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Abstract—The use of message-oriented middleware (MOM) in pervasive systems has increased noticeably because of its flexible and

failure-tolerant nature. Meanwhile, decentralized service management protocols such as UPnP are believed to be more suitable for

administrating applications in small-scale pervasive environments such as smart homes. However, administering MOM-based

pervasive systems by UPnP often suffers from network flood problems due to the replications of too many unnecessary messages.

This paper presents several traffic reduction schemes, namely, decomposing the multicast traffic, service-based node searching,

heartbeat by decomposing the multicast traffic, and on-demand heartbeat, which reduce the replications of unnecessary messages in

MOM-based UPnP networks. The analytical predictions agree well with the simulated and experimental results, which show that the

message counts of presence and leave announcements, node searching, and heartbeat can be greatly reduced.

Index Terms—Optimization of services systems, web services communication protocols, industry-specific standards

Ç

1 INTRODUCTION

PERVASIVE systems are difficult to design and maintain
because of heterogeneous hardware, software, proto-

cols, and architectural paradigms [8], [27]. Services in such
systems are highly dynamic because they can join or leave
at anytime. As a result, many service-oriented platforms
have been proposed. Winograd [25] classifies these plat-
forms into two categories: process-centric and data-centric.
In process-centric systems, the flow of logic is controlled by
a process, which searches service components in a
centralized registry and then invokes remote procedures
synchronously. Several researchers observe that process-
centric systems are less suitable for pervasive systems
because these systems are more tightly coupled (i.e., the
modification of a component tends to affect other ones), less
reliable, and harder to recover from failures [19], [22], [25].
On the other hand, message-oriented systems, also know as
message-oriented middleware (MOM)-based pervasive
systems, based on the data-centric paradigm, are relatively
more robust and flexible [7], [23], [27]. The communications
in such systems are supported by an MOM server, which
creates a cluster of virtual channels for integrating hetero-
geneous messaging endpoints, namely, the “nodes.” A
virtual channel, namely a topic, is, therefore, a logical
pathway between nodes. Because of the benefits mentioned
above, we proposed an MOM-based service application
model (pervasive service application model, or PerSAM)

and a robust management protocol (pervasive service
management protocol, or PSMP) for pervasive services
[14] on top of universal plug and play (UPnP), an ISO/IEC
home networking protocol standard [24], and simple
service discovery protocol (SSDP), an auxiliary service
discovery protocol of UPnP.

However, UPnP/SSDP relies on UDP, which is unreli-
able because UDP loses packets under heavy traffic, and
thus causing the management mechanisms become invalid.
Although the UPnP specification suggests sending mes-
sages repeatedly for two or three times to alleviate the
problem, this approach tends to make network traffic even
heavier. The situation gets worse if we increase heartbeat
rate to achieve more accurate failure detection. According to
a preliminary experimental study, where all functionalities
are disable except heartbeat, the system starts to drop
packets after the node number exceeds 50 and is nearly
unusable after the node number exceeds 100.

Since UPnP/SSDP is designed for general use, an UPnP
network is peer based, where all peers share a multicast
address, so that the broadcasting nature of SSDP tends to
flood the network with unnecessary packets. Given the
characteristics of an MOM-based pervasive system, we can
deal with the packet loss problem by introducing several
traffic reduction schemes. MOM-based services are usually
composed of a group of nodes that form a “service chain.”
Hence, most of the traffic is in-group communication. In
other words, not all nodes need to receive all messages. In
fact, more sophisticated traffic reduction schemes can help
to eliminate unnecessary messages. The objective of this
work is, therefore, to investigate the UPnP/SSDP protocol
elements in an MOM-based UPnP network and then to
devise possible enhancements for them. According to the
specification, UPnP/SSDP can be divided into two parts:
advertisement and search. Thus, we propose two schemes,
decomposing multicast traffic (DMT) and service-based
node searching (SNS), to deal with the efficiency issues of
the advertisement part and the searching part, respectively.
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Besides, we also introduce heartbeat by DMT (DMTH) and
on-demand heartbeat (ODH) that are able to greatly reduce
the heartbeat traffic. Table 1 summarizes the acronyms used
in this paper. The target environment of the proposed
schemes is a typical home network, which is an ethernet-
based local area network (LAN) with one router and few
switching devices. Besides, as will be discussed in Section 5,
although the proposed schemes are implemented based on
PerSAM/PSMP, the core concepts are also applicable to
other service models, where unbalanced group commu-
nication patterns can be observed or when contents of
several messages can be determined in advance.

In the following, we first briefly introduce the service
model used throughout this paper, namely, PerSAM. By
considering the features of the MOM-based service model,
we then present schemes that reduce the network traffic.
After that, we report the analytical, simulated, and
experimental results for the proposed schemes. Finally,
conclusions are presented and suggestions are made for
further researches. Note that this work involves issues

stemming from the network layer and the application layer.
Consequently, depending on the context of discussion, we
use the terms “packet” and “message” interchangeably,
both of which are units of data transmitted over the
network. The term “packet” is used when the discussions
focuses on the network layer, whereas the term “message”
is used in the application layer.

2 SERVICE MODEL

To facilitate further discussions, this section briefly reviews
PerSAM; details of the object models and algorithms can be
found in [14]. In PerSAM, a PerNode p 2 P is a basic logical
software entity in a system, where P is the universe of
PerNodes. Note that we will use “PerNode” and “node”
interchangeably in the following. PerNode has two sub-
types: worker node and manager node. A worker node w 2
W is a node that encapsulates a unit of application logic,
where W is the universe of worker nodes. We can further
classify worker nodes into three subcategories according to
their capabilities: sensor node, logic node, and actuator
node. Taking Fig. 1 as an example, A and B are sensor
nodes, which are connected to sensors and always send
sensed contexts to a “SENSOR” topic. Likewise, C and D are
logic nodes that contain special logics for processing input
messages. E and F are actuator nodes that are responsible
for presenting a graphical view of sensor status and
controlling air pumps, respectively.

A pervasive service s 2 S consists of one pervasive
service manager (PSM) as well as one or more worker nodes
that collectively provide a service to users, where S is the
universe of pervasive services. The PSM is responsible for
composing, activating, and monitoring the corresponding
pervasive service. All members of a pervasive service, but
not PSM, are dynamic, and each PSM is responsible for
selecting most appropriate worker nodes during the process
of service composition. A pervasive service s 2 S can be
formally denoted as a tuple:

s ¼ hms;Wsi 2M � 2W;

where ms is the PSM of s, M is the universe of PSMs, and
Ws is the set of worker nodes belonging to s.

By default, SSDP operates based on HTTP-MU (HTTP
over UDP multicast), where multicast is an IP-layer mechan-
ism of forwarding IP datagrams to a group of interested
receivers via a set of predefined addresses. Since multicast is
supported by most network switching equipments, SSDP
does not need a central service registry. SSDP extends HTTP
with two message types: Notify and M-Search, resulting in
three kinds of SSDP primitive actions: 1) ssdp:alive:
announces the presence of a device; 2) ssdp:byebye:
announces that a device has left the network; and 3)
ssdp:discover: finds a device that meets certain criteria. On
top of SSDP is the UPnP device architecture (see Fig. 2, upper
part). In this architecture, an endpoint in an UPnP Network is
called an UPnP device. An UPnP device consists of a set of
UPnP services, and each of them provides a set of UPnP
actions. An UPnP device can also consist of a set of UPnP
devices called embedded UPnP devices. A client that is
capable of invoking UPnP actions is called a control point,
which can also be embedded in an UPnP device.
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Fig. 1. A typical PerSAM-based service system.

Fig. 2. The projection of PerSAM to UPnP device architecture.
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As mentioned in Section 1, we design PerSAM/PSMP
mostly based on UPnP/SSDP. There are several reasons for
this design. One is that UPnP/SSDP is a well-known and
standardized service discovery protocol for home networks.
Another reason is that UPnP/SSDP is platform and
language independent, as it is based on HTTP. Besides, the
design of UPnP/SSDP is simple and easy to extend.
Nevertheless, there is a paradigm mismatch between
UPnP/SSDP and PerSAM/PSMP, i.e., UPnP is designed
for process-centric systems, whereas PerSAM is data-centric
[25]. Moreover, PerSAM object model is hierarchical,
whereas UPnP device architecture is peer based. To deal
with these issues, we project PerSAM to UPnP device
architecture by mapping the structure of PerNode to UPnP
device architecture [14]. Fig. 2 depicts the structure of
PerSAM and its projection to UPnP device architecture. Each
PerNode-based UPnP device consists of an UPnP service,
namely, the PerNode life-cycle management service, which
manages PerNode life cycle according to the three UPnP
actions (activate, rest, and shutdown). The PSM device is a
special type of UPnP device because it has a control point.
The reason for this design is that a control point is capable of
invoking UPnP actions of remote PerNodes to manage their
life cycles. It is worthy to emphasize that despite the
similarity in their names, the UPnP services are different
from pervasive services: A UPnP service always resides in
an UPnP device, whereas a pervasive service is a virtual
group that consists of a set of PerNodes.

3 TRAFFIC REDUCTION SCHEMES FOR

MOM-BASED UPNP NETWORKS

This section presents the design and analysis of the traffic
reduction techniques for an MOM-based UPnP network.
Before turning to a closer examination of these schemes, it is
helpful to introduce backgrounds and preliminaries in the
first place.

3.1 Approach and Assumption

This paper focuses on the network efficiency; therefore, we
analyze the efficiency of protocols by calculating the
communication complexity [15], which is measured in
terms of the total nonnull messages that are sent to the
network. To facilitate the comparative analysis, we formally
model the protocols by using communicating sequential
processes (CSP) [6], which is a widely used process algebra
for specifying protocols, where process algebra is a formal
description technique for complex distributed systems. As
reported by Sharp [21], the process algebra not only enables
us to describe protocol in a concise manner but also makes
it possible to analyze protocols.

CSP uses the form P ¼4 e! R to describe the behavior of
a process P , which first takes part in an event e, and then
behaves like process R. Note that parameters can be passed
to a process. For example, the notation P ½x� ¼4 fðxÞ ! R
indicates that the parameter x enclosed by square brackets
is passed to the function fðxÞ on the right-hand side. CSP is
also capable of denoting inputs and outputs of distributed
communications. Specifically, c!m denotes an output, where
a message m is emitted through network channel c.
Likewise, c?m denotes an input, where a message m is

received through channel c. The operator
‘

is a shorthand
for iteration. For instance,

‘
x2X Y means Y is executed one

time for each x 2 X. Finally, a special process SKIP
denotes a process that terminates without error. Table 2
summarizes the CSP notations used in this paper.

Three assumptions are made in the analysis of commu-
nication complexity:

1. The packet size is not taken into account. The reason for
this assumption is that, contrary to media streaming
protocols, the packet size of SSDP is small (typically
200 to 450 bytes), and can be transmitted with single
UDP packet. The theoretical limitation of the size of
an UDP packet is 65,527 bytes.

2. Each endpoint in a LAN is occupied by exactly one UPnP
device. As pointed out in Section 2, UPnP relies on IP
Multicast. However, UPnP is an application layer
protocol, whereas IP-multicast is a network layer
mechanism. Therefore, it is possible that more than
one UPnP devices reside in the same endpoint,
which is a network-connected appliance with an IP
address. From UPnP’s point of view, each message is
forwarded to all UPnP devices, whereas from IP
Multicast’s point of view, an IP Multicast-enabled
switching device only forwards received packets to
all endpoints, instead of all UPnP devices residing in
these endpoints. Specifically, when one sender sends
an SSDP message to more than one UPnP device
residing in the same endpoint, although all these n
UPnP devices receive n copies of messages, only one
message is actually passed through the network to
the endpoint. The endpoint is responsible for
dispatching the message to all residing UPnP
devices. To simplify and to clarify the communica-
tion complexity analysis, we assume each endpoint
is occupied by exactly one UPnP device, that is, by
one PerNode. In addition, to avoid introducing too
many constants in the analysis results, we also
ignore the message that are dispatched locally,
namely, when one sender sends an SSDP message,
then it is replicated n times instead of n� 1 times.

3. All pervasive services can be successfully activated, and
each worker node participates in at least one pervasive
service. The purpose of this assumption is to ensure
the Equilibrium of Labors (see Theorem 1 in
Section 3.2) holds so that one can reduce the
variables of the results, hence making them more
tractable. In fact, the proposed techniques do not
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depend on this assumption. The enhanced protocols
are still more efficient than the original ones in
respect of communication complexity even if the
above assumption does not hold. Especially when
there are some worker nodes, which do not
participate in any pervasive service, the hereby
obtained results are even better. For example, in
the original protocols, the worker nodes that do not
participate in any pervasive service still send useless
heartbeat messages, whereas in the enhanced ones,
these nodes do not send any message at all, hence
causing the results better.

3.2 Terms and Definitions

To facilitate further analysis and discussions, we define
several concepts by extending the service model mentioned
in Section 2 in the following.

Definition 1 (Cardinality Function). The cardinality function
n : X ! IN returns the number of elements of the set X.

For example, the number of all worker nodes can be
denoted by nðW Þ, where W is the universe of worker nodes.

Definition 2 (Service Length). The length of a pervasive
service s, denoted as ‘ðsÞ, is the number of worker nodes in s.
The value of ‘ðsÞ can be obtained by calculating the cardinality
of Ws, that is, ‘ðsÞ ¼ nðWsÞ, where Ws is the set of worker
nodes belonging to s.

From Definition 2, the average length of all pervasive
services in the system, denoted as �‘, can be obtained by:

�‘ ¼ 1

nðSÞ �
X
s2S

‘ðsÞ ¼ 1

nðSÞ �
X
s2S

nðWsÞ: ð1Þ

Definition 3 (Contribution). The contribution of a worker node
w, denoted as �ðwÞ, is the number of pervasive services in
which the worker node w participates, where � 2 IN and
0 � � � nðSÞ.

Note that �ðwÞ ¼ nðSÞ when w participates in all
pervasive services in the system, indicating that w is highly
contributive. On the contrary, �ðwÞ ¼ 0 when w does not
participate in any pervasive service. According to Defini-
tion 3, the average contribution of all worker nodes is

�� ¼ 1

nðWÞ �
X
w2W

�ðwÞ: ð2Þ

Intuitively, the contribution of a node w is the labors it
supplies, whereas the number of required worker nodes is
the labors a pervasive service demands.

To activate all pervasive services, we require at least
nðSÞ � �‘ labors, because each pervasive service requires �‘
worker nodes. The most efficient way to activate all
pervasive services is to strike a balance between the
supplied labors and the demanded labors. The labors
provided by all worker nodes are, therefore,

P
w2W �ðwÞ.

Thus, we have the following theorem:

Theorem 1 (Equilibrium of labors). If Assumption 3 holds,
then all pervasive services are activated efficiently if and only if
the following equation holds:

X
w2W

�ðwÞ ¼ nðSÞ � �‘: ð3Þ

For example, if there are two pervasive services, and
each of them is of length 3, then the total labors in demand
is 6. One possible solution is to employ six worker nodes
and each is with �� ¼ 1. Alternatively, we can use two
worker nodes, which are equipped with better computing
capabilities. In this case, each worker node has to work for
three pervasive services, causing �� ¼ 3.

Consequently, from (2) and (3) we can obtain the
following equation:

�� ¼ nðSÞ �
�‘

nðWÞ ; where 1 � �� � nðSÞ: ð4Þ

Note that 1 � �� due to Assumption 3. Finally, the UPnP
specification requires messages retransmission to deal with
UDP packet loss. We, therefore, define a repetition factor r
to represent the count of messages being resent, where 1 �
r � 3 is suggested by the UPnP specification. Table 3 is the
summary of notations mentioned above. Based on the
above discussions, we are now able to present the design
and analysis of the proposed traffic reduction schemes.

3.3 Decomposing the Multicast Traffic

Whenever a UPnP device is started, it sends a presence
announcement (PA) message to a multicast address to
inform other UPnP devices about its presence. The PA
messages are replicated and then propagated to all UPnP
devices. According to the UPnP specification [24], a PA
demands 3þ 2dþ k messages, where three messages are
used to describe the specific information about the UPnP
device, d is the number of embedded UPnP Devices, and k is
the number of UPnP services. As mentioned in Section 2, a
PerNode is identical to a UPnP device with one UPnP
service. Thus, d ¼ 0 and k ¼ 1 because PerNodes do not have
any embedded device. Consequently, a PerNode demands
four (i.e., 3þ 2 � 0þ 1) messages for PA. Furthermore, the
UPnP specification also suggests resending of messages with
a predetermined repetition factor r, which is usually 2 or 3,
to deal with UDP packet loss. Let us denote the SSDP
multicast address and the four PA messages as m̂ssdp, x1, x2,
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x3, and x4, respectively. Then, the original PA protocol
(PAorig) can be formally described as follows:

PAorig ¼4
a
r

m̂ssdp!x1 ! m̂ssdp!x2 !
m̂ssdp!x3 ! m̂ssdp!x4

� �
! SKIP: ð5Þ

Recall that there is one PSM for each pervasive service, in
other words,

8s 2 S; nðmsÞ ¼ 1; ð6Þ

so that the quantity of PSM is the same as the quantity of
pervasive services:

X
s2S

nðmsÞ ¼
X
s2S

1 ¼ nðSÞ: ð7Þ

From (7), it can be concluded that there are totally nðWÞ þ
nðSÞ nodes in the network. Hence, as indicated in Fig. 3a, to
perform PA, four messages are sent and totally 4 � r
messages are sent if the repetition factor r is taken into
account. Due to the effect of multicast, the 4 � r PA messages
are replicated for nðWÞ þ nðSÞ times. Hence, there are
totally 4 � r � ðnðWÞ þ nðSÞÞ messages replicated. From (5),
we can conclude that the communication complexities of
sending and replicating PA messages are 4 � r and
4 � r � ðnðWÞ þ nðSÞÞ, respectively.

Note that although multicast is believed to be more
efficient than broadcast, it is not the case from the UPnP
network’s points of view because all UPnP devices in the
network share the same multicast address. In other words,
the traffic of the multicast is actually identical to broadcast
in a UPnP network. One can decompose the single large
group, namely, the whole UPnP network, into several
smaller groups; thus, the network is benefited from the
multicast mechanism. In fact, this is what DMT does.
Alternatively, we can simply fall back to point-to-point
communications by using UDP unicast. The point to
observe is that multicast is superior in one-to-many
communication, as the messages are sent once and
replicated many times. In addition, the multicast end-
points are only aware of the multicast address, they do not
need to keep track of the IP addresses of one other. On the
other hand, although unicast messages are sent one time

and replicated one time, the unicast endpoints have to
be aware of one another’s IP addresses.

Listing 1: A typical SSDP M-Search message.

Listing 2: An aggregated M-Search message.

PA and leave announcement (LA) are group communica-
tions because messages are sent to all PSM so that the
multicast approach is more suitable. The traffic can be
reduced by assigning different multicast addresses for
different types of receivers. This technique is called DMT.
As a result, two new multicast addresses, m̂psm and m̂w, are
created for messages to be received by PSMs and worker
nodes, respectively. Note that although one can further
assign one multicast address for each instance of pervasive
service, thus further reduces the traffic. However, this
approach sacrifices the flexible nature of multicast and is
infeasible in practice because worker nodes have to be aware
of the IP addresses of all PSMs in the system. Sending four PA
messages is unnecessary, either. As discussed in Section 2,
the structures of PerNodes and UPnP devices are identical.
Thus, one message, denoted as x�, is sufficient to convey the
information describing the structure of a PerNode. The
enhanced protocol (PAnew) is shown as follows:

PAnew ¼4
a
r

m̂psm!x� ! SKIP: ð8Þ

As shown in Fig. 3b, there is only one PA message sent to
the switch (i.e., m̂psm) and there are nðSÞ PSMs in the
network, so the PA message is replicated for nðSÞ times. By
considering repetition factor, the number of sending and
replicating PA messages after applying DMT become r and
r � ðnðSÞÞ, respectively.
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Fig. 3. Sequence diagrams of PA/LA and node searching protocols: (a) original PA; (b) PA after applying DMT; (c) original node searching; (d) node
searching after applying SNS.



It is interesting to point out that although it seems that
the repetition factor can be eliminated if reliable multicast is
used, this approach tends to produce more traffic due to the
additional acknowledgment messages. As a result, we do
not employ reliable multicast in this work. Note that the
same results can be obtained in the case of LA.

3.4 Service-Based Node Searching

After a pervasive service is activated, a PSM first searches
for qualified worker nodes by sending M-Search messages
for each required node type to m̂ssdp, where an M-Search
message describes a required node type (see Listing 1). As
depicted in Fig. 3c, since a pervasive service has ‘ members,
and each of them has distinct node type, totally r � ‘ M-
Search messages are sent and the messages are replicated
for ‘ � ðnðWÞ þ nðSÞÞ times. The above-mentioned protocol
is called node searching (NSorig), which is listed in (9). Note
that an M-Search message is denoted as y and SA denotes
the service selection and activation protocol

NSorig ¼4
a
‘

m̂ssdp!y! SA: ð9Þ

Observe that the required node types are known in
advance, and hence, instead of sending ‘ M-Search
messages individually, the search request belonging to the
same service can be sent in a batch. Specifically, all required
node types of a pervasive service can be bundled into one
message by which the message counts are reduced to 1=�‘ in
average. For example, the aggregated M-Search message
shown in Listing 2 is capable of specifying several node
types at the same time. Note that in Listing 2, the MAN
header is changed to “psmp: discover” to prevent non-
PSMP devices from processing aggregated M-Search
messages. In this scheme, the node types specified in the
ST header belong to the same service. Hence, this scheme is
called SNS. Also note that only worker nodes need to
receive M-Search messages so that DMT can also be
applied. In short, the number of M-Search messages of a
pervasive service now becomes one, denoted as y�, and
DMT is applied by sending the message to m̂w, which
replicates messages only for worker nodes. The enhanced
protocol, denoted as NSnew, is shown below:

NSnew ¼4 m̂w!y� ! SA: ð10Þ

According to SNS, to find all required node types for a
pervasive service, one message is sufficient, which is then
replicated for nðWÞ times. Finally, if the repetition factor is
considered, then r messages are sent and r � nðWÞ messages
are replicated (see Fig. 3d).

It is important to point out that the size of y� depends on
�‘. When �‘ is too large, the aggregated message can exceeds

MTU or even the maximum size of an UDP. However, the
proposed scheme works well in most practical cases. To
show this, assuming that the average M-Search message
size without the ST header is �� and that average size of ST
header is �� , then the average size of y� is

�� þ �‘ � ��: ð11Þ

In the real world, it is reasonable to assume that the average
size of M-Search messages without ST header �� is less than
300 bytes, the average size of ST headers �� are less than
100 bytes, and the average service length �‘ are less than
10. In the extreme case where �‘ ¼ 10, �� þ �‘ � �� ¼ 1;300 bytes,
which is still less than MTU (15,00 bytes). If y� exceeds MTU
but not the UDP packet limitation (65,527 bytes), then it
takes more frames to transmit the message in the data
link layer. However, the overall traffic is still reduced by
ð�‘� 1Þ � �� bytes because the total size of contents to be
transmitted is �‘ � �� þ �‘ � �� .

3.5 Reducing the Heartbeat Traffic

Although SSDP does not provide heartbeat mechanism,
however, it can be simulated by sending one PA message
every few seconds, which can be described by the following
CSP statement:

HBorig ¼4
a
r

m̂ssdp!z! HBorig; ð12Þ

where z is used to denote the heartbeat message.
Unfortunately, this approach tends to flood the network
because the messages are broadcasted to all peers. As
depicted in Fig. 4a, for each heartbeat, one message is sent
to the switch (i.e., mssdp), which is then replicated for nðSÞ þ
nðWÞ times, causing the message count of sending and
replicating messages to be r and r � ðnðSÞ þ nðWÞÞ, respec-
tively, if the repetition factor is taken into account.

Again, since only PSMs are interested in knowing the
status of worker nodes, DMT can be employed by sending
messages to m̂psm instead of m̂ssdp so that only nðSÞmessages
are replicated per heartbeat. As shown in Fig. 4b, the
number of sending and replicating messages can be reduced
to r and r � nðSÞ, respectively. The following CSP statement
shows the enhanced protocol, which is referred to as
heartbeat by decomposing multicast traffic (DMTH)

DMTH ¼4
a
r

m̂psm!z! DMTH: ð13Þ

However, DMTH is still not optimal, because heartbeat
messages are forwarded to all PSMs, whereas not every
PSM is interested in the status of every worker node. For
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example, when �� ¼ 1, each worker node participates in
exactly one pervasive service, then for each heartbeat,
nðSÞ � 1 out of nðSÞ heartbeat messages are useless. It is
desirable to ensure the heartbeat messages being only sent
to the needed PSMs. The mechanism that realizes this idea
is called ODH. By using ODH, a PSM asks all affiliated
worker nodes to keep track of its remote reference after they
are activated. Note that the remote reference of a PSM is
encoded in the messages that are used to activate worker
nodes, and then the worker nodes send heartbeat back
according to these references. The resulting protocol is
shown in Fig. 4c and (14), where �̂s is a remote reference of
a pervasive service s in which the worker node participates

ODH ¼4
a
r

�̂s!z! ODH: ð14Þ

According to Fig. 4c, a worker node only sends heartbeat
messages to the demanding PSMs. Thus, the message count
depends on the contribution of the worker node (i.e., �).
Upon arriving at the switching device, the messages are
also replicated for �� times in average and then are
forwarded to their destinations. As a result, the numbers
of messages sent and replicated are both r � �� times after the
repetition factor is considered.

It is important to note that ODH induces overheads when
sending messages by a factor of �� so that ODH is only
effective when the average contribution of worker nodes ��
is small. More specifically, although ODH reduces the
replicated messages to

��
nðSÞþnðWÞ , it also sends more

messages than HBorig by �� times. In an extreme case, where
there are relative fewer worker nodes and all worker nodes
participate in all services, that is, �� ¼ nðSÞ and nðWÞ ¼
2 � nðSÞ, then ODH only saves replicated messages by 1

3 ,
whereas the messages sent by ODH is still �� times more
than HBorig, causing the traffic to be heavier when nðSÞ > 1.
In this case, the system should use DMTH instead, which
reduces the replicated messages by 2

3 , but the number of
messages sent is the same as HBorig. Note that we do not
assume nðWÞ ¼ nðSÞ because in practice it is unlikely to
introduce a redundant manager node for every single
worker node.

Consequently, one solution is to alternate between
DMTH and ODH depending on which of them is more
efficient, i.e.,

HBnew ¼4
a
r

½ODH �DMTH�; ð15Þ

where � is a CSP deterministic choice operator that means
that one of the two processes will be executed and it can
be decided deterministically depending on the system
context. In (15), the choice is made based on the value of ��

against a threshold, which is calculated based on the ratio

between saved messages and the overheads produced by

ODH, namely,

nðWÞ þ nðSÞ
��

> ��) ��2 < nðSÞ þ nðWÞ; ð16Þ

where 1 � �� � nðSÞ. Consequently, it is more efficient to

use ODH when �� <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðSÞ þ nðWÞ

p
. Otherwise, DMTH is a

better alternative.

4 EVALUATION

This section concentrates on evaluating the proposed

techniques. These techniques are first evaluated analytically

in Section 4.1. After that, several simulations are conducted

and the results are presented in Section 4.2. Meanwhile, we

also validate the consistencies between analysis results and

simulation results. Finally, the results of experiments in a

small-scale network are reported in Section 4.3.

4.1 Analytical Evaluation

Before taking a closer look of the analysis results, we first

introduce the traffic reduction ratio (TRR) metric to

evaluate the effects of traffic reductions after applying the

proposed techniques.

Definition 4 (TRR). The TRR is defined as:

TRRðPorig; PnewÞ ¼ 1� �ðPnewÞ
�ðPorigÞ

; ð17Þ

where � : P ! IN returns the number of messages produced by

a protocol P , and Porig and Pnew denote the original protocol

and the proposed protocol, respectively. Notice that TRR is

negative if the proposed method increases the message count.

The proposed techniques are more effective when TRRs

are higher. For instance, if the original protocol produces

100 messages and TRR is equal to 0.5, then only 50 messages

are produced after applying the proposed technique.

Tables 4, 5, 6, and 7 summarize the traffic reductions of

several protocols after applying the proposed techniques.

The details of analysis on communication complexity have
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TABLE 4
Traffic Reductions after Applying

the Decomposing Multicast Traffic

TABLE 5
Traffic Reductions after Applying SNS

TABLE 6
Traffic Reductions after Applying ODH



been mentioned in Section 3. In the following, we focus only

TRRs of the proposed techniques.

4.1.1 PA and LA

From Table 4, it is obvious that the messages sent by

original PA protocol are reduced by 3
4 , because 1� r

r=4�r ¼ 3
4 .

Similarly, the ratio of replicated messages between PAorig

and PAnew are

r � nðSÞ
4 � r � ðnðW Þ þ nðSÞÞ :

From (4), we can substitute nðWÞ by
�‘
��
� nðSÞ, thus we have

1

4 � ð�‘=��þ 1Þ
:

The TRR of replicated messages is, therefore,

1� 1

4 � ð�‘=��þ 1Þ
:

Since larger �‘ or smaller �� both cause TRR to be larger, the

advantage of the enhanced protocol (PAnew) is greater when

the average length of pervasive services (�‘) increases and

when the average contribution ( ��) decreases. Empirically, �‘

ranges from 3 to 5, and �� is close to 1. Hence, we can expect

that the traffic reductions ranges from 1
16 to 1

24 . In the worst

case, where nðSÞ ¼ nðWÞ ¼ �� ¼ 1, PAnew still reduces the

replicated messages by 1
8 . Note that the proposed approach

and the analysis results also applies to the LA protocol.

4.1.2 Node Searching

Based on Table 5, in respect of sending messages, the TRR

between NSorig and NSnew is

1� r

r � �‘
¼

�‘� 1
�‘

:

On the other hand, the number of replicated messages is

reduced by

r � nðWÞ
r � �‘ � ðnðWÞ þ nðSÞÞ

;

which can be further reduced by substituting nðW Þ with
�‘
��
� nðSÞ:

nðWÞ
�‘ � ðnðW Þ þ nðSÞÞ

¼ nðSÞ � �‘=��
�‘ � ðnðSÞ � �‘=��þ nðSÞÞ

¼ 1
�‘þ ��

:

As a result, the TRR for replicated messages is

1� 1
�‘þ ��

¼
�‘þ ��� 1

�‘þ ��
:

Again, the advantage of SNS is greater both when �‘
increases or when �� increases, because larger �‘ or smaller ��
both cause TRR to be larger. For instance, if �‘ ¼ 4 and �� ¼ 1,
then we can expect to reduce the replicated message count
by 4

5 . In the worst case, that is, (nðSÞ ¼ nðWÞ ¼ �‘ ¼ 1) and
�� ¼ 1, NSnew still reduces the message count of replicated
messages by 1

2 .

4.1.3 Heartbeat

According to the strategy proposed in Section 3.5, ODH is

used when �� <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðSÞ þ nðWÞ

p
, and DMTH is used other-

wise. Tables 6 and 7 summarize the analysis results of ODH

and DMTH, respectively. So far as the messages sent by

worker Nodes are concerned, the TRR of ODH is –1

because it performs worse than the SSDP for �� times. It is

trivial that ODH reduces replicated messages by

1� ��
nðWÞþnðSÞ . Observe that because lower

��
nðWÞþnðSÞ implies

higher TRR, the smaller �� is, the better ODH performs. It is

important to point out that because ODH is unicast based,

the message count of ODH is invariant to the service length

(�‘), and thus the (4) is not applicable to ODH.
On the other hand, DMTH does not produce additional

traffic when it sends messages. Thus, the TRR is zero. The
TRR for the replicated messages are

r � nðSÞ
r � ðnðWÞ þ nðSÞÞ :

Again, from (4), we can substitute nðW Þ by
�‘
��
� nðSÞ, thus

we have

1
�‘=��þ 1

:

The TRR of replicated messages is, therefore,

1� 1
�‘=��þ 1

¼
�‘

�‘þ ��
:

Similar to PAnew, the superiority of DMTH over HBorig is
greater when �‘ increases and when �� decreases. Since
1 � �� � nðSÞ, so that in the extreme case mentioned in
Section 3.5, where �� ¼ nðSÞ and 2 � nðSÞ ¼ nðWÞ, from
Table 7 we know that the message counts are saved by 2

3 .
On the contrary, when �� ¼ 1, where ODH is used, the traffic
is reduced by nðWÞþnðSÞ�1

nðWÞþnðSÞ . On these bases, we can conclude
that ODH makes the system more scalable when the
average contribution is low, because the traffic is greatly
reduced by ODH when number of nodes increases.
Consequently, the analysis results shown in this section
imply a great reduction in network traffic by applying the
proposed techniques to UPnP Networks.

4.2 Simulations

To investigate the traffic reductions of the proposed
techniques, we simulated a typical home network by using
the NS-2 network simulator [4] with two extensions, that is,
AgentJ [1] and the Internet Group Management Protocol
(IGMP) extension [3], [5]. AgentJ enables NS-2 to access Java
classes; the IGMP extension to NS-2 facilitates IGMP, which
is required to realize the proposed techniques. The
simulation parameters are set based on typical LANs.
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TABLE 7
Traffic Reductions after Applying the DMTH



Specifically, the simulated home network adopts a star
topology, where every device and host is connected to a
IGMP-capable switching device by a 100 megabits per
second link with 5-ms delay. The packet size is normally
distributed from 200 to 450 bytes. Drop-Tail is used for
queue management. The total simulation time is 120 time
units for each scenario. The simulated protocols are
implemented as Java classes, which can be accessed via
AgentJ wrapper interfaces.

Fig. 5a shows the traffic generated by SSDP-based PA
and by applying DMT when �� ¼ 1 and �‘ ¼ 4. The results
show that traffic can be greatly reduced after applying
DMT. Similar results can be obtained when �‘ equals to 3 or
5, and when DMT is applied to LA. All simulations were
performed under varying numbers of worker nodes, and
then we calculated the message counts from the traces
generated by NS-2. The numbers of PSMs are determined
by the average service length (nðSÞ ¼ nðWÞ=�‘). Hence, if
nðWÞ is fixed in each round of simulation, then nðSÞ
decreases when �‘ increases. The traffic reductions of
replicated messages after applying DMT to PA under
different service lengths are depicted in Fig. 5b, from which
we can observe that more than 90 percent of replicated
messages can be saved. The dotted lines in Fig. 5b indicate
the expected TRRs under different service lengths. Note
that the analysis and the simulation results are quite
consistent. The results are more consistent with the analysis
results when nðWÞ is greater, because we introduce
randomness to the message departure time. Similar con-
sistencies can be perceived for the TRRs of sent messages
when �‘ ¼ 3, 4, and 5, which are all approaching 0.75.

In a similar fashion, we set up simulations for evaluating
the enhancements after applying SNS. As mentioned in
Section 3.4, DMT is also used after aggregating messages.

We can perceive from Figs. 5c and 5d that the traffic can be
reduced by more than 0.7 after applying the proposed
techniques. In Fig. 5d, the dotted lines indicate the expected
TRRs under different service lengths. The results are more
consistent with analysis results when nðWÞ is greater than
50. As for the TRRs of sent messages, the TRRs approach
0.66, 0.75, and 0.8 when �‘ equals to 3, 4, and 5, respectively.

Two sets of simulations are conducted to evaluate traffic
reductions of heartbeat. Because of 1 � �� � nðSÞ, �� was set
to 1 for the first set of simulations and was set to nðSÞ for
another set. Two proposed heartbeat efficiency enhance-
ment techniques, that is, ODH and DMTH, were both
applied to the original heartbeat protocol under different ��
values. By comparing Figs. 6a and 6d, we can observe that
in a system with low labor demands (e.g., �� ¼ 1), ODH
performed much better than DMTH. On the contrary, in a
labor-intensive system, where �� ¼ nðSÞ, ODH performs
worse than the original protocol (see Fig. 6b), whereas
DMTH were still capable of reducing traffic by approxi-
mately 50 percent (see Fig. 6e). As mentioned in Section 3.5,
the reason is that ODH sent additional messages when
�� > 1. Based on these results, we can conclude that ODH is
more suitable when �� is low and DMTH is more suitable
for high ��, which is consistent with the analysis presented
in Section 4.1.

Fig. 6c depicts the TRRs of message counts after applying

ODH. In these experiments, we set �‘ ¼ 4 and �� ¼ 1, similar

results were obtained when �‘ ¼ 3 and �‘ ¼ 5. The traffic can

be reduced by more than 95 percent after number of nodes

exceeds 50. The dotted lines indicate the expected values of

TRR obtained by analysis. Unlike in PA and in node

searching, the expected TRRs in these simulations are fixed.
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Fig. 5. Message counts and traffic reductions by applying SNS and DMT: (a) message counts before and after applying DMT; (b) TRRs after
applying DMT; (c) message counts before and after applying SNS and DMT; (d) TRRs after applying SNS and DMT.



The expected values of TRR increase when the number of

nodes in the system grows. Fig. 6c also reveals that the

expected results are consistent with simulated results.

According to (15), the heartbeat protocol switches to DMTH

when �� is greater than
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðSÞ þ nðW Þ

p
. Hence, we set �� ¼

�‘ ¼ nðSÞ ¼ nðW Þ to ensure that DMTH is chosen. Fig. 6f

shows the TRRs after applying DMTH. The results show

that even if the system was labor intensive, the traffic was

still reduced by more than 47 percent. These results are also

consistent with the analysis results, and they are more

coherent when nðWÞ is greater than 100.

4.3 Experiments

To investigate the effectiveness of the proposed approaches
when deploying in a real environment, we conducted
prototype-based experiments in a small-scale switched
home network. In these experiments, the original and
proposed schemes are implemented and integrated. Then,
we evaluate these protocols under different node mobility,
that is, the frequency of leaving and joining the network, in
a home network.

The home network consists of two PSMs and four
worker nodes. Each PSM is installed on an IBM X61
notebook with Intel Core 2 Duo 1.8-GHz CPU and 2-G
RAM, whereas each worker node is installed on an IBM
X31 notebook with Intel Pentium-M 1.6-GHz CPU and
512-MB RAM. The machines are interconnected by an
IGMP-capable switch (D-Link DES-3526), and are able to
access the internet via a router (DrayTek Voyger 2104). On
each machine, a Wireshark packet sniffer [26] is installed
to capture and analyze the network traffic. In addition, to
facilitate all node starts execution at approximately the

same time and to dispatch the parameters to each node
more efficiently, each PerNode is instrumented so that it
receives multicast control messages sent by a centralized
experiment controller. The experimental environment is
configured so that there are two pervasive services and
each of them is with r ¼ 1, ‘ ¼ 2, and � ¼ 1. After being
executed, a worker node runs for 120 time units, which is
equal to the heartbeat period. According to the assigned
value of node mobility, an action vector that indicates
when a node should join or leave the network is
generated. For example, 50 percent mobility causes a node
to leave and then to rejoin the network in 60 time units,
which are randomly distributed over 120 time units. In
addition, the heartbeat process is implemented as a
separate thread to prevent the heartbeat periods from
being interfered by the main process.

Fig. 7 shows the message counts when the node mobility
increases. In the first experiment (Fig. 7a), the heartbeat and
node searching capabilities are turned off. The results show
that even in a small-scale network, the PA/LA traffic can
still be greatly reduced by applying DMT. Also note that the
PA/LA message count increases when the node mobility is
higher, because a node performs PA/LA whenever it joins/
leaves the network. In Fig. 7b, the node searching capability
is turned on so that the network traffic slightly increases.
Again, higher node mobility increases the message counts
of node searching, because when PA/LA messages are
observed, a PSM either finds that one of its affiliating
worker node leaves or some nodes rejoin the network. In
either case, the PSM will recompose the service by
performing node searching. Thus, the message count of
node searching is roughly in proportion to the node
mobility. In Fig. 7b, the traffic does not increase much

LIAO ET AL.: MESSAGE-EFFICIENT SERVICE MANAGEMENT SCHEMES FOR MOM-BASED UPNP NETWORKS 223

Fig. 6. Traffic reductions of the heartbeat protocol after applying ODH and DMTH: (a) message counts before and after applying ODH ( �� ¼ 1);
(b) message counts before and after applying ODH ( �� ¼ nðSÞ); (c) TRRs after applying ODH; (d) message counts before and after applying DMTH
( �� ¼ 1); (e) message counts before and after applying DMTH ( �� ¼ nðSÞ); (f) TRRs after applying DMTH.



because the size of network is small. In the third experiment
(Fig. 7c), all capabilities are enabled so that the traffic is
greatly increased. In this experiment, the rejoining time is
relatively short due to the scale of the network. As a result,
the message counts of heartbeat are less sensitive to node
mobility. On the other hand, the traffic of heartbeats
decreases when the average time to rejoin the network of
a node is too long because an absent node does not send any
heartbeat message. Finally, this experiment shows that in
addition to the number of nodes, the mobility of nodes also
has great impact on network traffic. Therefore, the proposed
approach is also effective in a small home network, where
the number of nodes is small.

5 DISCUSSIONS

In this section, we discuss the costs and limitations of the
schemes we have proposed so far.

Currently, the proposed approaches are presented based
on PerSAM. However, the core ideas of these techniques are
still generally applicable to other service models. For
instance, DMT is useful when the protocol is based on
one IP multicast channel and when some unbalanced
communication patterns can be observed. When informa-
tion is known in advance, it is helpful to aggregate several
search requests into one as long as the package size is less
than a unit of transportation. Finally, the comparisons of
ODH and DMTH give us the insight concerning a heartbeat
mechanism, namely, unicast is much more efficient than
multicast when the number of monitors/managers are
much fewer than the number of service entities (i.e., worker
nodes in PerSAM).

As mentioned in Section 3.4, when applying SNS, the
size of an aggregated message can exceed MTU or even the
maximum size of an UDP when �‘ is too large. As a result,
SNS may not work properly when the size of an aggregated
message exceeds the UDP packet limit (65,527 bytes). From
(11), we can obtain the theoretical upper bound of the �‘,
which is approximately 652. In other words, the theoretical
limitation for applying SNS is when the average service
length is smaller than 652.

Mobility is one of the most important issues in a
pervasive network, because nodes can join or leave the
network at anytime. While this issue has been addressed in
the previous work [14], we assume that all nodes are always
available in the analysis to simplify and clarify the

presentation. In a highly dynamic network, where nðW Þ
and nðSÞ change drastically, one has to add an additional
time parameter, and then performs a summation over a time
period. On the other hand, if nðWÞ and nðSÞ are relatively
stable, where the number of nodes does not change
significantly, then the analysis results are still good approx-
imations of the message reductions. In these cases, given
that the advertising and searching messages are emitted
constantly, DMT and SNS are still able to reduce more
message counts. However, the TRR (see Definition 4) is not
affected. Likewise, to make the network more sensitive to
the mobility, one has to increase the heartbeat rate and,
therefore, the heartbeat traffic. As a result, DMTH and ODH
are able to reduce more messages while TRR is not affected.

Compatibility can also be an issue, because the proposed
approaches are extensions of UPnP/SSDP. According to the
UPnP specification, UPnP devices do not process the headers
other than “ssdp:” so that we can avoid the interferences
between legacy UPnP devices and PerNodes by introducing
additional headers in SSDP MAN header. More specifically,
PSMP uses an unique “psmp:” header to distinguish from
“ssdp:” headers used by SSDP. As a result, PerSAM nodes
and traditional UPnP devices are able to coexist in the same
network without interfering with one another.

We also observe that the DMT scheme is only effective
when the router or home gateway supports IGMP [3].
Otherwise, the routers broadcast packets to all endpoints
instead of sending packets only to the listeners of multicast
addresses. Recently, we notice that there is an increasing
number of low-end IGMP-capable routers available in the
consumer markets. To name a few, D-Link DES-1228 and
DrayTek Vigor 2110 are examples of IGMP-capable routers,
for which the prices are less than 200 USD. Therefore, we
believe that the proposed techniques will be realizable in
most home networks in the near future. If there is more than
one switch in the network, it will result in greatest traffic
reduction if each switch is IGMP-capable. If only a few
IGMP-capable switches are available, then the one with the
highest performance and being IGMP-capable should be
deployed at the root of the tree.

Finally, the correctness of the analysis results can be
interfered when the system suffers from extremely high
loads, where the message arrival rate is larger than the
message consumption rate. The worker node starts drop-
ping messages when the size of unprocessed messages
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Fig. 7. Evaluating the proposed schemes in a real home network, where �� ¼ 1 and �‘ ¼ 2: (a) only PA and LA are enabled; (b) after enabling PA, LA
and node searching; (c) after enabling all protocol capabilities.



exceeds the buffer size, causing the accuracy of analysis
results being affected. However, in an MOM-based perva-
sive system, it is reasonable to assume short data processing
time because most of the tasks are I/O bound and MOM-
based I/O is asynchronous (fire-and-forget). Besides, since
the average service length �‘ is used throughout the analysis
process, the accuracy can be interfered when the variation
of service lengths is large. This is because the service length
affects the message count of node searching. As mentioned
earlier, the service lengths typically range from 3 to 5 in
practice so that the variation of �‘ is limited. Likewise, the
average contribution �� is used in the analysis. � has great
impact to the traffic of heartbeat. Therefore, it can be
difficult to determine whether to use ODH or DMTH when
the variation of � is significant. In this case, DMTH is a
better choice because it does not cause negative effect, as
discussed in Section 4.1.3.

6 RELATED WORK

Recently, the design and evaluation of pervasive systems
have received much attention. Pervasive systems can be
classified into two categories: Process centric and data
centric [25]. Recent research shows that the data centric
style such as MOM or Tuple space (TS) is more appropriate
for designing Pervasive middleware because it is more
robust and flexible [27]. TS is one of the most widely
adopted data-centric style for pervasive systems. For
example, the EventHeap [11] is a TS-based platform that
primarily focuses on interactive workspaces. LIME [18] is a
Java-based pervasive system that provides an abstraction
layer supporting mobile computing environments. When
compared to MOM, TS tends to be less efficient as they are
generally implemented using a remote accessible shared
memory, which uses locks with read/writes to entries.
Moreover, TS passes serialized objects as messages, which
is usually a penalty on performance and interoperability.
MIRES [23] is one of the few MOM-based pervasive
systems. However, MIRES focuses on the integration of
contexts, and does not address service management issues.

Many service management protocols have been pro-
posed to support interaction among entities of pervasive
systems. These protocols can also be classified into two
categories: Centralized and decentralized. Centralized pro-
tocols [10], [20] usually have dedicated directories that
maintain status of services, while decentralized protocols
rely on IP multicast [2], [24]. Zhu et al. [28] pointed out that
in small-scale pervasive environments, decentralized ap-
proaches are more suitable, because it avoids the single
point of failure problem, and is easier to be implemented in
embedded devices.

Among the decentralized protocols, UPnP contains a
well-known service discovery protocol, SSDP, which is
designed for smart homes. However, there are many issues
in the original design of UPnP/SSDP. As a result, over the
last few years, several mechanisms have been proposed to
enhance UPnP/SSDP. Nakamura et al. [17] studied the
efficiency issues with interconnecting UPnP gateways. They
proposed to store SSDP PA messages in the caches of UPnP
gateways to reduce the service discovery traffic. Knauth
et al. [12] proposed to reduce traffic by introducing proxies

among UPnP devices that serve as cache in LAN. In [16],
[9], the authors enhanced general event notification
architecture (GENA), a TCP-based subprotocol of UPnP
used for event notification, by realizing GENA based on IP
multicast. IP multicast mechanism is UDP based, which is
considered unreliable yet more efficient than TCP.

However, the above-mentioned protocols or enhance-
ments do not deal with failure detection and recovery issues
directly, which are critical for a reliable smart home system.
In addition, few of them support autonomous service
composition. In [14], we proposed PSMP, a reliable self-
organizing and self-healing service management protocol
for MOM-based UPnP network. While PSMP addresses the
reliability issues, it tends to drain out bandwidths with a lot
of heartbeat or polling messages. This paper differs from
[14] in that the focus of this work is to present the design,
analysis, simulations, and experiments of efficiency boost-
ing schemes for MOM-based UPnP networks, whereas the
previous work focuses on presenting and proving a formal
MOM-based service application model (PerSAM) and a
service management protocol above the model (PSMP).
Also note that this work is an enhanced version of [13]. The
major enhancements include: 1) The theoretical statements
and analysis are reformulated rigorously. In addition,
theoretical underpinnings, assumptions, and limitations
are stated explicitly. 2) Theoretical errors such as the
negative effects of ODH are identified and fixed. 3) Both
simulated and experimental evaluations are performed and
in-depth discussions of the results are reported.

7 CONCLUSION

Many popular service management protocols uses broad-
cast-based or multicast-based group communication me-
chanisms, which, if not carefully designed, tend to flood the
network with unnecessary messages. Therefore, a compact
service management protocol should be designed to
minimize the downtime of a system while maintaining
low message counts. In this paper, we present the design,
analysis, simulations, and experiments of several techni-
ques for boosting the network efficiency—DMT, SNS,
DMTH, and ODH—based on PerSAM and PSMP. Both
analysis results and simulation results reveal that the
proposed approaches can reduce message counts of
presence and LA, node searching, and heartbeat by more
than 93.75, 66, and 50 percent respectively, in average
service lengths. A prototype [29] of the proposed schemes is
also implemented and evaluated in a typical smart home
network, which shows that the proposed approach is also
effective when the number of nodes is small. In the future,
we will attempt to devise the traffic reduction techniques in
wireless and multiprotocol environments. Moreover, the
issues such as the drastically changing in the size of
network, the inclusion of time model, and failure model
will also be our next objective to investigate.
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