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Abstract

This paper describes an analytical model for service dis-

Apart from solutions in the wired-network [6, 8, 9]
or Internet domain, there has been work towards devel-
opment of service discovery architectures for MANETS

covery protocols in ad-hoc networks. We propose a bottom-[2, 5 10, 11, 12]. Most service discovery protocols for ad-

up approach towards modeling various essential features
of distributed service discovery protocols. More specifi-
cally this paper proposes a method to analytically model
the service cache (SC) on an ad-hoc node. We employ
the use of stochastic process models and fundamental
queuing theory to model the data present in the cache.
We show using simulations how our model can be used
to predict the service cache usage at the node level. Our
model is based on the assumption of non-preemption of
service descriptions from the service cache and that the
system is at steady state. We assume that there are
infinite number of services in the system. We also ex-
perimentally verify that our model predicts the service
system behavior reasonably well even when the assump-
tion of infinite services does not hold.

Keywords: Service Discovery, Queueing Theory, M/G/-
c¢/c, Ad-hoc Networks

1 INTRODUCTION AND MO-
TIVATION

An Ad-hoc network (also refered to as Mobile Ad-hoc
Network or MANET) is a wireless network formed on-
the-fly by multiple mobile nodes like laptops, PDAs etc.
Applications of top of MANETS often times need to uti-
lize resources or services that are present on other mo-
bile nodes in its neighborhood. This requires the need
for a seamless service/information discovery infrastruc-
ture. Even though there is work in developing service
discovery infrastructures, there is very little work in try-
ing to analytically model ad-hoc service discovery pro-
tocols.

hoc networks have certain features in common. Some of
these features are advertising of a local service, caching
of the received advertisements, broadcasting (or selective
forwarding) of service discovery requests.

In this paper, we have focused on a service discovery
protocol [2] that essentially has variants of all the above-
mentioned features. The discovery protocol we have
focused on is as described:

Each node advertise their local service(s) to the nodes
in their nearby vicinity (specified by number of hops).
Each node caches a received advertisement in its ser-
vice cache (SC) (provided it has space available). The
advertisement timeouts and is expunged from the cache
after a certain timeout period. When a node wants to
discover a certain service, then it first checks its SC to
see if it has information about the service. The ser-
vice is considered “discovered” if an entry of the service
advertisement is there in the SC. The node sends a ser-
vice discovery request in the network in case of a cache
miss by specifying the number of hops. Every node re-
ceiving this request checks its SC and replies with the
information of the service if an entry corresponding to
that service is present.

In this paper, we present a queueing theoretic for-
malism to model the service discovery at the service
node level by trying to model the ways in which a node
is affacted by the discovery protocol. The service cache
is the key component that influences the discovery pro-
cess at the node level. This is primarily because :(1)
Number of entries in a service cache (SC) determines
the probability of a service request matching a given
service description; (2) Number of entries in a SC of-
fers a reasonable parameter to judge the density of ser-



vices/frequency of advertisement in the environment (as-
suming some relaxed assumptions on the maximum mem-
ory of the node); (3) The information present in the SC
is used to determine the routing policy of service re-
quests. This paper presents a M/G/c/c queuing theory-
based model to predict the behavior of the SC and hence
model the service discovery at the node level for ad-hoc
networks.

Our motivation behind coming up with an analyti-
cal model is driven by the following factors: (1) Proto-
col Behavior Prediction and Optimizations: We accom-
plish various tasks like analytically predicting memory
requirements for the Service Cache, optimizing adver-
tisement frequencies of nodes etc. Analytical prediction
of probability of a service being discovered for a given
service density and network bandwidth is also possi-
ble. (2) Theoretical Performance Bounds Calculation:
It empowers us with the capability to estimate upper
and lower bounds on the memory and network capacity
usages for discovery protocols having variations of the
features mentioned above.

To the best of our knowledge, there has been no work
towards analytically modeling service discovery proto-
cols. However, there has been considerable work in
modeling services [15, 16, 17] and service interactions
[20, 21] using descriptive constructs and logic. There
has been some work in analyzing self-healing strate-
gies [18] that enable service discovery systems to man-
tain consistency [19] during network failure. However,
this work tries to use a event-based specification model
to specify protocol interactions. They do not use any
mathematical model to study and predict the behavior.
We are not providing a separate section for related work
since we have covered most of the concepts and existing
theory in this section.

The rest of the paper is organized as follows: In Sec-
tion 2 we present the mathematical formalism to model
the service discovery starting from a single ad-hoc node.
Section 3 describes our assumptions and our node-level
model in greater detail. Section 4 describes our experi-
mental evaluation of the model. We conclude in section
5.

2 NODE-LEVEL INTERACTI-
ON MODEL

Our model is developed following a bottom-up modeling
paradigm where we represent the Service Cache as the
atomic unit. It is considered the atomic unit because it
is the most basic unit that participates in the various
interactions. All higher level interactions between nodes
(e.g. forwarding of service advertisements, matching of
service discovery requests, selective forwarding of ser-
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Figure 1: Service Cache in a node and corresponding
markov model

vice requests) either affect or are affected by the service
descriptions stored in the SC.

State Definition:

We define the state E,, of the SC in the following man-
ner: The SC in a node is in state E, at time t if and
only if it contains n remote service descriptions at time
t. Thus, formally:

service descriptions present in an SC

n(according to our definition)

We consider the presence of one service description as
one unit in the SC. The physical memory occupied by
one service advertisement may be different from another
(due to their varying sizes).

The state of an SC changes when a new advertise-
ment arrives in the system. An advertisement is consid-
ered new if it contains a new service description in it.
Let ¢c= maximum number of advertisement units that
can be stored in a cache. A= mean of the arrival process
of service advertisements. Thus, when the SC is in state
E,, then it may change to state E,; with the arrival
of a new advertisement with mean rate A. Similarly, the
state of a SC also changes when an advertisement times
out and is expunged from the cache. Let u= mean of
the timeout values (refered as timeout distribution or
service time distribution in the paper). The state of SC
changes from E,, 1 to E, when a service description is
removed from the SC. We follow a no preemption pol-
icy when the SC is full. Thus, a new advertisement is
discarded if the SC is full.



2.1 M/G/c/c Queueing System

We use the M/G/cl/c2 queuing system [3] to model
our service cache. Due to lack of space, we do not
present details of the basic system. However, details can
be obtained from our technical report [7]. In brief, an
M/G/cl/c2 queuing system represents a system where
(1) M denotes the distribution followed by the arrival
process of jobs in the system. A process denoted by M
indicates that the interarrival time between two jobs fol-
low an exponential distribution. Thus the arrival pro-
cess follows a poisson distribution [1]. (2) G denotes
the distribution followed by the service time of jobs. A
process denoted by G indicates that it can follow any
distribution (poisson, gaussian etc). (3) cl denotes the
number of servers in the system (4) c2 denotes the max-
imum number of jobs that can be in this system at a
given time t. For the purposes of this paper, we focus on
a system where cl=c2. We explain the reason behind
such model in section 3. Thus, there can be atmost c
jobs (c=cl=c2) in the system.

2.1.1 Formulae

This system is modeled as a Birth-and-Death process
with the coefficients:

A=A n=0,1,2, .., (1)
Hn = T, (2)
An and p,, denotes the arrival rate and the service time
rate when the state of the system is E,. We denote
a=A/p. aisdefined as the traffic intensity of the system.
Let p, = probability of system having n jobs
Thus p,= probability of the system being in state E,,.
It can be shown [3] that

n=12 ..

a”

n!

= (3)
l+a+%+...+

DPn = forn=0,1,...c

c!

Thus, we can get the probability of the system contain-
ing n jobs given that we know the arrival rae (\) and
the service time rate (u) and the size of the system (c).

3 M/G/c/c MODEL FOR SER-
VICE CACHE

We model the service cache in our bottom-up approach
using the M/G/c/c queuing model. We have a few sim-
plifying assumptions for the SC.

1. Infinite Services Assumption: We assume that
there are infinite services in the whole system.
Thus, every service advertisement entering a ser-
vice cache is considered unique.

2. Steady State Assumption: We assume steady
state of the system. This paper does not deal with
transient states. From the point of view of the
service cache, the system is in steady state when
the arrival rate and the service time rate does not
vary with time. Transient states are very difficult
to model and moreover, most of the systems reach
a steady state after a short time.

3. No Preemption Assumption: We assume that
an incoming advertisement is discarded if the SC
is full.

We present an analogical proof showing that the var-
ious components of our service discovery protocol can
be related using a one-to-one cardinality to the various
components of the M/G/c/c queuing system.

1. Service Advertisements and Jobs: We map
a service advertisement in our system to a job
in M/G/c/c. However, the inter-arrival time be-
tween jobs in an M/G/c/c system follow expo-
nential distribution. In section 4, we provide ex-
perimental verification that the inter-arrival time
between advertisements follow exponential distri-
bution.

2. Service Cache Entries and Servers: Each free
entry unit in the service cache is considered equiv-
alent to a free server in the M/G/c/c system. The
action of storing an advertisement in one free en-
try in the service cache is mapped to the action
of a job being processed by a server in M/G/c/c.
Service time distribution in M/G/c/c is mapped
to the distribution of the timeout values of the in-
dividual entries in the service cache. Note that the
service time can follow any distribution (property
of M/G/c/c as explained in section 2.1).

3. Maximum Cache Size ¢: The maximum size
of the cache (in number of units) can be consid-
ered equivalent to the number of servers c in the
queuing model.

4. Maximum number of entries ¢: From the first
three equivalence relationships, we deduce that
the maximum number of jobs in the queuing model
is analogous to the maximum number of advertise-
ments present in a service cache at any time ¢. The
service cache behaves exactly like the M/G/c/c
queuing model in this regard.

Thus, with the above analogical mappings, our service
cache is in state E,, when there are n service descriptions
in it. An arrival of a new advertisement is a birth (that
changes the state) and the timeout of an advertisement
can be considered to be a death. Given an arrival rate A



and the timeout rate pu we can find the traffic intensity
a (i.e. the ratio A/u) and the probability p, that the
system will contain n entries at steady state.

4 EXPERIMENTAL EVALUA-
TION

We implemented our test bed on the well-known net-
work simulator Glomosim [14] under various mobility
conditions and different node topologies. Simulation en-
vironment consisted of node topologies ranging from a
topology with 25 nodes to a topology with 100 nodes.
We used a random way-point mobility pattern for all the
nodes. Each node advertises its services across either
one or more hops. For the purpose of the experiments,
we considered services to be advertised across one hop
only. Each experiment was ran for a simulation time of
1 hour over a space of (190m X 190m). We considered
an uniform advertisement interval of 10s and uniform
advertisement timeout of 5s. Nodes followed a random
waypoint mobility pattern with 3m/s speed with a 5s
stoppage time.

We carried out experiments to observe the distribu-
tion of the inter-arrival time of service advertisements.
We also carried out probabilistic estimation of the ser-
vice cache being in state E, (n=0,1,2...c)(for a given
A and p) and compared it to the values predicted by
M/G/c/c model (using equation 3). Finally, we per-
formed experiments to determine how well M/G/c/c
model approximates the behavior of the service cache
when the Infinite Services Assumption does not
hold. We discuss the results in the following subsec-
tions. Our simulation takes into consideration message
losses, disconnections, delays and node mobility. Thus,
this by far approximates a real-life ad hoc network.

4.1 Determination of the Arrival Pro-
cess of Advertisements

We observed that if the transmission of advertisements
from individual nodes follow an uniform distribution
(with a certain upper bound), the arrival process of ad-
vertisements follow a poisson distribution. Logically, if
there are two nodes in the system, a uniform process
of advertisement generation will result in an uniform
arrival process (under ideal situations, i.e. no message
loss, disconnections etc). However, this is clearly not
the case when there are multiple nodes in the vicin-
ity of a device and when the ideal situations do not
hold true. We assumed that the transmission of service
advertisements followed an uniform distribution. This
is a most general assumption since it does not impose
any restriction on the way in which the advertisement
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Figure 2: Distribution of Inter-arrival times of service
advertisements for Uniform advertisement transmission
time distribution

is generated. The inter-arrival time distribution of ad-
vertisements is plotted in figure 2. We carried out the
above experiment for nodes ranging from 25 to 100 with
different mobility patterns and different advertisement
diameters. We carried out least square approximation
on the experiment data and observed that the curve
is very near to exponential. Thus, we conclude that
for an uniform advertisement transmission distribution,
the advertisement arrival process follows a poisson dis-
tribution for a real-life ad hoc network environment.
This is an important result in the field of ad-hoc service
discovery advertising. This result further substantiates
the assumption about the distribution followed by the
arrival process of jobs in a M/G/c/c queuing system.

4.2 Comparison of Cache Usage Proba-
bility

For a given A and pu, equation 3 provides a probabilistic

measure of the system being in state E,,. Cache Usage

is defined as the actual number of cache entries being

used. We calculate the probabilistic distribution of the
service cache being in different states (state being given
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Figure 3: Cache Usage Probabilistic Measure compared
against prediction made using M/D/c/c model

by the cache having certain entries) for a given A and
. We calculate A from the arrival process distribu-
tion. We assume a constant service time distribution
for the purpose of the experiments. Thus in our ex-
periments the general distribution (G) is replaced by
the deterministic distribution (D). We carried out these
experiments assuming that all the incoming advertise-
ments were unique. Thus we respected the Infinite
Services Assumption in these experiments. We com-
pared the probabilistic measures as obtained from ex-
periments against the ones predicted by M/G/c/c the-
ory. The results are shown in figure 3.

We observe that the probability estimates follow each
other very closely. In general, the M/D/c/c theory
underestimates the probability right at the beginning,
overestimates in the middle and underestimates at the
end with marginal error bounds. We observe that the
mean error ranges from 6% to 13%. Thus, we can
conclude that M/G/c/c queuing model can be used to
model the service cache of nodes in our bottom-up model
towards service discovery. However, the predictions made
by this model are subject to marginal errors but over-
all obtains good results in modeling the behavior of the
service cache.

4.3 Comparison of Cache Usage Proba-
bility without the Infinite Services As-
sumption

The Infinite Services Assumption does not hold for
practical ad-hoc networks. This is because there are fi-
nite number of nodes in an ad-hoc environment and it
is infeasible to think of infinite services being present
on a finite number of nodes in a real-life environment.
The results of the M/G/c/c model are only valid when
each job is unique. We carried out experiments to de-
termine how well the model estimates the behavior of
the service cache in presence of a finite number of ser-
vices. Two advertisements are duplicate if they contain
the same service descriptions. We observed that the ar-
rival process of advertisements follow a poisson process
anyway. Our experiments showed that M/G/c/c is still
a good model to apply even when the environment con-
tains finite services. We carried out experiments with
a service/node ratio ranging from 1 to 0.125. Figure
4 displays the results. Thus, we can apply the model
towards modeling service discovery even when there are
finite number of services in the environment. However,
the service/node ratio is important to determine how
well the model will represent the actual working of the
system. We have shown that the model is appropri-
ate even with a service/node ratio of 0.125 which is a
reasonable value for a real-life ad hoc network.

5 CONCLUSIONS

In conclusions, we have analogically proved that M/G/c/c
model can be used to predict the cache usage of a service
cache (SC) in a mobile device participating in ad-hoc
service discovery. We observe that arrival rate of ad-
vertisements (given uniform sending rate) follows expo-
nential distribution very closely in an ad hoc network.
The cache usage can be predicted reasonably well us-
ing M/G/c/c queuing model. We have experimentally
showed that even for finite services M/G/c/c provides a
good approximation of the predicted usage. This would
enable practical ad-hoc environments to apply our the-
ory as a good ”approximation model”.

Our bottom-up queueing theoretic model has got
far-fetched applications in modeling service discovery
protocols. We can determine the average timeout of
a service description for a given the arrival rate, the
size of the cache and some threshold probability of the
required number of entries in the cache. We can also
determine the optimal timeout rate for the system for
a given advertisement arrival rate so as to achieve equi-
librium. Equilibrium is defined as that state when the
average number of entries in the SC do not fluctuate.



In future work, we aim to model higher level interac-
tions between these Service Cache units and eventually
model protocol level components of ad-hoc service dis-
covery applications.
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Figure 4: Cache Usage Probabilistic Measure compared
against prediction made using M/D/c/c model for finite
services. Service/node ratio ranges from 1 to 0.125



