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Abstract— The concept of providing mobile Internet connec-
tivity for passengers in public transport vehicles, where users
connect to a local network that attaches to the Internet via
a mobile router and a wireless link, has become increasingly
popular in recent years, as evidenced by the growing amount
of commercially available systems and associated research and
standardization activities. The challenge of providing wireless
connectivity to networks in motion is compounded by the highly
dynamic nature of the user population and the strict Quality-of-
Service (QoS) requirements of many applications typical of such
environments. As a result, several protocols extending Internet
QoS support approaches to on-board mobile networks have been
proposed in the past. In this paper, we focus on modeling and
performance evaluation of periodical aggregation of resource
reservation messages, which forms the basis of the On-Board
RSVP protocol. We present a model consisting of a discrete-time,
multiple-server and finite-capacity queueing system with bulk
arrivals and departures, conduct a detailed analysis of the model,
and use it to evaluate the performance of the resource reseration
aggregation scheme in a practical scenario. The validity of our
model is also backed by extensive simulation results.

I. INTRODUCTION

Recent years have witnessed an explosive growth in the
availability of interconnected computing devices (e.g., PDAs,
laptops, and 3G mobile phones) and the deployment of more
sophisticated wireless communication infrastructure. In order
to achieve a truly pervasive computing environment it is imper-
ative for Internet services to be introduced in public transport
systems. An on-board communication solution will enable
transport operators to deliver value-added communication,
information and entertainment services to their passengers.

A typical on-board mobility architecture consists of three
main components: a high-speed on-board local area network
(OBLAN), a Mobile Router (MR), and a Mobile Wireless
Internet Connection (MWIC). The OBLAN provides local
high-speed connectivity for on-board passengers and their de-
vices. The MR facilitates communication between the OBLAN
and the global communication infrastructure (e.g., Internet).
The MWIC connects the MR to the Internet through a time-
varying point of attachment, e.g. via a 3G cellular station.
Recently, the IETF Network Mobility (NEMO) working group
proposed a basic solution [1] for mobility support for networks
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in motion; in addition, the on-board network architecture
forms the basis for research projects [2] as well as several
commercial deployments.

On-board networks must be able to support a variety of user
applications, particularly those requiring end-to-end resource
provisioning, such as voice and video calls. Among resource
management mechanisms, those offering the most fine-grain
control operate on a per-flow basis. However, flow-based
reservation schemes such as RSVP [3] can cause significant
bandwidth, memory and processing overheads for nodes along
the flow path. These overheads increase proportionally with
the number of QoS-supported sessions, which, in general,
presents a scaling problem due to the volume of RSVP refresh
messages. Nonetheless, in on-board networks, the number of
sessions is limited both by the capacity of the MWIC and
by the number of people and devices that can physically be
on-board; therefore, for this kind of networks, scalability of
RSVP refresh messages is not considered a significant issue.

On the other hand, in many applications requiring strict
QoS guarantees (such as voice calls), the session duration
can be relatively short. The dynamic of adding or dropping
user sessions institutes a large number of trigger (or setup)
resource reservation messages in the network. This can result
in a large load on the intermediate routers, since the processing
of trigger messages requires various stages such as a new reser-
vation session lookup, setting up new reservation states and
setting the internal traffic control. Further, trigger messages
introduce bandwidth overheads. Previously proposed schemes
for overhead reduction in RSVP [4]–[7] focused on reducing
the number of refresh messages in the network, but do not
necessarily result in any decrease in the trigger messages.
The problem of trigger messages is also identified in [8]. The
scalability problem introduced by trigger messages tends to
become more severe in an on-board communication setting,
due to the potentially large and dynamic number of users and
the scarcity of bandwidth in the wireless link (MWIC).

To address this issue, in an earlier work [9], we proposed
On-Board RSVP, which is designed to reduce the frequency
of trigger messages over the tunnel between the MR and
its home agent (HAoMR) by collecting individual trigger
messages in a buffer and aggregating them into a single
compressed one. Some of the possible aggregation criteria
have subsequently been discussed in [10]; e.g., aggregation
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can be time-based, where the accumulated trigger messages
are handled periodically with a regular interval, or be based
on reaching a threshold value of either the number of requests
or the total capacity requested. Our objective in this paper is
to develop an analytical model to evaluate the performance of
the On-Board RSVP protocol with the time-based aggregation
criterion; thus, the compressed trigger messages are sent only
at regularly spaced points in time, and the underlying resource
reservation mechanism is therefore represented adequately by
a discrete-time queueing system [11].

Discrete-time queues received much attention in the litera-
ture in recent years due to their direct applicability in the study
of many computer and communication systems, where time is
divided into fixed-length intervals (slots). Several studies car-
ried out an analysis of single-server, discrete-time Geom/G/1
and GI/Geom/1 systems with both infinite and finite queue
capacities [12], [13]. An analysis of a single-server discrete-
time M [x]/Geom/1 queue with multiple arrivals per slot was
undertaken in [11]. Multi-server discrete-time systems with
geometrically distributed inter-batch and service times and
infinite buffer capacity (Geom[x]/Geom/c) were the subject
of [14], [15]. Recently, [16] reported an analysis of a finite-
size multi-server discrete queue (GI/Geom/m/N), but with a
single arrival per slot only. On the other hand, since On-Board
RSVP facilitates multiple arrivals of trigger messages per time
interval (slot), and since the lifetime of QoS-supported connec-
tions can be random, our model must allow for bulk arrivals
in a slot as well as multiple parallel servers. Thus, our model
for the operation of On-Board RSVP is that of a discrete-
time, multi-server, finite-buffer queue with bulk arrivals, i.e.
a M [x]/Geom/c/N system. To the best of our knowledge,
no published work has attempted to study queueing systems
combining all the above characterstics (the references cited
above only tackled different partial combinations thereof).

Accordingly, our contribution in this paper is twofold. First,
in Section II, we present in detail the M [x]/Geom/c/N
queueing model and conduct an analysis thereof, which has
a generic importance beyond the motivating context of this
paper. Then, in Section III, we use the model to study the
performance of On-Board RSVP under a practically-inspired
high-load scenario, and demonstrate the validity of the model
by comparing it to simulation results. Finally, we conclude the
paper in Section IV.

II. DISCRETE-TIME M [x]/Geom/c/N QUEUEING MODEL

We consider the M [x]/Geom/c/N queue with multiple
servers and finite storage capacity, as illustrated in Fig. 1. c
denotes the number of servers and N is the queue capacity.
Thus, c + N is the maximum number of messages allowed in
the system, including those in service. The time is considered
to be divided into fixed-length periods, or slots, of duration
T . New messages continuously arrive to the system as a
Poisson process with a rate of λ and are assigned to the
first available server, possibly waiting for several slots in the
queue if necessary. A message that finds the queue to be
full upon arrival is lost and immediately discarded from the

Fig. 1. The M [x]/Geom/c/N discrete-time queue.

Fig. 2. Markov chain diagram of the queueing model

system. The queue service discipline is first-come-first-served
(FCFS). The service of a message always starts and ends at
slot boundaries, and its duration (in slot units) is independently
and geometrically distributed with a parameter of µ.

Consider the system population (i.e. total number of mes-
sages in the queue and the servers) at the start of some time
slot. At the end of that slot, the population will increase by the
number of newly arrived messages (excluding those discarded
due to a full queue), minus the number of messages whose
service is completed in that slot. Denote by an the probability
of n arrivals in a slot, and sm

n the probability of n service
completions in a slot, given that m messages were serviced.
Thus, an is Poisson-distributed:

an =
(λT )ne−λT

n!
, n = 0, 1, 2, . . . , (1)

and, due to the independence of service times, sm
n is distributed

binomially:

sm
n =

(
m

n

)
µn(1−µ)m−n, 0 ≤ m ≤ c, 0 ≤ n ≤ m. (2)

Fig. 2 shows the Markov chain representation of the system
with finite state space {0, 1, 2, ..., c + N}. The one-step tran-
sition probabilities pij from state i to state j are given by the
following:
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pij =




∑j
l=0 als

i
i−j+l 0 ≤ i ≤ c, 0 ≤ j < i;∑i

d=0 aj−i+ls
i
d 0 ≤ i ≤ c, i ≤ j < c + N ;∑i

d=0

(∑∞
ν=j−i+d aν

)
si

d 0 ≤ i ≤ c, j = c + N ;∑j−i+c
l=0 als

c
i−j+l c < i ≤ c + N,

i − c ≤ j < i;∑c
d=0 aj−i+ls

c
d c < i ≤ j < c + N ;∑c

d=0

(∑∞
ν=j−i+d aν

)
sc

d c < i ≤ c + N,

j = c + N ;
0 otherwise.

(3)
It is easily seen that the Markov chain is irreducible and

positive recurrent. Hence, the steady state probabilities πj ,
j = 0, 1, . . . , c + N , are given by the unique solution of the
following linear equations:

πj =
c+N∑
i=0

pijπi =




∑j
l=0 al

∑min(c,c+N−j+l)
d=0 s

min(c,j+h−l)
d πj+h−l

0 ≤ j < c + N ;∑j
l=0 (

∑∞
ν=l aν)

∑min(c,c+N−j+l)
d=0 s

min(c,j+h−l)
d πj+h−l

j = c + N ;
(4)

and
c+N∑
j=0

πj = 1. (5)

This system of linear equations can be solved numerically;
note that, for practical purposes, the infinite sum

∑∞
ν=l aν can

obviously be replaced by 1 −∑l−1
ν=0 aν .

Once the steady state probabilities are known, they can then
be used to evaluate, in particular, the loss rate of incoming
messages and the average waiting time in the queue, both of
which are important metrics for the On-Board RSVP protocol
performance. The mean message loss rate (i.e. the expected
number of messages that are discarded per time slot) is
calculated by considering, for each state, the probability that
the number of arrivals minus service completions exceeds the
queue capacity:

Alost =
c+N∑
i=0

∞∑
l=1

min(i,c)∑
d=0

πials
min(i,c)
d ·

max{[i + l − d − (c + N)], 0}. (6)

The percentage of messages lost, Plost, can therefore be
found by Plost = Alost

λT , and the ‘effective’ arrival rate seen
by the system (excluding the discarded messages) is λA =
λ − Alost

T .
By Little’s formula, the average time spent in the system

can now be found by

WS =
∑c+N

i=0 i · πi

λA
; (7)

Fig. 3. Handling of ‘trigger’ and ‘refresh’ resource reservation messages at
the MR.

subtracting the average time that it takes a message to be
served (T

µ ), we finally obtain the average waiting time in the
queue as WD = WS − T

µ .

III. SIMULATION STUDY

The On-Board RSVP protocol, proposed in [9], specifies
that the on-board MR includes a mechanism to classify
resource reservation messages into two queues, as shown in
Fig. 3. Incoming RSVP messages are checked by the classifier
against an existing reservation state in order to determine
whether they are ‘trigger’ or ‘refresh’ messages. After every
period of T , the scheduler scans the queue of trigger messages
and compresses some of them (depending on the available
capacity) into a single trigger message, which is then sent
over the MWIC to the MR’s home agent (HAoMR). The
HAoMR decompresses this message back into multiple trigger
messages and sends them on to their respective endpoints. Any
trigger messages that find the queue full upon arrival are not
admitted. Note that this mechanism is entirely orthogonal to
any possible optimization of refresh messages, such as the one
proposed in [17]. We refer the reader to [9] for a more detailed
description of the On-Board RSVP protocol.

We now describe the scenario used for our simulation
study. We assume an on-board network deployment on a
public transport vehicle using a 3G cellular connection with
a maximum data rate of 144Kbps. The network is utilized
solely by VoIP calls, using a G.729a 8Kbps codec, RTP header
compression and voice activity detection (silence suppression),
and thus requiring 12Kbps per call on average. Therefore, the
maximum number of simultaneous calls that can be supported
is c = 12. We assume an average call duration is 120sec,
and set the arrival rate of new calls to be 0.1calls/sec. Thus,
demand is equal to 100% of capacity, which represents a high
but not unreasonable load on the network.1 Our goal is to
investigate the effect of the aggregation period T and the queue
size N on the protocol performance metrics, Plost (percentage
of lost messages) and WD (mean queue waiting time). To that
end, we evaluate these metrics using the M [x]/Geom/c/N
model and compare them with actual results obtained by
simulation.

Figures 4 and 5 show Plost and WD, respectively, as a
function of N for T = 30sec, and as a function of T for
N = 12. We observe, as expected, that the percentage of lost

1Indeed, e.g., for a suburban train with 150 passengers, a demand of 12
simultaneous calls at any time imply that each user has an active duty cycle
of up to 8% on average.
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Fig. 4. Percentage of Messages Lost Plost: (a) as a function of N for T = 30sec; (b) as a function of T for N = 12.
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Fig. 5. Mean Waiting Time in Queue WD : (a) as a function of N for T = 30sec; (b) as a function of T for N = 12.

messages decreases considerably with increasing queue size,
at the expense of a proportional increase in the waiting time.
More importantly, both metrics are clearly seen to have a very
benign dependence on T . This suggests that the additional wait
due to aggregation is marginal compared to the queue waiting
time due to the high load; furthermore, we curiously note that
Plost may even slightly decrease with T . These observations
lead to the conclusion that the cost of reduced performance
due to the aggregation process of On-Board RSVP is small
compared to the benefit of reducing the signalling overhead.

To quantify the latter benefit with precision, we define
the sending rate SR as the average number of times per
second that a compressed trigger message is sent. Since such a
message is sent whenever there is at least one unit of capacity
available at the end of the slot and there are messages waiting

in the queue (or arriving during that slot), we have

SR =
1
T

[(
c−1∑
i=0

πi

)
· (1 − a0) + πc · (1 − a0) (1 − sc

0) +

(
c+N∑

i=c+1

πi

)
(1 − sc

0)

]
. (8)

The sending rate is plotted in Fig. 6 as a function of N for
T = 30sec and of T for N = 12. We see that the queue
size has virtually no impact on SR; however, the sending rate
decreases considerably as T increases. Thus, On-Board RSVP
significantly improves the scalability in terms of signalling and
processing overheads with very little sacrifice of performance
metrics, especially in high-load scenarios where the total on-
board rate demand is close to the MWIC capacity.
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Fig. 6. Sending Rate SR: (a) as a function of N for T = 30sec; (b) as a function of T for N = 12.

IV. CONCLUSION

In this paper we have modelled the resource reserva-
tion process for an on-board network using a discrete-time
M [x]/Geom/c/N queue. The reservation process is based on
our proposed protocol known as On-Board RSVP [9]. We
have performed a generic analysis of this queue and obtained
the equations describing its steady-state behavior, which are
easy to solve numerically due to their linearity. We then
used this model to evaluate the performance of the On-Board
RSVP protocol, and showed that it decreases the processing
and signalling overheads considerably while incurring only an
insignificant performance cost in terms of waiting time for
connections with QoS requirements, particularly for high load
scenarios where the total rate demand in the on-board network
is comparable to the capacity of the wireless link connecting
it to the Internet.

The tradeoff introduced by the On-Board RSVP aggregation
can be captured quantitatively by defining a cost function that
accounts for, on one hand, the waiting time and loss rate
of connections, and on the other, the sending rate overhead
of compressed RSVP trigger messages. This cost function
can then be used to find optimal settings of the On-Board
RSVP operating parameters, namely, the queue capacity and
the aggregation period. A detailed study of the resulting two-
dimensional optimization problem is the subject of ongoing
work.
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