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Abstract— This paper presents a QoS routing system for MANET sup-
porting multiple traffic classes. The system takes into consideration clus-
tering and channel allocation. Simulation experiments show that our al-
gorithms are convergent. The system also yields a higher total throughput
compared to the case in which every interface uses the same channel.

I. INTRODUCTION
A. Motivating Scenario

Cellular phone systems have been tremendously successful
but they rely on a fixed infrastructure. In some cases, such as
after an earthquake, it is desirable to set up a network in an
area without any infrastructure as quickly as possible. In this
paper, we present the design and simulation results of a QoS
routing system that can provide different classes of service in
a mobile ad hoc network. We believe the entire QoS routing
system should be considered as a whole because optimizing dif-
ferent components of a system separately may lead to poor per-
formance, or worse, an unstable system. In this paper, we take a
first step towards an integrated system by considering clustering
and channel allocation in addition to routing.

B. Related Work

Traditionally, QoS routing applies to only fixed wireline net-
works, see e.g., [2] and the references therein. There have also
been many ad hoc routing protocols proposed for MANETS
without QoS support as in [12]. Recently, there have been pro-
posals to provide QoS in MANETSs as in [3], [9]. In [3] the au-
thors propose an algorithm to minimize utilization that does not
take into account the effects of the coupling of interference be-
tween neighboring nodes. The work in [10] considers coupling,
but the authors use a centralized integer programming approach
that does not scale well as the number of nodes becomes large.

Previous work on clustering focuses on metrics such as clus-
ter diameter ([8],[1]) and stability [11]. Our work tries to respect
the natural clusters by focusing on the number of inter-cluster
links. Although such links are necessary for intercluster com-
munication, only a subset of them are used as gateway links. By
minimizing the number of intercluster links, one also minimizes
the number of unused links. This metric is considered in [6] us-
ing a centralized solution for a stationary network. We propose
a distributed algorithm designed for a dynamic environment.

The frequency assignment problem for cellular networks has
been studied extensively. [5] provides a comprehensive survey
on different approaches to this problem. However, those so-
lutions are not suitable for our purpose as they are designed
for fixed infrastructure networks. Furthermore, our problem re-
quires each node maintain connectivity to the rest of the net-
work in addition to reducing interference. We solve the channel
allocation problem using simulated annealing which has been
widely applied to many combinatorial optimization problems.

[14] provides a good coverage of its theory and some of the
typical applications. However, most simulated annealing work
assumes a central agent has all the state information and fully
controls the adaptation process. Our work applies simulated an-
nealing technique in a completely distributed way.

C. Assumptions

In this paper, we will use the terms node and router inter-
changeably. We assume each node of the ad hoc network is
mobile and has one or more wireless network interfaces. Each
interface can operate at one of the many independent channels
(i.e., frequencies) chosen from a predetermined set. Equipping
nodes with multiple interfaces can increase the capacity of the
network. These interfaces can have different maximum trans-
mission ranges and link rates. The rate of a link between two
nodes depends on the channel quality. We assume that the inter-
faces use a contention-based MAC protocol suitable for a multi-
hop ad hoc network but the design of such MAC protocol is
outside the scope of this paper.

The network supports unicast applications with different pri-
orities and bandwidth requirements. Our system supports the
following classes of application in decreasing order of priority:
(1) Urgent Messages (UMs) are connectionless and they demand
minimum end-to-end delays. (2) Urgent Flows (UFs) are ur-
gent calls with low to medium bandwidth requirements of up to
about 100Kbps. They require fast call set-up, fast rerouting in
case of failures, but are relatively infrequent. (3) Regular Flows
(RFs) are non-urgent voice and video calls with potentially high
bandwidth requirements. They are frequent and demand a low
blocking probability. (4) Best Effort (BE) flows are connection-
less and do not require any bandwidth guarantees.

Il. SYSTEM DESCRIPTION
A. System Architecture

Our system consists of three major components: clustering,
channel allocation, and route computation. An efficient routing
system must support load balancing of traffic. This capability re-
quires some knowledge of the network topology beyond the lo-
cal neighbors. However, without any hierarchal structure, each
node would have to gather global topology information and in-
cur a high control overhead. Our system partitions the network
into clusters of nearby nodes and perform hierarchical routing at
two levels (within a cluster and across clusters) to reduce con-
trol overhead. Another advantage is when a link fails in a transit
cluster, local rerouting of flows within the cluster may suffice
to contain the fault without bothering the end nodes. Although
hierarchical routing is sub-optimal because some links are not
used, we believe the differences are small and acceptable.

The clustering algorithm dynamically organizes the nodes



into a two-level hierarchy. Each cluster is connected to nearby
clusters via one or more gateways which are nodes at the bound-
ary of two clusters. These gateways, also determined by the
clustering algorithm, are responsible for finding routes for flows
crossing clusters. The goal of the channel allocation algorithm
is to assign, in a distributed fashion, suitable channels to differ-
ent interfaces to maximize the network throughput while keep-
ing the network connected. The channel allocation algorithm
implicitly defines the links in the network.

Within each cluster, each node participates in a link state pro-
tocol to exchange information on the topology within the clus-
ter. In addition, all gateways in the network participate in an-
other link state protocol exchanging connectivity information at
the cluster level. Based on the link information within a clus-
ter and the cluster summaries exchanged among the gateways,
a distributed routing algorithm finds the best routes for different
flows and traffic classes. The QoS routing algorithm is also re-
sponsible for rerouting flows after a failure. We describe each
of these three components in the following sections in details.

B. Clustering Algorithm

Our objective is to form clusters near size n while minimiz-
ing the resulting number of intercluster links. We choose the
target cluster size n to be the square root of the total number of
nodes in order to minimize the sizes of the routing tables. In our
clustering algorithm, each node maintains two types of cluster-
ing: prospective and actual. The following distributed algorithm
computes the prospective clustering. A leader node is associ-
ated with each prospective cluster. Initially, every node starts
as its own prospective cluster and as the leader of that cluster.
At fixed intervals, all nodes broadcast a vector, (node ID, clus-
ter 1D, path to the leader, number of nodes in cluster), to their
one-hop neighbors. Each node also sends a hello message to the
leader node of its cluster. By counting the hello messages, the
leader determines the current size of the cluster. A node updates
this size from a neighbor with the shortest path to the leader. If
no such neighbor exists, the field is set to infinity.

Nodes dynamically update their cluster ID based on their
neighbors’ broadcast. After waiting for a random period of time,
each node decides whether to update its cluster ID with proba-
bility Pswitch. Pswiten 1S lower when the number of nodes in a
cluster is near n. The updated cluster ID of a node is a random
variable that takes on values from the set of cluster IDs of neigh-
boring nodes and a new cluster ID. The value is chosen in a way
that favors the more popular IDs and better cluster sizes.

The prospective clustering may vary frequently and take on
suboptimal clustering configurations. However this behavior is
necessary to discover better clustering configurations. The ac-
tual clustering is updated from the prospective one at a slower
rate. The more stable actual clustering is used for channel allo-
cation and routing. The algorithm also chooses gateway nodes
so exactly one link exists between any two neighboring actual
clusters.

C. Channel Allocation

One may formulate channel allocation as an integer program.
However, this approach is unsuitable for distributed implemen-
tations because its solution requires global network knowledge.

We propose to use a simulated annealing approach to solve our
combinatorial optimization problem as in [7] [13].

By an intra-cluster link state protocol, each node can deter-
mine the set of reachable nodes within its cluster and the routing
distances. Whenever a node becomes idle, it changes the chan-
nel on one of its interfaces and tests how good the new channel
is. This goodness, called potential in simulated annealing liter-
ature, is defined by the number of neighbors and how well it is
connected to the rest of the network. If its potential is reduced,
it adopts this new channel; otherwise, it reverts to the original
one with a probability depending on the magnitude of the in-
crease. As the adaptation progresses, this probability is grad-
ually discounted by a parameter called temperature to achieve
convergence.

A node stays on a channel for a random period before switch-
ing. The length of this period depends on the potential and
the temperature. The higher they are, the faster a node tends
to switch. This design stabilizes the distributed algorithm and
speeds convergence. When the network topology changes sud-
denly, a surge in the potential of affected nodes triggers the tem-
perature to be reheated and the adaptation process restarted.

D. Routing

The presence of different priority levels in many disaster re-
lief and military applications prompts us to use different routing
algorithms for flows of different levels:

1. Urgent Messages (UM) are sent over shortest paths in terms
of end-to-end transmission delay. Currently, a static link cost of
1/C is used, where C is the link speed, but we plan to incorpo-
rate queueing delays too.

2. Urgent Flows (UF) use shortest paths with link cost given by
1/C + X, where C is the link speed, I the amount of band-
width used by interfering links, and A a tuning parameter. I is
calculated by information obtained through a link state protocol
(see below) and is the rate at which a link is busy either sending
or receiving data. Note that its value is not obtained by mea-
surements, but by information contained in flow setup and tear-
down requests. The parameter A captures the tradeoff between
resource availability and delay optimality.

3. Regular Flows (RF) uses the least loaded routes. Because
interference constraints are coupled, the resulting program is
NP-hard [10] and hence a myopic algorithm is unlikely to work.
For these reasons, upon arrival of a new RF call, our algorithm
solves a linear program that maximizes available capacity to find
the route for the flow. solved. The solution of a linear program
splits a single flow over multiple paths in general. We discretize
the solution by selecting the least loaded link on each hop, start-
ing from the source node?.

4. Best Effort(BE) use shortest hop count paths (unit link costs),
as is the case for signaling traffic.

Using shortest path algorithms for UMs and UFs avoids the
high route computation delay associated with RFs. The use of
an additive interference link metric for UF is justified because
these flows account for only a small fraction of the traffic. On
the other hand, this is certainly not the case for RFs.

UF packets have priority over RF and BE packets, while UM
packets have priority over UF. When the interference metric

I Loops are prevented by appropriately perturbing the objective function



for a link is calculated, as is needed in the routing algorithm for
UF, the bandwidth usage of RF and BE for that link is not taken
into account. On the other hand, since we not assume any MAC
layer QoS capabilities, I needs to include RF and BE bandwidth
usage of interfering links.

When a node attempts to allocate link bandwidth for a UF or
an RF, it first requests approval from all of its interfering neigh-
bors. The request is granted by a neighbor, if and only if it does
not violate the interference constraints on any of that neighbor’s
links. If the allocation request is for UF or RF traffic, then a
neighbor might need to inform its neighboring nodes to throttle
back their BE traffic by an appropriate amount.

For scalability reasons, we define a two level routing hier-
archy. At the lower level, node clusters exchange network state
information within the same cluster. This is done by using a link
state protocol similar to OSPF but with additional information
such as per class bandwidth usage of interfering nodes. Clus-
ter gateways export a topology summary of the cluster to other
gateways in different clusters using another link-state protocol.

Link failures due to mobility are handled at two levels. The
gateways of the cluster containing the failed link try to reroute
any transit flows crossing the cluster if possible. Flows that can-
not be rerouted locally are handled by the gateways of the source
and destination nodes. At both levels, many flows may need to
be rerouted by the same node. In these cases, the new paths are
computed solving a single optimization problem for each class:
Urgent Flows are routed first, then Regular Flows.

I1l. SIMULATION RESULTS
A. Smulation Framework

To evaluate the performance of our proposed system, we im-
plement a simple time-driven flow level simulator in MATLAB
[4]. The simulator models the arrival and departure of flows
with different requirements, and the volatile link connectivity
among the nodes due to mobility. However, individual packets
are not simulated. All control information is kept in a global data
structure in the simulator. To simulate the distributed nature of
the system, different logical instances of various algorithms can
only access part of the data structure.

In our mobility model, the nodes belong to static administra-
tive groups. The members of each group roughly travel together,
but the relative positions of the nodes vary over time randomly.
The center of gravity of each group follows a random walk over
a square area. The speed and the direction of travel of the nodes
can change by a small amount in every time step. As the groups
move, they may overlap. The simulator models the wireless
links of various speeds. Each link can take on a speed from a
set of predefined speeds based on the distance between the two
interfaces.

B. Clustering Algorithm

We compare the results of our distributed clustering algorithm
with an optimal solution computed by a slow, centralized, ex-
haustive search. We generate scenarios of 25 nodes with an ideal
cluster size n of 5 with various average node degrees. The tar-
get cluster size used in this section is also 5. The network is
stationary. We run our algorithm for 20 iterations.
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Fig. 2. Performance difference between ours and the optimal scheme for sce-
narios of different average node degrees.

Define the mean square error of a clustering (MSE) to be the
sum of the squared difference between each cluster size and n,
divided by the total number of clusters. We define the goodness
metric (or simply the metric) of a particular clustering to be the
sum of MSE and the total number of intercluster links. Fig.1
shows the how this metric changes after each iteration for a sin-
gle scenario. The optimal metric is shown by the dotted line.
Our algorithm does not always converge to the optimal. Fig.2
shows the performance difference for various scenarios denoted
by average degree. For these scenarios, the difference is small
even after a limited number of iterations especially when the
optimal cluster size is near the target cluster size. However, our
distributed algorithm computes the clustering in seconds while
the centralized exhaustive search take days.

C. Clustering and Channel Allocation

To study the interaction between clustering and channel allo-
cation algorithms, we simulate a 100-node network divided into
10 groups. Nodes move in groups as described earlier and re-
organize themselves using the clustering algorithm. Once new
clusters are formed, nodes execute the channel allocation algo-
rithm to find the best way to connect with each other. Fig.3
shows the average potential of all nodes over time. In this sce-
nario, nodes stop moving after 70 time steps (each step corre-
sponds to 2.5 seconds). The channel allocation algorithm is able
to at least maintain the performance of the network when nodes
are moving. After that, it gradually “cools” down and settles
into its steady-state, as indicated by the downward trend in the
last part of the curve. For the same scenario we also show the
gain in the average throughput per node that our algorithm can
achieve in Fig.4. The curve at the bottom of the plot shows the
average throughput per node when all interfaces are assigned to
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the same channel. So in this experiment our algorithm achieves
a factor of 1.44 increase in average throughput per node.

D. Routing

In this section, we present the simulation results of our rout-
ing algorithm running on top of a stationary network. We com-
pare our routing algorithms with one that does not account
for the coupling between interference among neighboring links.
Namely, each time a Regular Flow arrives it is routed over the
path with the highest available bandwidth without considering
interference between neighboring links. This algorithm can be
seen as a myopic version of our RF algorithm, in that the avail-
able bandwidth of each link is independent of other links. A
similar myopic algorithm has been used in [3].

The simulated network consists of a single cluster of 20
nodes. Each node has a random number of radios that varies
from one to three, and each radio can use a fixed frequency out
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Fig. 5. Network topology used in simulation.

of three possible. The topology was randomly generated and is
depicted in Fig.5. Regular flows arrive randomly in the network
at a very high rate averaging 1 flow each second.

We ran two simulations: one using our algorithm and another
one using the myopic one, with the same arrival pattern (genera-
tor seed) for 500 seconds of simulation time. Our algorithm ac-
cepted rejected 122 flows out of 613 (rejection rate 20%), while
the myopic algorithm rejected 142 (rejection rate 23%).

1V. CONCLUSION

In this paper, we have presented a QoS routing system that
considers both channel allocation and clustering. Our simula-
tion results also shows fast convergence of our clustering algo-
rithm producing good sized clusters after about 20 iterations.
Additionally, once the clusters reach the target cluster size, the
clustering remains stable when network topology is stable. In
networks with mobility (when the neighbors of each node vary
slightly per iteration), the algorithm is able to adapt to changes
and assign clusters accordingly.

Finally, we have presented a set of fast routing algorithms that
provide a diverse set of QoS guarantees to different applications.
This was made possible by introducing a two level routing hi-
erarchy that decomposes the routing computation into several
lower complexity subproblems. This hierarchical approach is
necessary in a large wireless network where the provision for
QoS in the presence of interference constraints significantly in-
creases the complexity of the problem.

This work is part of a joint project between Cisco and UC
Berkeley. David Jaffe is the lead contributor from Cisco. The
UC Berkeley team includes Venkat Anantharam, Eric Chi, Bill
Hodge, Zhanfeng Jia, David Tse, and Pravin Varaiya. We would
especially like to thank DARPA (contract no. N66001-00-C-
8062) for their funding support for the project.
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