg number of nodes or multicast group members.-

This means that FBSMA can compute multicast trees as good as that of BSMA much _

| faster ngh time complexity of BSMA is its bottleneok Th1s bottleneck is relaxed
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‘. wrthout trading off the tree cost for speed by using DMBDCLC in FBSMA 1nstead Of
the k-shortest path algorrthm N BN
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| Figure 4.8. Average CPU time vs. member size for »100—node‘networks (k=1000)
4.4.2. Simulation Results for ]jeCoNROM and CoBvaC,RQM

We compared our heurlstlcs CoBaCROM and DeCoNROM with the heurlstrcs
from the lrterature These heurlstlcs are CRCDM, DDCLCMR and BSMA Parame-
‘ter k of k—shortest path algorlthm in BSMA is chosen as 100 for the snnulatlons and
initial trees for online. heurlstlcs are computed by BSMA Two shortest path-based

" unconstrained heuristics are also used for theeomparlson. These heuristics are LC and
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_ LD, which are the same as NAIVE approach of Doar and Leshe w1th ‘cost metric and
delay metric respectively [5]. LC calculates multicast trees by combining least cost
paths from source nodeto*each of multicast group members. Slmllarly, LD.-calculates
multicast trees by COmbining the least delay paths from source node to each of the mul- -
ticast group members. Both LC and LD use Dijkstra’.s shortest path algorithm. CDKS
“heuristic is one of the constrained shortest path based rnrrlticast Touting heuristics in

| the literature. It is a combination of LC and LD. In CDKS, paths of LD replace paths

of LC, which are violating the delay constraint. CDKS is also used in our simulations -

for comparisons.

CRCDM is a parameterized heuristic. In the simulations, parameters of CRCDM
are set for the best possible performance of CRCDM, as expiained in [42]. CoBaCROM
is tested for different values of 7; those are ranging from 0 to 1000 by 50. However,

" simulation results onlyvfor 6 out those 20 values Of 7 are illustrated because of the space
limitations; tnose values for T are 0 50, 100, 200, 400 and 800. Those different T values - |
are shown as subscrlpts CoBaCROM;, within the figure legends in this section. For
example CoBaCROMmo is used to express that CoBaCROM is run- for 7 value 100.

Total 1200 different networks are simulated' 600 for 50-node networks and 600 for
100- node networks An online multicast session is 51mulated for each network. A mul-

| ticast session has 100 join/leave requests. After each request a neW delay—constrarned

| multrcast tree is computed for the new set of multicast members by offline and online

heuristics.

4.4.2.1. Cost Comoetitiveness In Figure 4.9 and Figure 4.10, average. CC versus 'mu14
trcast member size is shown for ‘the heurrstrcs, LC LD, CDKS DDCLCMR DeCoN—
“ROM, CRCDM and CoBaCROMo Frgure 4.9 and Flgure 4.10 show the results: of '

simulations on 50- node and 100-node networks respectrvely CC of the trees produced
by LC is less than CC of the trees produced by LD and CDKS. However "L.C does not
vguarantee constrained multicast trees. CC of CDKS is slightly worse than that of LG,

but CDKS guarantees constramed multicast trees. The worst performance in terms of -
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- CC belongs to LD on the average. Performance of DDCLCMR is between_ that of LD
and{ QDKS on the ‘av_erage. It is much worse in sparse multicast groups and becomes
‘better as multicast groups get denser. Performance of DeCoNROM in terms of CC'

/is much better than that of LC, LD, CDKS and DDCLCMR heuristics. It is almost

independent of multicast group size or networks size and stable around 113 per cent

~ both for 50-node and 100-node networks.
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Figure 4.9. Average CC vs. member size for 50-node networks

Performance of rea.rrangeable heuristic, CRCDM, in terms of CC is shghtly bet-

ter than that of the non—rearrangeable heuristic, DeCoNROM in Flgure 4. 9 and Fig-
ure 4.10. Parameters of CRCDM in our simulations are set for the best performance in
terms of CC. It is almost 1ndependent of the multlcast group size or networks size and
stable around 110 per cent both for 50-node and 100—node networks. CoBaCROMo
in figure legends refers to CoBaCROM heuristic with 7 value of 0. This value results
in the best performance of CoBaCROM in terms of CC. Performance of CoBaCROM
in terms of CC is much better than other heuristics. It is almost 1ndependent of the

mult1cast group size or the networks size and stable around 103 per cent.

In Figure 4.11 and Figure 4.12, average CC versus multicast member size is

“shown for the CoBaCROM heuristic with different 7 values: ‘0, 50, 100, 200, 400 and
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Figure 4.10. Average CC vs. member size for 100-node networks

800. Those figures show simulation results on 50-node and 100-node networks respec-
tively.- Simulation results of DeCoNROM and CRCDM heuristics are also .inclu_d‘ed in
the figures for comparison. As 7 parameter of CoBaCROM increases, number of rear-
| rangements decreases and performance of CoBaCROM in terms of CC approaches to
performance of non-rearrangeable heuristic DeCoNROM. CoBaCROM is much better
than CRCDM for the ‘most of the 7 values. Performance of CRCDM is almost eqnal
to that of CoBaCRO_M, on the average, both for 50-node and 100-node networksfwhen \'
7.is 400. - The best performance of ‘CoBaCROM is attained in terms of CC, when 7
- is 0. This is shown in figure legends as CoBaCROMo In the simulations CRCDM’s
parameters are set ‘accordingly so that the best performance of CRCDM is attained.
Our srmulatrons show that the performance of CRCDM, which is parameterized for

the best CC performance, is almost equrvalent to the performance of CoBaCROMygo

on the average.

In Figure 4.13 and Figure 4.14,CC verSus delay constraint is shown for the heuris— ,
tics: DeCoNROM, 'CRCDM and CoBaCROM with different 7 values. As delay bound
relaxes, heuristics’s performance in terms of CC. increases. Slopes'of the curves in the -
figures show that CoBaCROM utilizes relaxing delay bounds better than DeCoNROM
and CRC,DM both for 50—node and 100-node networks. ‘
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4422 CPU Time. In Figure 4.15 and Figure 4.16, average CPU time versﬁs multi-
_ cast member size is shown for DDCLCMR and DeCoNROM. Althoogh CC'performance
of DDCLCMR is very bad, its CPU time is very low. DeCoNROM is much betfer than
 DDCLCMR in terms 'of CC. CPU time of. DeCoNROM is higher than that of DD-

CLCMR and decreases as the multicast groups get denser. However, it is less than
0.2 milliseconds for 50-node networks and it is less than 2.3 milliseconds for 100-node

networks on the average.

_ In Figure 4.17 and Figure 4.18, average CPU time versus multicast member size
is shown for the heuristics: DeCoNROM ‘CRCDM and CoBaCROM with different
7 values. Those ﬁgures show simulation results on 50—node and 100-node networks
: respectively. The least CPU time belongs to DeCoNROM. This is normal because it
is a non-rearrangeable. heuristic CPU time of DeCoNROM consistently decreases, as
multlcast groups get denser. The highest CPU time belongs to CoBaCROMp. CPU |
time of CoBaCROM approaches to that of DeCoNROM, as value of T increases.. CPU
time of CRCDM is the second highest one. CPU time of CRCDM is, on the average,
2.5 times and 1.8 times greater than that of CoBaCROM,go in 50-node and 100—node
networks respectlvely It is previously shown that performance of CRCDM is almost »

equivalent to.the performance of CoBa.CROM400
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4.4.2.3. Change per Request. Change of edges in a multicast trée per request is an im-
- portant performance criterion, especially for real-time communications. In Figure 4.19
and Figure 4.20, the average CPRQ versus multicast membef size is shown for the

heuristics, DDCLCMR and DeCoNROM. CPRQ decreases for both heuristic, as multi-

cast groups get denser. CPRQ of DeCoNROM is alwaysAlower than that of DDCLCMR, |
and they approach each other, as the multicast groups get denser. If a request results
in too much difference between consecutive trees, it may be hard to handle the real- ‘

time communications properly. So, in terms of CPRQ, DeCoNROM is more convenient -

~ than DDCLCMR for real-time online multicast sessions.- Both DDCLCMR and De-
VCONROM are non-rearrangeable online multicast routing heuristics. So, their CPRQ

values are expected to be lower than that of rearrangeable online multicast routing

heuristics.

Iﬁ Figure 4.21 and Figure 4.22, the a&érage CPRQ versus multicast member size
is shown for the heuristics: DeCoNRQM,' CRCDM and CoBaCROM with different

T values. The highest CPRQ belongs‘to CRCDM and the lowest CPRQ belongs to

DeCoNROM. CPRQ of CoBaCROM apprOdches that of DeCoNROM, as T increases.
. CPRQ of the heuristics decreases, as multicast groupbs get denser. CPRQ} of CRCDM is

~ 1.5 times and 2.1 times greater than that of CoBaCROM, and CoBaCROM@g respec- -
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 tively both for 50-node and 100-node networks. This means that CoBaCROM is much
more convenient for real-time online multicast sessions in terms of CPRQ. CPRQ of
CRCDM is dramatlcally high, espe01a11y for sparse multlcast groups. For the multicast
sessions whose member size is about 10 per cent of the network size, 12 per cent and 6.8
_ per cent of multlcast tree links change for a request on 50-node and 100-node networks
respectwely, when CRCDM is used as online multlcast routing heuristic. This may be

'_ N beyond the acceptable for most of the real-time multicast routmg applications. _

- 4.4.2.}4. Number of Rearrangements. As the NR for a heuristic inereaSes, performanee

of the heuristic in terms of CC is expected to increase. However, increasing NR re-
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sults in inefficiencies in terms of CPU time and it may be unacceptable for real-time
 communications. In Figure 4.23 and Figure 4.24, the average NR Versus the multicast

member size is shown. In our simulations, CRCDM is parameterized for the maximum

" performance in term of CC, so for the maximum number of rearrangements. Hence, -

NR of CRCDM is the highest iﬁ the figures. CoBaCROM, is also parametéri}zed for the

maximum performance in term of CC, so for the maximum number of rearrangements. '

However, NR of CoBaC_ROMo is much less than NR of CRCDM. NR of CoBaCROM
‘heuristic decreases, as T increases. CoBaCROM can p_roduCe multicast trees better

than CRCDM in terms of CC, CPU time 'a‘nd CPRQ, desﬁite its low NR. x
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Figure 4.17. Average CPU time vs. member size for 50-node networks for different 7

values

4.4.2.5. Gain per Rearrangement. GPR metric measures the average gain of a rear-
rangement in terms of tree cost through out a multicast session. In Figure 4.25 and
Figure 4.26, the average GPR versus the multicast member size is shown. The worst

GPR value belongs to CRCDM in the ﬁgnres; GPR. of CoBaCROM, approximately

doubies that of CRCDM. GPR of CoBaCROM usually increases, as T increases. Be-

cause increasing 7 results in a decrease in the number of rearrangements. So, more
degradation accumulates on multicast trees. Therefore rearrangements may result'in

more gam Low GPR values of CRCDM and high GPR values of CoBaCROM 1nd1cate

that rearrangement mechamsm of CoBaCROM is much more successful than that of -

CRCDM. CoBaCROM makes rearrangements on the right portion of the multicast -

trees at the right time. So, rearrangements of CoBaCROM result in more gain.

4.4.2.6. Change per Rearrangement CPR metnc measures the average change in the

edges of the multicast tree after a rearrangement throughout a multicast session. A

rearrangement mechanism for real-time online multrcast routing heurlstrcs should mot

only result in upgraded multicast trees but also keep existing links in the multicast tree
unchanged as much as possible. If rearrangements result i in too much edge difference

 on multicast trees, 1t may be hard to handle the real-time communications- properly. In
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Figure 4.27 and Fi‘gure 4.28, average CPR versus mul;cicast member size is shown. It -

is explicitly shown in the ﬁgures that CPR is highest for CRCDM. There is a huge gap
between CPR of CRCDM and CPR, of CoBaCROM. Moreover, increasing T value does
not change CPR much for CoBaCROM. CoBaCROM has a good nature of making less

change on multicast trees, while resulting in much gain. Those results are consistent

for 50-node and 100-node networks.

. 4.4.2.7. Number of Suhtrees per Rearrangement. CPU time consumed byv the rear-

rangeable online multicast routing heuristics depend on the number of rearrangements
- and computational complexity of a rearrangement. Computational complexity of a re-
arrangement depends on the number of subtrees connected during the rearrangement.

NSPR metrlc measures the average number of subtrees produced durmg a rearrange-

ment In Flgure 4.29 and Figure 4.30, average NSPR versus multicast member size is -
.shown for 50-node and 100- node networks. NSPR, of CoBaCROM,.is more than that;
of CRCDM. This explains why CPU time of CoBaCROMo is more than that of CR~
CDM even though NR of CoBaCROMj is ‘much less than that of CRCDM. However ,

for other values of 7, CPU time of CoBaCROM is less than that of CRCDM in Frgure
4.4.21 and Frgure 4.4.22, because NR, decreases 51gn1ﬁcant1y with 1ncreasmg T.
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5. CONCLUSIONS

In this thesis, we propesed and evaluated CoBaCROM, a heuristic for delay- |
’constralned rearrangeable online multicast routing. The heuristic bases on monltorlng
the accumulated damage to the multicast tree as members join and leave the multrcast
session. CeBaCROM introduces the contract concept of a multicast member. Usmg
-~ contract concept, CoBaCROM rearranges only the mostly damaged portion of the
multicast tree and does not change the more valid portions. It can handle both sym-
metric and asymmetnc liriks successfully by continuously updatlng the pr1ce of keeplng
- a member node in the multicast tree using its current path. If the price exceeds accept-
able limits for the member node or the session, rearrangement of the member starts.
* As its name implies, contract and T parameter of CoBaCROM constitute a sort of

agreement on the rearrangement decisions.

We compared the performance of our heuristic with ofﬁme multicast routmg
~ heuristics; BSMA, LD, LC, CDKS and online multicast routmg heuristics; DDCLCMR
CRCDM and DeCoNROM, which is non—rearrangeable version of CoBaCROM in this

thesis. Simulation results indicate that CoBaCROM offers the best balance among ‘

cost competrtweness computatlonal effort and change in the multicast tree during

delay—constramed online multicast sessions. -

In our simulations, CRCDM is parameterized for the maximum performance in’

term of cost competitiveness, so for the maximum number of rearrangements Al-
though rearrangements resulf in better trees in terms of cost, they are costly in terms
of CPU time and they may cause great drfferences between consecutive trees. So,
it should be worth making rearrangements. CRCDM makes more rearrangements

than CoBaCROM and causes more difference between consecutlve multlcast trees.

_ Qain per rearrangement of CoBaCROM is much more than that of CRCDM. This -

means that CoBaCROM makes rearrangements on the right portlon of the multi-
cast trees at the right time. So, rearrangements of CoBaCROM result in more gain.

Thus, CoBaCROM’s cost competltrveness is much better than that of CRCDM and
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COB?‘CROM can PdeuCe better trees using smaller number of rearrangements. More-
Over? rearrangements of CoBaCROM result in less c_hange between consecutive multi-

cast trees. ; . . .
8 rees. Therefore CoBaCROM is more convenient for real-time communications.

~ CQBaCROvM is a pararhetrized heuristic and can be tuned for the best balance

- between cost competit‘iVeness and computational effort. Our simulationi results oon-
firm that CoBaCROM suits the needs of real—trme multicast routing applications.

' CoBaCROM is very flexible and generahzed to be used in conjunction w1th any delay-

constramed umcast routing heuristic. However, DMBDCLC is used in the CoBaCROM

as the underlylng unicast routing heuristic.

Another motivation of this thesis is the need for fast and efficient delay-constrained

least-cost path heuristics to be used as an underlying unicast routing heuristic in delay- -

constrained multicast routing. DMBDCLC can find least-cost delay-constrained ps,ths

in a graph between two nodes or a tree and a node or trvo tre,_es within a Worst-case
time complexity of O(nlog(n)). DMBDCLC is convenient for the applications, which
require fast computation of delay-constrained paths'vwithorlt significantly trading off

performance for speed. So, it can easily be used as the underlying delay-constrained

least-cost path heuristic in online multicast routing. BSMA, which is one of the best

~ polynomial-time heuristics for delay-constrained multicast routing problem, is used for

the performance‘eyaluation of DMBDCLC. A delay-constrained path heuristic basing
- on k-shortest path algorithm is used in BSMA. However, k-shortest path- algo'rithms

have high time complexities. Therefore the high time complexity of BSMA is its bot-
* tleneck. This bottleneck is relaxed by using DMBDCLC instead of a k-shortest path

‘based heuristic without 31gmﬁcant1y compromising cost competltlveness The modi- a

fied heurlst1c is named as FBSMA Our s1mulat10n results confirm that DMBDCLC ‘

s very convenient to be used in delay sensitive multicast routing apphca.tlons as the
underlying delay-constrained 1east cost path heurlstlc FBSMA using DMBDCLC can
~ produce almost the same quahty multicast trees much faster than the original BSMA
heurrstrc So, DMBDCLC can be used asa stand-alone unicast routlng heuristic or.an

underlymg unicast routing heuristic in delay-constrained multlcast routmg heuristics or

protocols Addltlonally, DeCoNROM and CoBaCROM heurlstlcs, ‘which are proposed _
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for delay-constrained online multlcast routmg problem in this thesis, use DMBDCLC
as the underlying umcast routing heuristic. Admirable performance of those heunstlcs

strengthen the performance analysis of DMBDCLC.

The heuristics proposed in this thesis are centralized heuristics. It requires that
a node “ru'nning.; any of those heuristics have the‘complete topology information. There
are algorithms and _prbtocols to deliver such inforination at each node. However, they
are beyond the scope of tbis work and nof cited in this thesis. Distributed versions of

those heuristics are set aside as a future work.
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APPENDIX A: PSEUDO-CODES FOR DMBDCLC

Pseudo-codes for DMBDCLC heuristic are demonstrated in this chapter Those_

pseudo-codes belong to Dijkstra and Reverse-Dijkstra algorithms and modified versions - |

of those algonthms Dl]kStI‘a. and Reverse—Dljkstra algorithms are modlﬁed as explamed

-in Section 3.2.

function Dijkstra(Graph &G, int source, bool CostMetrlc){
// Create Dijkstra object
- DKS dks (G, . CostMetrlc),
// Preprocess :
for(int i=0;1<G.GraphSize;i++) {
double value = infinity;
if (i == source){ value= 0; }
dks.Node[i] .cost = value;
dks.Node[i] .delay =-value;
dks.Node[i] .predecessorNodeID = -1;
} .
// Start Dijkstra
while (dks.Heap.size() > 0){
int u = dks.Heap.getCheapestNode;
for(int i=0; 1<G Nodes{u] .outEdges. 51ze() i++) {
int v = G.Nodes[u] .outEdges([i].to;
doube LinkCost G.Nodes[u] .outEdges[i] .cost;
doube LinkDelay G.Nodes[u] .ocutEdges[i] .delay;
// RELAXATION e
if ((CostMetric && ‘ :
dks.Node[v] .cost > dks: Node [u] . cost+L1nkCost)|I
({CostMetric &&
dks.Node[v].delay > dks.Node[u]. delay+L1nkDelay)){
dks.Node[v] .cost = dks.Node[u].cost+LinkCost;
dks.Node[v] .delay = dks.Node[u].delay+LinkDelay;
dks.Node[v] .predecessorNodelD = u; o ’

A

}
}
// Update Heap
dks.Heap. remove(u),.
dks.Heap.Update();
}

return dks;

Figure A.l. Pseudo-code for Dijkstra algorithm with cost and delay metrics
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function ReverseDiijkstra(Graph &G,int destination, bool CostMetric){
// Create Reverse-Dijkstra object
RevDKS revdks (G, CostMétric);
// Preprocess
for (int i=0;i<G.GraphSize;i++) {
double value = infinity;

if (i == destination){ value= 0; }
revdks.Node[i].cost = value;

. revdks.Node[i].delay = value;
revdks.Node{i].forwardNodelD = -1;

-} :
// Start Reverse-Dijkstra
while (revdks.Heap.size() > 0){
int v = revdks.Heap.getCheapestNode;
_for(int ‘i=0;i<G.Nodes[v].inEdges.size();i++) {
int u = G.Nodes[v].inEdges[i].from;
doube LinkCost G.Nodes [v] .inEdges[i] .cost;
" doube LinkDelay G.Nodes[v] .inEdges({i] .delay;
// RELAXATION . ' )
if ((CostMetric && o S _
revdks.Node{u] .cost > revdks.Node[v].cost+LinkCost)ll
(!CostMetric = &&
revdks.Node([u] .delay > revdks.Node[v].delay+LinkDelay)){
revdks.Nede [u] .cost = revdks.Node[v].cost+LinkCost;
revdks.Node{u] .delay = revdks .Node [v] .delay+LinkDelay;
revdks.Node {u] . forwardNoedeID = v; = .

1

I

} ,
// Update Heap
revdks.Heap.remove (V) ;
revdks.Heap.Update();
y oo . . :
-return revdks;

}

- Figure A.2. Pseudo-code for Reverse-Dijkstra algorithm with cost and delay metrics

<
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function Dijkstra(Graph &G,Tree &SourceTree, bool CostMetric){
// Create Dijkstra object
DKS dks (G, CostMetric);
// Preprocess : N
for{int 1=0;i<G.GraphSize;i++){

dks.Node{i].cost = infinity;
dks.Node[i] .delay = infinity;
dks.Node[i] .predecessorNodeID = -1;

}
// CHANGES EXPLAINED IN LEMMA 3.2.2

for(int i=0;i< SourceTree.Nodes.size();i++) {

dks.Node[SourceTree.Nodes[i] .nodeID].cost = 0;
dks.Node [SourceTree.Nodes[i] .nodeID] .delay = 0;

dks.Node [SourceTree,Nodes [i] .nodeID] .predecessorNodelD = -1;
} ' : . .
// Start Dijkstra ~
while (revdks.Heap.size() > 0){
int u = dks.Heap.getCheapestNode;
for (int i=0;i<G.Nodes[u].outEdges.size();i++) {
int v = G.Nodes[u] .outEdges[i] .to;
doube LinkCost G.Nodes [u] .outEdges[i] .cost;
doube LinkDelay G.Nodes [u] .outEdges [i] .delay;
// RELAXATION ) ‘
if ((CostMetric && ‘
dks.Node[v].cost > dks. Node[u] cost+L1nkCost) 1
('CostMetrlc &&
dks.Node([v].delay > dks.Node [u] delay+L1nkDelay)){
- dks.Node[v].cost = dks. Node [u] .cost+LinkCost;
dks.Node[v].delayl= dks.Node [u] .delay+LinkDelay;
. dks .Node [v] .predecessorNodelD = u;

)
}
// Update Heap
dks .Heap.remove(u); -
dks.Heap.Update () ;
}

return dks;

Figure A.3. Pseudo-code for Dijkstra algorithm ~modiﬁed by.Lemma 3.2.2
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function ReverseDijkstra(Graph &G,Tree &DestTree, bool CostMetric){
// Create Rev-Dijkstra object

RevDKS revdks(G, CostMetric);
// Preprocess

» for(int i=0;i<G.GraphSize;i++){

revdks.Node[i].cost = infinity;
revdks.Node[i].delay = infinity;
" revdks.Node[i] .predecessorNodeID = -1;

} i
"// CHANGES EXPLAINED IN LEMMA 3.2.3

for(int i=0;i< DestTree.Nodes.size();i++){

revdks.Node [DestTree.Nodes[i] .nodeID].cost =-0;
revdks.Node [DestTree.Nodes[i] .nodeID] .delay = 0;

revdks.Node [DestTree.Nodes[i] .nodeID] .predecessorNodeID = -1;
// Start Reverse-Dijkstra
while (revdks.Heap.size() > 0){
int v = revdks.Heap.getCheapestNode;
for(int i=0;i<G.Nodes[v].inEdges.size(); 1++){
int u G.Nodes[v].inEdges(i].from;
_doube LinkCost G.Nodés[v].inEdges[i] .cost;
doube LinkDelay - .- G.Nodes[v] .inEdges{i] .delay;
// RELAXATION
if ((CostMetric &&
revdks.Node[u] .cost > revdks Node[v] cost+L1nkCost) 11l
(!CostMetric &&

‘revdks.Node[u] .delay > revdks.Node[v]. delay+LinkDelay)) {
revdks.Node[u] .cost = revdks.Node([v]. cost+LinkCost;
revdks.Node[u] .delay = revdks.Node [v] .delay+LinkDelay;
_revdks.Node[u].forwardNodeID = Vv;

1

}
} N .
// Update Heap
revdks.Heap.remove (V) ;.
revdks.Heap.Update () ;
} i -

return revdks;

Figure A.4. Pseudo-code for Reverse-Dijkétra. algorithm .modiﬁe_dvby Lemma 3.2.3
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function Dijkstra(Graph &G, Tree &SourceTree, bool CostMetrlc){
‘ // Create Dijkstra object ,

DKS dks (G, CostMetrlc),
// Preprocess

for (int i=0;i<G.GraphSize;i++) {

dks.Node[i].cost = infinity;
dks.Node([i] .delay = infinity;
dks. Node[l] predecessorNodeID = -1;

}
// CHANGES EXPLAINED IN LEMMA 3 2 2
for(int i=0;i< SourceTree.Nodes.size();i++){
dks.Node [SourceTree.Nodes([i] .nodeID].cost’ = 0;
dks.Node {SourceTree.Nodes[i] .nodeID].delay = 0;
dks.Node[SourceTree.Nodes[i].nodeID].predecessorNodeID=—1;
-}
// Start Dljkstra
whlle(revdks Heap. 51ze() > 0){
int u = dks.Heap.getCheapestNode; :
for (int i=0;i<G.Nodes[u].outEdges.size();i++) {
int v = G.Nodes[u].outEdges[i]. to;
doube LinkCost G.Nodes{u] .cutEdges[i].cost;
doube LinkDelay G.Nodes [u].outEdges[i] .delay;
// RELAXATION ' :
double cost,delay;
// CHANGES EXPLAINED IN LEMMA 3.2.3
if (SourceTree. IsNodeInTree (u)){
int tID = SourceTree. IndexOfNode (u) ;

cost . = SourceTree.Nodes([tID].cost;
delay = SourceTree.Nodes[tID].delay;

}else({ ' : :
cost = dks.Node[u].cost;

~delay = dks.Node[u].delay;
b : .
if ((CostMetric && dks. Node[v] cost > cost +LinkCost) 1|
(!CostMetric && dks.Node.[v] .delay > delay+L1nkDelay)){
dks.Node[v].cost = cost + LinkCost;
dks.Node[v] .delay = delay + LlnkDelay,
dks .Node [v]..predecessorNodeID = u;
}
// Update Heap
dks.Heap.remove (u) ;
dks.Heap.Update();
) )

.return dks;

| Figure A.5. Pseudo-code for Dijkstra_ algorithm modiﬁedvby Lemma 3.2.3
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