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Abstract

Given the weighted graph G(V, E), where weights represent links
bandwidths. We define the Quality of Service Routing Tree (QOSRT)
for G as a subgraph G'(V, E') such that G'is a tree, and for any pair
of nodes u and v in G' there exist a path between u and v, where all

intermediate edges form a subset of E', and the bottleneck of the path
is maximized. In this paper, we propose a distributed algorithm to con-
struct a QOSRT that adapts quickly to changes in links bandwidths. The
QOSRT is uniquely constructed for maintenance purposes, so a change to
a link s bandwidth is handled within the local subtree. Then we propose
both reactive and proactive routing schemes based on the QoSRT. A vir-
tual backbone (VBB) which consists of a subset of the nodes is responsible
for routing tables in the case of proactive routing. The QOSRT and its
VBB are constructed using O(n log n) messages in O(n logn) time.

1 Introduction

Wireless ad hoc networks have become a rapidly growing field. Applications of
these networks occur in situations such as emergency search-and-rescue opera-
tions, meetings or conventions in which users wish to quickly share information,
and data acquisition operations in hostile terrain. In situations like battle-
fields or major disaster areas, ad hoc networks need to be deployed immediately
without base stations or wired infrastructures. These networks are typically
characterized by scarce resources (bandwidth, power, etc.), lack of established
backbone infrastructure, high error rates, and a dynamic topology [16].

The evolution of wireless ad hoc networks and real time applications in-
troduces new challenges in supporting predictable and reliable communication
performance. These challenges are a consequence of the vastly increasing num-
ber of current and future multimedia products that find applications in wireless
ad hoc networks.
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A common service model in conventional networks is the best effort service
model. The best effort model is not suitable for real-time multimedia appli-
cations because it drops packets regardless of their importance and adds extra
delay due to retransmissions. As a result of the rising popularity of real-time
multimedia applications such as video on demand (VoD) and video conferenc-
ing and because of the potential commercial usage of ad hoc networks, many
researchers focused their interest on supporting a new service model. This is the
Quality of Service (QoS) architecture model [12][17]. Such a model concentrates
on providing high-quality media services by meeting specific QoS requirements
of applications [10].

QoS can be estimated and specified in terms of several metrics that are of
prime importance to the application under consideration. These parameters
are used to express the applications requirements that must be guaranteed by
the underlying network. Typical QoS metrics are available bandwidth, delay,
jitter, tolerable packet loss rate and/or number of hops, and path reliability [11].
While gaining more interest, QoS support is yet to become a common reality
and is still relatively uncharted territory especially for multimedia applications.

One of the practices that leads to performance degradation in networking,
in general, is the practice of broadcasting information globally throughout the
network. A simple method of achieving global broadcasting in wireless ad hoc
networks is by flooding. Unfortunately, blind flooding leads to serious prob-
lems such as heavy contention, intense collisions, and redundant rebroadcasts.
Such practices cause the so-called broadcast storm problem bringing disastrous
consequences and must be avoided in wireless ad hoc networks [19].

Generally, the QoS problem is intricate [15]. When it comes to wireless ad
hoc networks, the problem becomes more complicated [12][13][14]. The added
complexity follows logically because of the special characteristics of the wireless
ad hoc networking platform and the continuous monitoring of the QoS metrics.
This monitoring must be continuously sustained causing high overhead [8].

Even though the QoS problem suffers from these obstacles, some promising
research on QoS routing in ad hoc networks has been done. Examples of these
algorithms are: Core-Extraction Distribution Ad Hoc Routing (CEDAR) [18]
and Quality of Service for Ad Hoc Optimized Routing Protocol (QOLSR) [7]. Y.
Ge et al. in [?] provided a proactive QoS aware routing protocol. This protocol
is based on the OLSR protocol [9], and hence it inherits the complexity of the
OLSR.

This paper devises a new distributed algorithm for constructing a QoS Rout-
ing Tree (QoSRT), which is designed to serve as a QoS virtual backbone (QoS-
VBB) for packets routing. Advantages of QoS-VBB approach were discussed
in [6]. Several approaches have been proposed in the literature for constructing
VBBs for wireless ad hoc networks [4], [2]. Connected dominating sets [5], and
weakly connected dominating sets [3] were proposed for VBBs. VBBs were pre-
sented for multipath routing in wireless ad hoc networks [1], but non of these
approaches addressed the QoS issue.

The unique construction approach of our QOSRT has valuable properties
that added the following features to the tree: (1) Guarantees the optimal max-
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imum bandwidth path between any pair of nodes (2) Our QOSRT easily adapts to
bandwidth changes (3) The maintenance process is locally completed in the corresponding
subtree (4) Whenever an edge is promoted to the QOSRT, exactly one edge is demoted from
the corresponding subtree only (5) A connected VBB consists of a subset of the QoSRT
nodes is responsible for routing information maintenance (6) This QoSRT is practical for
both reactive and proactive rout- ing (7) The time and message complexity for its
construction is O(nlogn). In addition to the QoSRT with the above mentioned features, we
propose a mainte- nance approach to maintain the tree in response to bandwidth changes.
We also propose both a proactive and reactive routing techniques based on the QoSRT.
The rest of the paper is organized as follows. Section 2 introduces the net-
work model and presents the definitions and terminologies related to QoSRT.
Section 3 describes the QoSRT algorithm, its analysis and correctness discus-
sion. In Section 4, we present potential routing approaches over the QoSRT.
Section 5 presents the maintenance of the QOSRT in response to bandwidth
changes. Finally, we conclude and highlight future directions in Section 6.

2 Preliminaries

This section introduces the related network model, assumptions, and definitions.
The network model under study is modeled by the undirected and weighted
graph G(V, E), where V represents the set of vertices in the graph and cor-
responds to the set of hosts (nodes) in the network, and E represents the set
of edges in the graph and corresponds to the set of links in the network. All
nodes in the network have the same maximum transmission range, and all nodes
remain connected at all times. An edge exists between two vertices if f the dis-
tance between the two corresponding nodes is less than or equal to the maximum
transmission range. Such two nodes can communicate with each other directly.
The weight of the edge represents the available bandwidth of the corresponding
link. All nodes share the same scarce bandwidth channel. We make the typical
assumption of using the well known IEEE 802.11 standard. We also make the
assumption that each node is aware of the available bandwidth for all its links.
We further provide the following definitions as a lead to the understanding of
the algorithm.

Definition 1 The id of a node u denoted by u itself is a number that uniquely
identiies a node in the graph ach tree T is identiied by the id of its roott if
the root of the tree has id it then the id of the tree is T;

Definition 2 Given the weighted graph G(V, E)t the bottleneck edge of a path
between any two nodes in the graph G is the edge with the minimum weight
among all edges on the path

Definition 3 We deine the QoSRT for the weighted graph G(V, E) as a sub-
graph G (V, E ) such that G is a treet and for any pair of nodes u and v in G
there eeist a path between u and vt where all intermediate edges are subset of
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E t and the bottleneck for the path is maeimiied We also deine the QoS path
between two nodes as a path such that the bottleneck is maeimiied

Definition 4 Two nodes u and v are neighbors if f there eeist an edge that
is incident at both nodes An edge between u and v is denoted by u9v The
best edge BE for the node u denoted by BE, among all edges incident at
u denoted by u-€v;t where v; is the set of all nodes incident at u is the edge
with the maeimum bandwidth  f there eeist more than one edge incident at ut
and have the same maeimum bandwidtht then the BE,, is the one incident at
u and at max(vj) The best node BN of u is the node v incident at the edge
BE,

Definition 5 An edge between two nodes u and v is referred to as an eeternal
edge if f both of u and v belong to two different addacent treest and the edge u-@v

is in neither tree  Two trees T; and T; are neighbors if T there eeist at least one
eeternal edge between the two trees T; is said to be the best neighboring tree
BT for the tree T; iff the the maeimum-bandwidth eeternal edge MBEE
for the tree T; is incident at a node from T; and a node from Tjt or if there are
other trees besides T; with the same maeimum-bandwidth eeternal edget and T;
has the largestid amongthosetrees f more than one eeternal edge (Ui -@v;)
have the same maeimum bandwidth between T; and Tjt then the M BEE for
T; is selected as follow: 1 f T; > T; t then the M BEE is the edge incident
at max(u;) from T; and max(vx) from Tt where vy <; vjt and vy is a set of
neighbors to max(uj) f T; = Tit then the MBEE is the edge incident
at max(vj) from T; and max(ux) from T;t where ux <; u;t and ux is a set of
neighbors to max(vj) The best eeternal-edge weight BEEW of the tree T; is
the weight of the M BEE that connects T; to T; A tree T; denotes the node u
by BN t andthe nodev by BN 2

Lemma 6 Deinition 5 deines M BEE for a given treet and insures that if the
M BEE of two addacent trees are between the same two treest then the same
edge is selected by both trees as M BEE

Proof. Let u;@v; represent the set of all maximum weight edges between T;

and Tj, there are two cases to consider: irst caset If T; > T; , then by Definition
5the M BEE for T;j is the edge incident at max(u;) from T; and max(vk) from
T;, where v <; vj, and v is a neighboring set of max(u;), and the M BEE
for T; is the edge incident at max(u;) from T; and max(vy) from T;j, where
Vi <;Vj, and vy is a neighboring set of max(u;). Second caset If T; > T; , then
by Definition 5 also, the M BEE for T; is the edge incident at max(vj) from T;
and max(ux) from T;, where uy <; u;, and uk is a neighboring set of max(vj),
and the M BEE for T; is the edge incident at max(v;) from T; and max(uk)
from T;, where uy <; uj, and uk is a neighboring set of max(vj). This shows
that the selected edge is the same by both trees. =
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3 QOSRT Algorithm

This algorithm consists of two phases. During the operation of the first phase,
nodes are partitioned into fragments. Each fragment consists of a set of con-
nected nodes forming a tree. In the second phase which consists of several
rounds, all trees will be combined into one large tree. The root of the tree is
the highest level leader. Other leaders of subtrees also exist. Thus, a node may
have multi level leaders, with the root as the highest level leader, and the closest
leader as the lowest level leader. The bottleneck of the path between any two
nodes is maximized, thus the tree is an optimal QoSRT.

PHASE |

We assume each node knows the ids of all its neighboring nodes, and knows
the bandwidth of all its edges. The goal of each node is to be part of a tree
with at least two nodes. Each node selects the node incident at the highest
bandwidth edge to be its neighbor in the tree, and refers to it as its best node
(BN). Phase I of the algorithm follows the following steps:

< Each node selects the edge with the highest bandwidth to be in the tree, if
more than one edge have the same maximum bandwidth, the one incident
at the largest id node is selected. Two neighboring nodes may select the
same edge.

< A set of connected edges form a single component.

e The edge that has been selected by both nodes in each component selects
the node with the largestid asthe root of the tree.

In Figure 1, phase-1 generated four components (trees), in the first compo-
nent, since the edge €2 has the highest bandwidth among all edges incident
at node 1, node 1 selects node 2 for its best edge. Similarly node 2 selects node
3, and node 3 selects node 2. Since the edge 2493 is selected by both nodes 2

and 3, and since node 3 has a higher id than node 2, node 3 becomes the root
of the tree that contains the nodes 1, 2, and 3. Similarly, node 5 becomes the
root of the tree that contains the nodes 4, 5, and 6; node 9 becomes the root of
the tree that contains the nodes 9, 8, and 7; node 12 becomes the root of the
tree that contains the nodes 12, 11, and 10.

Lemma  Given a weighted graph G(V, E)t each edge u-@v of any component
(V ,E ) formed by phase- is selected by either u or v or both

Proof. The prove is followed from the construction process in Phase-l. m

Lemma Given a weighted graph G(V, E)t any component (V ,E ) formed
by phase- is cycle-freet and hence it is a tree

Proof. Assume a given component generated by phase-1 has at least one cycle
up, Uy, ..., Uj, uy. By Lemma7 each edge is selected by at least one of the nodes
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Figure 1: Phase | Example

incident at that edge, since the number of edges in any cycle equals to the
number of nodes, then each node selects one unique edge. Let each consecutive
pair of nodes in the sequence uy, Uy, ..., Uj, represent the edge selected by the first
node in the pair, i.e. u; selects uj+for its BE, where ::;j < i, this also implies
the edges uy @ u,, u, @us, ..., Uj_; @ Uu; are sorted in ascending order of their
weight. To complete the cycle, node u; selects uy, but in order for u; to select uy,
weight(u; 9 u;) must be greater than weight(u;_; u;). Since u, selected the
edge u; @ u, as its best edge, then weight(u; 9 u,) > weight(u; 9 u;), but from
the ordering of the edges we know that weight(uj_; 9u;) > weight(u; ©u,)
which implies weight(uj_; 9u;) > weight(u; ©u;), thus u; must select uj_;
for its best edge, and the cycle can t be completed. Hence the component may
not have a cycle, therefore, the component is a tree. =

Theorem 9 Given aweighted graph G(V, E)t any connected component (V ,E )
formed by phase- has eeactly one edge selected by both of the nodes that are in-
cident at the edge itself This edge is referred to as a unique edge

Proof. Each node selects exactly one edge to be its best edge, this implies
each node selects exactly one other node to be in its component. We prove
our theorem by contradiction. First, assume that each node in the component
selects a different edge from the rest of the nodes; i.e. no component has an
edge that is selected by two nodes. This implies, IE | = IV I, which means the
component must have a cycle, and therefore, our assumption violates and con-
tradicts Lemma 8. Second, assume that more than one edge in the component
have been selected by both of their nodes. Since the edge between any pair
of nodes is selected by at least one of the nodes, then our second assumption
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impliesthat IE | < IV | — . This contradicts our claim that the component is
connected and it is a tree. Since the generated component is a tree (by Lemma
8), then IE | = IV | — . Therefore, there is exactly one edge selected by both

of its nodes. m

Lemma 1l Given a weighted graph G(V,E)t and the connected component

(V ,E ) formed by phase- The path between any two nodes u and v from the
component must include the edge that corresponds to the min(weight(BE,),
weight(BE,))

Proof. Since is a tree, only one unique path exists between u and v. Let
the node sequence u = ny, Ny, ..., Nj, Ni+1, ..., Nj = Vv represent the path from
uto v. Let weight(BE,) > weight(BE,). Assume BE, /= nj_;-@n;j, this
implies the edge nj_; @n; was selected by the node nj_;, To guarantee the
connectivity of the path then for each :; i < j, BE; = n;9nj4, , which
implies weight(n; ©n;) < ... < weight(nj_; ©n;) < weight(n; @¥nj.|) < ... <
weight(nj_; ©n;). Therefore, weight(BE,) < weight(BE,), which contra-
dicts our claim weight(BE,) > weight(BE,). It further shows that the end
edge with the minimum weight must be on the path. =

Lemma 11 Given a weighted graph G(V, E)t and the connected component

(V ,E ) formed by phase- The weight of the bottleneck edge on the path
between any two nodes u and v from the component = min(weight(BE,),
weight(BE,))

Proof. Let the sequence u = np, Ny, ..., Nj, Ni+1,...,Nj = V representsthe
path from u to v. Assumethe bottleneck edge is the edge n; 9nj.;, where

<i<j - . By Lemma 7, the edge n; 9nj. is selected by either n;
or nj+; or by both. If the edge is selected by n;, then weight(nij_; @n;) <

weight(n; € nj+;). Since the edge ni_; ©n; is on the path from u to v, this
contradicts our assumption that the bottleneck edge is the edge (nj, nj+). If the
edge is selected by nj., then weight(nijs; ©nj.>) < weight(n; € n;.), which
contradicts our assumption. If the edge is selected by both n; and n;+, then
weight(nj_; ©n;) < weight(n; €9nis;) > weight(nj+| 9 n;+>), which contra-
dicts our assumption also. This implies the nodes of the bottleneck edge can t
have any edge on the path from u to v with smaller weight than their edge.
Since all the intermediate nodes on the path have exactly two edges from the
path, except for only the two end nodes, where each has exactly one edge from
the path edges. This implies the only two possible edges left for the bottleneck

edge are the two edges incident at the source or at the destination.®Since the
bottleneck edge is the one with the minimum weight, then the bottleneck edge

must be the one with the min(weight(n,-@n.), weight(nj_; @ n;)).

Theorem 12 Given a weighted graph G(V,E)t and a connected component

(V ,E) formed by phase- et the nodes u,v be any pair of nodes from
V t then there eeist one QoS-path from u to v such that all edges on the path
are subset of E and the bottleneck is maeimiied
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Proof. Let BE, > BE,, by Lemma 10 the edge BE, must be on the path
from u to v over . By Lemma 11 the edge BE, is the bottleneck edge on the
path from u to v over . Since the edge BE, has the maximum weight among
all edges adjacent to v, and the edge BE, is the bottleneck edge on the path
from u to v over , it follows that this path is the QoSpath. =
PHASE 11

The second phase consists of several rounds. In each round we implement
phase | of the algorithm by treating the trees as nodes and the edges between
the trees are treated as edges between nodes. Each tree is initially active, then
in each round of this phase an active tree is combined with at least one other
active tree forming a new larger tree. The same rules in phase 1 apply to phase
Il. Thus, each new component will have exactly one unique edge, where this edge
is selected by the two trees connected by the edge. This edge will be referred
to as unique Bridge-edge, while all other edges in the component that connect
two trees are referred to as Bridge-edges. The node with the largest id in the
unique Bridge-edge becomes the root of the new tree, which consists of all the
nodes of the new formed component. This process is repeated for each new set
of trees until we finally have one tree that includes all the treesfrom phase |I.

The following steps summarize the details of Phase II:

e Each node maintains the variables: id (BT ), BN , BN2, NEXT, and
they are initialized to N I L, and the variable BEEW , which is initialized
to 0.

e The root i of each tree sends a SEARCH(T;, r) message to all nodes in the
tree to look for the best neighboring tree, where r represents the round
number and is initialized to . Round number (r) is used to synchronize
the SEARCH messages among neighboring trees.

« Whenever a leaf node u in the tree T; that is adjacent to other trees receives
a SEARCH message from its parent, and SEARCH messages from all its
neighboring trees for the current round (r), it finds the best tree, then it
sends to its parent the REPLY(u,id (BT ),BEEW ,BN , BN 2) message,
where BN = u in this case.

« Whenever a leaf node u in the tree T; that is not adjacent to any other tree
receives the SEARCH message, it sends to its parent a REPLY(u,N I L,0,
NIL, NIL) message.

« Whenever an internal node u in the tree T; receives a SEARCH message
from its parent, and SEARCH messages from all its neighboring trees for
the current round (r), it looks for the best neighboring tree if any and the
best edge that connects u to the BT . Then, it assigns the corresponding
values for the variablesid(BT ), BEEW , BN , and BN 2 accordingly.

e Whenever a node u receives a REPLY message from a child node,
it first compares the value of BEEW in the REPLY message with its
own BEEW , if it is greater than its own, it updates its BEEW , id (BT ),
BN
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and BN 2 to the values in the REPLY message, it also stores the id of the
sender in its N EX T (initially assigned to N I L) variable to maintain the
path to the best edge. If the value of BEEW in the REPLY message is
same as its own, then it compares the values of id (BT ), if the value of
id (BT ) in the REPLY message is larger than its own id (BT ), it updates
its id (BT ), BN , and BN 2 to the values in the REPLY message, it also
stores the id of the sender in its N EX T variable. If the value of id (BT )
in the REPLY message is same asits own id (BT ), then it acts as follow:

- If id(T;) > id(BT), it compares the value of BN in the REPLY
message to its BN , if the value of BN in the REPLY message is
larger than its own, it updates its BN and BN 2 to the values in
the REPLY message, it also stores the id of the sender inits NEX T
variable.

- If id(T;) < id(BT), it compares the value of BN 2 in the REPLY
message to its BN 2, if the value of BN 2 in the REPLY message is
larger than its own, it updates its BN and BN 2 to the values in
the REPLY message, it also stores the id of the sender inits NEX T
variable.

In this procedure we prevent any cycle by preventing two neighboring trees
from selecting two different edges of the same weight as bridge-edges between
the two trees. If two trees have more than one edge with the same maximum
weight to join each other, only one edge will be selected by both trees as a
bridge-edge.

e After an internal node u has received REPLY messages from all its children
and considered all its adjacent trees, it sends a REPLY(u, BEEW ,id(BT)
,BN | BN 2) message to its parent. This process is repeated until the root
receives REPLY messages from all its children.

< After the root receives REPLY messages from all its children, and consid-
ers all its adjacent trees to determine the id (BT ) and BEEW , it acts as
follow:

- If BT is adjacent to the root, and BN is the root itself, then, the root
sends a BRIDGE(BN , BN 2) message to BN 2 in BT . If the edge
between BN and BN 2 is not a unique edge (selected by both trees)
then the tree T; rooted at BN  becomes a subtree with the parent
BN 2. Otherwise if the edge between BN and BN 2 is a unique
edge, then the node with the largest id (BN or BN 2) becomes the
root of the new tree.

- If BT is adjacent to the root, and BN is different from the root, or if
BT isnot adjacent to the root, then the root sends aREQUEST(NEX T,
BN ,id(BT)) message addressed to the child that is stored in itsN
EXT.
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< If a node receives a REQUEST message from its parent addressed to itself,
it acts as follow:

- If the value of BN is the same asits own id, it sends a
BRIDGE(BN1tBN ) message to BN 2in BT.

- If the value of BN s the different from its own id, it replaces the
value of N EX T in the REQUEST message with the value in its own
N EX T variable, and forwards the REQUEST message to the child
with the same id as the value in its N EX T variable. This process is
repeated until the REQUEST message gets to its destination BN
then BN sends a BRIDGE(BN1tBN ) message to BN 2in BT.

* Whenever a node v in BT receives a BRIDGE(BN , BN 2) message from
node u, and sends a similar message to node u, then the edge (u, v) is a
unique Bridge-edge, and the node with the largest id (u or v) becomes the
root of a new tree that consists of all the trees in the new component. If the
bridge is not unique, then nod u becomes the child of node v, and the root
of Tj, all nodes in T; will update their parents and children accordingly.
All bridges in the new component become edges in the new tree.

« The root of each new tree increments r by , then it performs the above
steps starting at the first step of phase Il until the root i of atree T
receives REPLY(UtN tOtN tN ) messages from all its children, and
all the nodes in the neighborhood of the root i are children of i, then i
declares itself as the root of the QoS-tree, and hence the leader of the graph
also. All internal nodes of the tree form the virtual backbone (connected
dominating set).

Example:

We use the example of Phase | in Figure 1 to illustrate the procedures of
Phase Il. In Figure 1, phase-l generated the four trees T3, Ts, Ty, and T> rooted
at the nodes 3, 5, 9, and 12 respectively. In the first round each of the roots 3,
5,9, and 12 sends a SEARCH message to all the nodes in its tree. In response
to the SEARCH message of the first round T3 and Ts join each other through
the bridge edge 194, forming the tree T, rooted at the node 4 and consists
of the nodes 1, 2, 3, 4, 5, and 6. Tg and T2 join each other also through the
bridge edge 94912, forming the tree T\> rooted at the node 12 and consists of
the nodes 7, 8, 9, 10, 11, and 12 (see Figure 2 (a)). In the second round each
of the roots 4 and 12 sends a SEARCH message to all the nodes in its tree.
In response to the SEARCH message of the second round T4 and T2 join each
other through the bridge edge 9496, forming the tree Ty rooted at the node 9
and consists of the nodes 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 11, and 12, rooted at the
node 9 (see Figure 2 (b)). The resulting tree is the QoSRT with the root node
9, the leaves 3, 7, and 10, and all internal nodes (1, 2, 4, 5, 6, 8, 9, 11, 12) form
the VBB.
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Figure 2: Phase 11 Example

3.1 Correctness and Complexity

In this section, we prove that the above algorithm creates a QoSRT, and each
of the time and message complexity is O(n log n).

Theorem 13 The message compleeity of the QoSRT Algorithm is O(n log n)
and the time compleeity is O(n log n)

Proof. In the first phase each node sends a constant number of messages, and in
the worst case only one node can transmit at a time. Thus both of the message

and the time complexity for Phase I is O(n).

In Phase I, in each round each

tree is combined with at least one other tree, this implies the number of trees
in each round is reduced by at least one half. Thus, the maximum number of
rounds is at most logn. In each round each node sends a constant number of
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messages with a total of O(n) messages. Therefore, the total number of messages
in log n rounds is O(n log n) messages. Since the time complexity in each round
depends on the size of the largest tree, and since there is no limit on how large
the tree can grow, the time complexity for each round is O(n), and hence for
log n rounds is O(n log n). Hence for both phases combined each of the message
complexity and time complexity is O(nlogn). m

Theorem 14 Given a weighted graph G Vt t the graph G* Vt * formed by
the QOSRT Algorithm is is a QoS Routing Tree for the graph G Vt

Proof. Following the proof of Theorem 12, in each round we treat each tree as
a node with the tree id and the edges between trees as edges between nodes. To
address the case when more than one edge exist between two neighboring trees,
Phase Il prevent the two trees from selecting two different edges. Rounds are
repeated as long as there is more than one tree, and terminated when only one
tree includes all nodes in the graph. =

4 Routing

After the construction of the QoSRT, the routing process becomes very simple.
The QOSRT supports a unique path between any pair of nodes in the network,
and this path guarantees the maximum possible bandwidth for the bottleneck
link. Either a proactive or reactive routing protocol may be applied.

4.1 Proactive Routing

In a proactive routing protocol only the VBB (internal nodes and the root)
of the QOSRT maintain routing table information. None of the leaf nodes is
required to maintain any routing table. The routing table of each internal node
has one row for each child. Each row has two entries, the first entry has the
child id and the second entry contains a list of child s descendants. Table 1
shows the routing table for node 2 in Figure 3. The solid lines in Figure 3
represent the edges of the QOSRT, while the dashed lines indicate the non-tree
edges. Routing tables are built as follow: the parent of each leaf node creates
a descendant set, which includes a list of all its children. It also sends this
set to its parent. Whenever a node receives a descendant set from its child, it
saves this set in the table as a parameter associated with its child. Whenever an
internal node receives descendant sets from all its children, it sends to its parent
its own descendant set, which consists of all its children and their corresponding
descendant sets. This process continues till the root receives descendant sets
from all its children. After this process is completed, each node in the tree has
a list of all its descendants. Since leaf nodes have no children, this information
is not maintained.

In a proactive protocol after the routing tables are built, the routing process
works as follow: Whenever a node needs to send or forward a message, if the
destination is one of its neighbors, and the bandwidth requirement is met, the
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Figure 3: Routing example

Child Descendant
5 9,10,11

6 12

7 13

Table 1: Routing table for node 2

message is sent directly to the destination. Otherwise, the node checks its table
to see if the destination is one of its descendants, if it is, it sends the message
to the corresponding child. Otherwise, the message is up warded to the parent
of the node. The parent of the node plays the role of the gateway in this case.
Notice the message is forwarded in a unicast manner. Whenever a message
encounters a link with a below requirement bandwidth, a FAIL message is sent
to the original source of the message. Otherwise, this process continues until
the message getsto its destination.

In Figure 3, if node needs to send a message to its neighbor node 6 and

the link 96 satisfies the bandwidth requirement, even though it is not a

link in the tree, the message is sent directly over the link 6. If node

needs to senda message to node 3, since node 3 is not a neighbor to node
, and node s a leaf and has no table, node  upwards the message to its
gateway node 5. Similarly, node 3 is not a neighbor to node 5, and it is not a
descendant of node 5, node 5 upwards the message to its gateway node 2. Since
node 3 is not a neighborto node 2, node 2 inspects its table and finds node
3 as a descendant of its child node 7, thus it forwards the message to node 7.
Similarly, node 7 forwards the message to node 3. In this example we made
the assumption that bandwidth requirement is met by all the links. However,
if bandwidth requirement is not met by any of the links, a FAIL message will
be sent back to node
Notice, only internal nodes are responsible for routing process, and only
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edges of the QoS Tree are used to carry the data messages, unless in some cases
when the yrecipient is a neighbor to the sender. The cost to build the routing

tables is ’i‘:'l' i = O(n?) messages, and the time it takes to transmit these

messages (we ignore the local processing time, and count each transmission as
onetime unit) is O(n).

4.2 Reactive Routing

In a reactive routing protocol no routing tables are needed. Let u be the id of the
source node, and let v be the id of the destination node. Four types of messages
are used to find the QoS path: 1) ROUTE-DISCOVERY broadcast message,
which consists of four parameters: message-id, sender-id, destination-id, and the
bandwidth-requirement. 2) FAIL unicast message, which consists of three para-
meters: message-id, sender-id, and destination-id. 3) FOUND unicast message,
which consists of three parameters: message-id, sender-id, and destination-id.

4) FAILURE unicast message, which consists of three parameters: message-id,
sender-id, and destination-id. All four messages are identified by the message
id. The destination-id in FAIL, FAILURE and FOUND messages is the id of
the next recipient in the unicast message. While, the destination-id in ROUTE-
DISCOVERY message is the id of the final destination, which is node v. Even
though, the ROUTE-DISCOVERY message is a broadcast message, but it gets
processed only after the first time it is received from either a parent or a child
node only. Otherwise the message is discarded. Each node maintains a variable
called message-id, and the associated variables sender and neet forming the
record [message-id, sender, neet]. The protocol works as follow:

« Whenever a source node u needs to send a message to a destination node
v, if v is u s neighbor and the bandwidth-requirement of the link u-@v is

met, the message is sent directly to the destination v even if the link u-9v
is not part of the QoSRT.

< If the destination v is not u s neighbor, or if it isu s neighbor, but the link
u@v Z Qo RT, and u-@v does not satisfy the bandwidth-requirement, u
sends a ROUTE-DISCOVERY message to its children and to its parent if
at least one of them exist and satisfies the bandwidth-requirement.

 Whenever a node w receives a ROUTE-DISCOVERY message from one
of its neighbors in the tree over a link that does not satisfy the bandwidth-
requirement, w sends a FAIL message to its sender. If the link satisfies
the bandwidth-requirement, w stores the message id in message-id, and the
sender id in sender, then it acts as follow: 1) If vis w s neighbor and the

bandwidth-requirement of the link w-v is met, w stores the id of v in neet,
then it sends a FOUND message to sender even if the link w-@v is not
part of the QoSRT. 2) If v is not w s neighbor or ifv is w s neighbor, but
the link w€v is not part of the QoSRT, and the bandwidth-requirement

of the link w-@v is not met, w forwards the ROUTE-DISCOVERY mes-
sage to the rest of its neighborsin the tree if at least one of them ex-
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ist and meets the bandwidth-requirement. 3) If v is w s neighbor in the
QOSRT, and the bandwidth-requirement of the link w-€v is not met, then

w sends a FAILURE message to its sender (this means the destination is
unreachable with the bandwidth-requirement ). 4) If all links with w in the
QOSRT except the link with the sender have a lower bandwidth than the
bandwidth-requirement, then w sends a FAIL message to its sender.

< Whenever a leaf node (can t be the destination) receives a ROUTE-D
ISCOVERY message from its parent, it sends a FAIL message to its sender.

 Whenever a node receives a FAIL message from each of its neighbors in
the QOSRT except the sender of the ROUTE-DISCOVERY, it sends a
FAIL message to its sender.

e If the source u receives FAIL messages from its parent and from all its
children, it determines the unreachability of the destination.

 Whenever a node receives a FAILURE message from a neighbor in the
tree, it sends a FAILURE message to its sender. Whenever the root re-
ceives a FAILURE message from one of its children, it determines the
unreachability of the destination.

« Whenever a node receives a FOUND message regarding a stored message-
id, it stores the sender id in the variable neet that corresponds to the
message-id, then it forwards this message to the node with the id stored
in sender (the sender of the ROUTE-DISCOVERY message).

< Whenever the source node u receives a FOUND message, it stores the id
of the sender in next, then it sends the packet (message) to neet.

« Whenever a node receives a packet addressed to itself, it sends it to the
node with the id stored in neet. This process continues until the packet
is received by the destination.

Each internal node sends at most one ROUTE-DISCOVERY message, and
at most one of the three messages FAIL, FAILURE, or FOUND. Thus, we have
at most O(n) messages for the route discovery process, and this is done in
at most O(n) time. Notice the size of the message is small, which keeps the
bandwidth consumption very low, and the delay very reasonable. On the other
hand, proactive approach requires more memory to store the tables, incurs more
bandwidth consumption, and extra time to search the tables.

Now, we provide an example to show how the algorithm works. In Figure 3,
if node needs to send a message with a bandwidth-requirement of 4 to node 8,
node 11 sends a ROUTE-DISCOVERY message, the message will be received

by nodes 5 and 6. However, node 6 ignores the message, since the edge €6

is a non-tree edge. Node 5 processes the message, by storing the message-id,
and the id of the sender in the corresponding variables. Since node 8 is not a
neighborto node 5, and since there is at least one link between 5 and its parent

Volume 3 Number 2 Page 15 www.ubicc.org



Ubiquitous Computing and Communication Journal

or between 5 and one of its children other than node 11, and this link satisfies the
bandwidth-requirement, node 5 broadcasts the ROUTE-DISCOVERY message.
The ROUTE-DISCOVERY message will be received by nodes 2, 6, 9, 10, and

11. Since the edge 5496 is a non-tree edge, node 6 ignores the message. Since

the message-id in the ROUTE-DISCOVERY message is same as the message-id
stored by node 11, this means the same message was sent previously by node 11.
Hence, node 11 ignores the message also. Each of nodes 9 and 10 will process
the message, and since it is leaf node, and it is not the destination, it sends a
FAIL message to node 5. Node 5 maintains the FAIL messages and wait for
answers from node 2. Node 2 broadcasts the ROUTE-DISCOVERY message.
The ROUTE-DISCOVERY message will be received by nodes 5, 6, 7, and 1.
Node 5 ignores the message. Node 2 receives the message and broadcast it.
Both of nodes 6 and 7 receive the message and broadcast it. Each of nodes 12
and 13 send a FAIL message to its sender. Then each of nodes 6 and 7 send a
FAIL message to its sender. After node 1 receives the ROUTE-DISCOVERY
message it broadcasts it. Node 2 ignores the message, and node 3 sends a FAIL
message to node 1. Node 4 detects that the destination 8 is one of its neighbors
in the QOSRT, but since the bandwidth is less than the required bandwidth, it
sends a FAILURE message to node 1. Node 1 sends a FAILURE message to
node 2. Node 2 sends a FAILURE message to node 5. Node 5 sends a FAILURE
message to node 11. Now, node 11 decides the unavailability of the QoS path.

In the same example if the bandwidth-requirement is 3 instead of 4. The same
action is taken by all the nodes except for node 4. After node 4 receives the
ROUTE-DISCOVERY message it determines that node 8 is one of its neighbors,
and the bandwidth-requirement is met. Node 4 stores the id of node 8 in its neet
variable, then it sends a FOUND message to sender (node 1). Node 1 stores
the id of node 4 in its neet variable, then it sends a FOUND message to sender
(node 2). Node 2 stores the id of node 1 in its neet variable, then it sends
a FOUND message to sender (node 5). Node 5 stores the id of node 2 in its
neet variable, then it sends a FOUND message to sender (node 11), which is
the source of the ROUTE-DISCOVERY message. Now the message can be sent
over the QoS path by sending the message to the node that has the id stored
in neet. Whenever a node receives the message it forwards it to neet until the
message gets to the destination.

If node 9 needs to send a message to node 2 with a bandwidth-requirement of
6, a ROUTE-DISCOVERY message is sent by 9. When 5 receives the ROUTE-
DISCOVERY message, it determines the unreachability to its parent, and it
broadcasts the ROUTE-DISCOVERY message. After it has received a FAIL
message from each of 10 and 11, it sends a FAIL message to node 9.

Notice also the ROUTE-DISCOVERY message is terminated as soon as the
destination is found. If node 11 needs to send a message to node 2. In this case
node 5 responds to node 11 with FOUND message, instead of forwarding the
ROUTE-DISCOVERY message.
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5 QOoSRT Maintenance

In this section we focus on the maintenance process of the QoSRT due to changes
in bandwidth values. These changes may affect two types of edges; phase-I
edges, which are selected by nodes in the first phase, and phase-11 edges, which
are selected by trees in the second phase. Phase-I edges are selected by either
one node or two nodes, and Phase-ll edges are selected by either one tree or
two trees. It is very important to distinguish these different edges from each
other. It is very important also to maintain the properties of the QoSRT. These
properties are a result of how the QoSRT was constructed. To maintain the
properties of the QoS Tree, each node must be connected to the tree by its best
edge. Two trees that are connected by a bridge must maintain connectivity with
the maximum bandwidth bridge. These properties of the QoSRT contribute to
the ease and low overhead complexity of the maintenance process. Whenever a
change to the bandwidth for some links affects the status of Phase-I or Phase-II
edges, the update process occurs only in the same subtree where bandwidth
changes take place. There are two possible scenarios when a tree needs to be
updated:
First Scenario: Whenever a node u discovers a better link than its current BE,
there are two cases to be addressed: 1) if the node is a child to its current BN.
2) if the node is a parent to its current BN.
Case-1When u is a child to its current BN u , there are two cases:

Case-1-A When BE, is not a unique edge: if the new BN u"is not a member
in u s subtree, it simply selects the new BN as its parent. If the new BN is a
member in u s subtree, andu" is not a child of u, then u" is selected as a child
for u. If u" is not a child of u, the first concern would be the expectation of a

cycle. If u" is a child of u (u€u" is either a bridge edge or BE,), then the

possibility of a cycle is eliminated. Otherwise, there are two suspicious cases for
the possibility of a cycle, the first case; if the former path between u" and u does
not contain any bridge edge. In this case the cycle is removed automatically.
Since the former path from u to u" does not contain any bridge edge, then all
the nodes on the path belong to phase 1 of the algorithm. By Lemma 10 the
former path between nodes u and u" must include the edge that corresponds
to the min(weight(BE,), weight(BE,)), and by Lemma 11 this edge is the
bottleneck edge. Since BE, is the parent of u, then BE, is not on the former
path from u to u", therefore, By Lemma 10 BE,+ must be on the former path
from u to u", and by Lemma 11 this edge must be the bottleneck edge. This

implies weight(u-9u™) > weight(BE,"). Therefore node u" selects the edge
(u€u™) asits BE,, and the former BE,, edge is removed, since it was selected

by u". Thus the cycle is removed automatically. Notice that the edge (u-€u')

becomes a unique edge. In the next step we connect the subtree rooted at node
u to the rest of the tree. This process is completed based on phase Il of the
QoS Tree algorithm. The node u issues a SEARCH message looking for the
best edge that connects its subtree to the rest of the tree. The node of the
subtree that has the best edge to connect to the rest of the tree becomes the
new root of the subtree. The second case if the former path between u" and u
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contains at least one bridge edge in addition to edges selected by the nodes as
best edges (BE). In this case if BE,~ is on the former path from u" to u and

weight(u-©u'") > weight(BE,~) then the former edge BE, is removed, and

therefore the cycle is removed. Otherwise, the bridge edge with the minimum
weight on the path must be removed, and nodes on the former path will update
their parent and child pointers accordingly.

Case-1-B: when BE, is a unique edge: if the new BN u"is not a member
in u s subtree, it selectsu" asits child. The issue of the cycle is handled as in
Case-1-A above. If the new BN u" is a member in u s subtree, andu™ is a child

of u, then we simply change BE, to the edge (u€9u™) and the edge (u-€u")

becomes a unique edge. If u" is not a child of u, then u" is selected as a child
for u, and the process continues as in Case-1-A, except the step of connecting
the subtree to the rest of the tree, since the subtree is not disconnected from
the rest of the tree as in case-1-A.
Case-: When u is a parent to its current BN u , there are three cases:

Case- -A: When BE, is not a unique edge: 1) If the new BN u" is u s parent

or u s child, and the edge (u-€u™) is abridge edge, it simply becomes BE,, if

the edge (u-9u") is BE,~, it also becomes BE,,, and hence it becomes a unique

edge. 2) If the new BN u"is not a member in u s subtree, thenu selects u" as
its child. The issue of the cycle is handled as in Case-1-A above. Since the edge

(u®u ) is removed from the QoSRT, we need to connect the subtree rooted at

node u to the rest of the tree. This process is completed based on phase Il
of the QoSRT algorithm. The node u issues a SEARCH message looking for
the best edge that connects its subtree to the rest of the tree. The node of the
subtree that has the best edge to connect to the rest of the tree becomes the
new root of the subtree. 3) If the new BN u'is a member in u s former subtree,
then u selects u" as its child. The rest of the nodes in the subtree update their
parent and child pointers accordingly.

Case- -B: when BE, is a unique edge: 1) If the new BN u" is u s parent
or u s child, we follow the same process as in case- -A except the step of con-
necting the subtree rooted at u to the rest of the tree, since the subtree is not
disconnected from the rest of the tree. 2) If the new BN u"is not a member in
u s subtree, it selectsu" as its child, and the rest of the process continues as
in case- -A except the step of connecting the subtree rooted at u to the rest
of the tree, since the subtree is not disconnected from the rest of the tree as in
case- -A. 3) If the new BN is a member in u s subtree, thenu" is selected as a
child for u, and the cycleis handled asin case-1-A.

Second Scenario: We define a complete phase-1 component or complete phase-1
subtree as a tree rooted at a node connected to its parent by a bridge edge and
forms a connected subtree without any bridge edges, such that the leaves of
the subtree are either leaves of the QoS routing tree, or incident at atleast one
bridge edge. We define a phase-1 component or phase-1 subtree as a connected
subtree without any bridge edges. We also emphasize the standard definition of
a sub tree for any given tree rooted at a given node u to be the tree rooted at
the node u and includes all descendants of u. Since bridge edges connect two
components, and each component has at least one edge from phase 1, then each

Volume 3 Number 2 Page 1g www.ubicc.org



Ubiquitous Computing and Communication Journal

node that is incident at a bridge edge is a root of a sub tree. Since each bridge
edge consists of two nodes, then one of the nodes is a parent to the other (child)
in the QoSrouting tree. This child node is referred to as a leader.

In the maintenance process we are interested in a special type of subtrees,
in particular those subtrees rooted at the leader nodes. Let each leader be
responsible for the connection of its subtree to the rest of the QoS routing tree.
We need to maintain this connection through the best possible edge. Thus,
the bridge edge must be replaced by a better edge whenever a better edge that
connects the subtree to the QoS routing tree is discovered. Nodes in the QoS
tree that belong to the complete phase-1 subtree rooted at the root of the QoS
tree do not have a leader. Each of the nodes in the remaining QoS routing
tree belong to at least one sub tree rooted at a leader node. Thus, each node
may belong to multi level subtrees. The lowest level subtree is the one with the
closest leader, and the highest level is the one with the furthest leader. Each
subtree rooted at a given leader has the id of its leader. Each subtree node
must maintain the ids of all subtrees where it belongs. It further maintains the
ids of all subtrees of its neighbors. Based on the above information we propose
two approaches to maintain the bridge edges. In the irst approach we follow
the following steps:

Each leader sends a periodic search message with its own id to all nodes
in its subtree

« Whenever a node receives the search message from its parent it looks for
the best edge that connects it to another neighboring subtree, and stores
the weight of that edge in a variable called bridge-weight.

* Whenever a leaf node receives the search message from its parent it looks
for the best edge that connects it to another neighboring subtree, and
stores the weight of that edge in a variable called bridge-weight. Then it
sends a REPLY message with its id in the candidate field and the value of
bridge-weight in the bridge-weight field to its parent. The candidate field
hasthe id of the candidate node to lead the subtree.

 Whenever an internal node receives a REPLY message from its child if
its bridge-weight is greater than or equal the bridge-weight in the REPLY
message, it updates the REPLY message by replacing the value in the
candidate field with its own id, and the value in bridge-weight field with
its own bridge-weight value. This process continues until an internal node
has received REPLY messages from all its children.

< After an internal node has received REPLY messages from all its children,
and has considered all its neighbors from other subtrees, it sends a REPLY
message to its parent.

« After the root has received REPLY messages from all its children, it selects
the candidate node with the largest bridge-weight value, if it is greater
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than its own bridge-weight value, it sends an UPDATE message to the
new candidate node.

« Whenever the candidate node receives the UPDATE message, it selects
the other node incident at the new proposed bridge edge as its parent, then
it sends parent message to all its neighbors in the same subtree. Nodes in
the subtree will update their parent and child pointers accordingly. The
former root of the subtree updates its parent to one of its children in the
former subtree, thus the former bridge edge is removed.

In the second approach, each node maintains the bridge-weight value for the
bridges of all subtrees it belongs to. Whenever a node detects an edge that links
its subtree to another subtree, and this edge has a larger weight than the weight
of its subtree s bridge, it sends an ALERT message to its subtree leader. The
ALERT message has the two fields candidate and bridge-weight. Whenever the
leader receives one or more ALERT messages, it selects the one with the largest
bridge-weight, then it sends to the associated candidate an UPDATE message.
Whenever the candidate receives the UPDATE message it updates its child and
parent pointers. The remaining nodes in the subtree will update their parent
and child pointers accordingly.

6 Conclusion

In this paper we provided a distributed algorithm to construct and maintain a
QoS routing tree. Our quality of service routing tree has the following unique
properties: (1) Provides an optimal maximum bandwidth path between any pair
of nodes (2) Adapts quickly to bandwidth changes, and the maintenance process
is completed in the local subtree (3) Provides a connected virtual backbone,
which consists of a subset of the QOSRT nodes (4) Each of the time and message
complexity of the QoSRT construction is O(nlogn) (5) . In addition to the
QoSRT with the above mentioned features, we also proposed a maintenance
approach to maintain the tree in response to bandwidth changes. Both reactive
and proactive routing techniques are provided for the QoSRT. Proofs of the
properties and correctness of the approaches are provided. In future work we will
provide the maintenance process in mobility environment. The implementation
of these approaches are currently under process.
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