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ABSTRACT
CachingInternet based services is a potentially important ap-
plication for MANETs, as it can improve mobile users’ per-
ceived quality of service, reduce their energy consumption,
and lower their air-time costs. This paper considers the prob-
lem of locatingcache proxiesin MANETs using several search
techniques. The paper first examines several existing and a
few novel search techniques including flooding, constrained
flooding, a novel dynamic variation of probabilistic flooding,
and BFS. These are superimposed on a Maximal Independen-
t Set (MIS), a Connected Dominating Set (DS), and a novel
adaptation of BFS-tree based overlays, where each of these
overlays is maintained in a self stabilizing manner. The paper
also includes a comparison of the performance of these search
techniques and overlays by extensive simulations.
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1. INTRODUCTION
One obvious application domain for MANETs is caching of

Internet based (and other network based) services [9]. Caching
is a common technique used in various areas of computer sci-
ence to improve performance, scalability, and quality of ser-
vice when some form of locality exists. When considering
network based services offered to mobile clients, it is likely
that multiple clients in the same MANET, or even the same
region of a MANET, will try to access the same service con-
currently. This suggests that caching such services within the
MANET would be beneficial.
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As in traditional Web caching, we refer to the node that
caches the service as alocal proxy. The two main issues in any
such caching system areproxy placementandproxy lookup.
The former deals with deciding which nodes should act as
proxies for which services and the latter solves the issue of
how to find a proxy and how to route to it.

Obviously, choosing the right proxy can have a dramatic im-
pact on the performance of the system [9]. For example, the
number of proxies for each service in a MANET should be
balanced in order to minimize external communication, min-
imize internal communication, and maximize the number of
services that can be cached within the network in a given time.
These need to be updated continuously to make up for topo-
logical changes and partitioning and merges of the MANET
caused by mobility, but with minimal overhead. When cellular
communication is used to access the Internet, the connection
quality and location of each node’s service provider within the
Internet should be taken into account as well.

Yet, having an efficient and effective lookup scheme is just
as important for the success of a caching mechanism, as with-
out it, the proper proxies will not be relevant. Thus, this paper
deals with cache proxy lookup. In particular, the solutions we
strive for in this work must be completely decentralized due
to the ad-hoc nature of the environment, must be able to cope
with continuous changes in the underlying network topology
and proxy placements, and be communication efficient. Thus,
we focus on search based lookups rather than on maintaining
directories. Specifically, we explore several search dissemina-
tion techniques, including unconstrained flooding, constrained
flooding along the arcs of a logical overlay topology, proba-
bilistic flooding, and breadth first search (BFS). Moreover, for
probabilistic flooding, we offer a novel mechanism for adapt-
ing the forwarding probability dynamically based on the ob-
served system behavior, which extends the work of [17, 25].
These four methods were chosen as they represent most of the
common distributed search techniques.

Additionally, we explore various approaches to construct-
ing the overlay on which the dissemination occurs using both
proactive and reactive methods. These include aMaximal In-
dependent Set(MIS) based construction,1 a Connected Dom-
inating Set(DS) based construction, and a novel adaptation
to MANETs of a BFS-treebased construction initially pub-
lished in [33] (in the context of fixed networks). The idea in
all these schemes is to construct an overlay that contains a s-
1This is also known asweakly connected maximal indepen-
dent set(WCMIS) in [2].



mall number of nodes, but still obtain full coverage of the net-
work while only relying on local exchanges of information and
knowledge. The proposed algorithms are fully decentralized
and are designed in a self-stabilizing manner in order to cope
with transient faults and mobility. In particular, they do not
need to be (re)initialized after a fault or a physical topology
change. Whatever the initial configuration is, the algorithms
satisfy their specification after a stabilization period [7]. Our
construction of the MIS based overlay is novel, and consists
of two parallel tasks, namely, computing the MIS nodes and
adding bridge nodes between them. Also, a nice feature of the
BFS-tree scheme is itssnap stabilization, i.e., the stabilization
time of the proposed scheme is zero.

For motivating these schemes, it was shown in [15] that MIS
has the appealing property in MANETs that any node not in
the MIS has at most 5 neighbors in the MIS. This means that
the number of redundant messages forwarded by an MIS based
overlay is small. Similarly, in a dominating set based overlay
the number of redundant messages is also expected to be smal-
l, but the construction requires exchanging much larger mes-
sages, as it needs information on all neighbors at distance 2
hops. Finally, the BFS-tree based scheme is a reactive scheme
we introduce in this work that exploits the BFS search proper-
ties in order to construct an efficient dissemination tree (it can
be viewed as an adaptation of the work of [33] to MANET-
s). It is therefore expected to result in very little redundant
messages. On the other hand, it is expected to impose higher
search latencies and is limited to a BFS search style.

Next, we compare several combinations of the dissemina-
tion techniques with the overlay maintenance schemes by ex-
tensive simulations. In these simulations we measure thehit-
ratio obtained by each method, theaveragelatencyfor obtain-
ing a reply, and the number of messages generated due to each
request. This is done for varying system parameters such as
transmission range, nodes’ velocities, hot-spot probability, and
proxy density. The hit-ratio is an indication of the probability
that a method will find a proxy if one exists, or in other words,
for it effectiveness. The average latency is clearly of interest
to users, as one of the main motivations for caching is improv-
ing access latencies to data. Finally, the number of messages
generated by each search request is the cost imposed by each
method, both in terms of resources (energy, bandwidth, etc.)
and in terms of potential scalability.

The results of our simulations, as detailed in the paper and
summarized in Section 6, shed light on the behavior of these
methods. In particular, they indicate some general patterns
common to BFS-like searches vs. flooding based searches, and
proactive based overlays vs. truly reactive schemes. They al-
so provide some insight for developing cache placement tech-
niques, as they imply the existence of an optimal number of
proxy replicas (for the same data item). This number ensures
that one of these proxies will be found with very high proba-
bility, but adding more proxy replicas has little added benefit.
This replication level is also optimal for time latency and for
the communication efficiency of BFS-based schemes.

1.1 Related Work
The problem of cache lookup in ad-hoc networks is fun-

damentally different than in wired networks. Nodes mobility
leads to frequent disconnections of wireless links, hence the
network topology changes dynamically. Moreover, the ab-

sence of a hierarchical organization of the network renders
useless many classical techniques proposed for the Internet,
e.g., [1, 3, 4, 8, 16, 26, 30] (to name a few).

Largely speaking, there are three types of routing strategies
for MANETs, namely,proactive protocols, reactive protocol-
s, andhybrid protocols. Proactive protocols, e.g., OLSR [5],
periodically update their routing tables, and thus always main-
tain (possibly implicit) routes from any node to any node. Re-
active protocols, e.g., AODV [20] and DSR [13], discover a
route only when it is needed. This way, they do not waste
resources on routes that are not needed and would never be
used, but their response time is much slower and their route
discovery process is typically communication inefficient. Hy-
brid protocols, e.g., ZRP [31], have a proactive behavior in the
neighborhood of a node up to a distancek. After that distance,
the protocol acts as a classical reactive protocols. Thus, they
attempt to enjoy both worlds. Inspired by the above classifi-
cation, in this work we propose proactive and reactive lookup
algorithms. The proactive lookup assumes that the neighbor-
hood of a node is known in advance, e.g., due to a proactive
heartbeatmechanism, while the reactive class constructs the
neighborhood at every reincarnation of a query.

Broadcast is one of the most popular services on top of
MANETs and is highly related to cache lookup. The main
difference between broadcast and cache lookup is their goal:
broadcast tries to ensure delivery of messages to all processors
in the ad-hoc network, while lookup should provide a path
to the service or proxy if one exists in the network. In [27]
the authors analyze several different broadcast techniques, in-
cluding: simple flooding [12], probability based methods [17],
location (and area) based schemes [17], a scalable broadcast
algorithm [18], and an ad-hoc broadcast protocol [19]. The
authors of [27] analyze the following simulation parameters:
delivery ratio, number of retransmitting nodes, end-to-end de-
lay, and total packets transmitted per node per broadcast. In
the current work we take a similar approach by analyzing the
lookup algorithms for the number of messages they generate
per request, their hit ratio and their lookup time latency.

Topology discovery is another service related to cache
lookup. The main issue here it to collect all topology related
information and to distribute it to all the nodes in the network.
The techniques applied in [22] use mobile agents for informa-
tion dissemination and the notions of link stability and aging
in order to predict the current network topology.

The work of [9] motivates the necessity of cache placements
in ad-hoc networks. It also presents many ideas for efficient
implementation of placement and lookup services for such a
caching mechanism.

Recent developments of peer-to-peer schemes may advo-
cate for their use in the context of ad-hoc networks. In
particular, existing peer-to-peer schemes like Pastry [21],
Tapestry [32], and Chord [24] are decentralized and commu-
nication efficient. Yet, these schemes do not react well to fre-
quent changes in the network topology and/or proxy place-
ments. Nevertheless, some ideas like, for example, assembling
nodes based on their similarity, may be applied in the context
of ad-hoc networks. Hence, in [23] the authors propose for
the first time an energy based study of caching strategies for
mobile terminals interacting via an ad-hoc network and using
a peer-to-peer approach. The lookup is based on a ZRP-like
algorithm where the nodes within a zone are contacted using a



broadcast strategy and the nodes outside the zone are contacted
using a peer-to-peer strategy. In order to prune the search pro-
cess, the authors use a similarity function. The experimental
evaluation of the proposed solutions is conducted using energy
as the cost measure.

2. SYSTEM MODEL AND DEFINI-
TIONS

In this work we focus on wireless mobile systems. Anodein
the system is a device owning an omni-directional antenna that
enables wireless communication. A transmission of a nodep
is received by all nodes within a disk centered onp whose ra-
dius depends on the transmission power, referred to in the fol-
lowing as thetransmission disk; the radius of the transmission
disk is called thetransmission range. Thus, there is a single
communication primitive,broadcast(m), allowing a node
to transmit a messagem to all nodes inside its transmission
disk. The combination of the nodes and the transitive closure
of their transmission disks forms a wireless ad-hoc network.

Practically, in order to obtain external services, we assume
that all nodes have another mean for accessing the Internet
directly, e.g., using a cellular connection or a Wireless Access
Point (WAP); such an access to the Internet passes through an
Internet Service Provider (ISP). However, the details of these
are mainly of concern for proxy placement, and thus we ignore
them in the rest of this work. We say that a nodep is a local
proxy for a data objectd when the buffer cache ofp contains
d.

The network described above can also be modeled as a
graphG = (V;E) whereV is the set of network nodes and
E models the one-to-one neighboring relations. A nodeq is
a neighborof another nodep if q is located within the trans-
mission disk ofp. In the following,N (p) refers to the set
of neighbors of a nodep. By consideringN (p) as a relation
(defining the setN (p)), we say that a nodep has apath to a
nodeq if q appears in the transitive closure of theN (p) rela-
tion.

As nodes can physically move, there is no guarantee that a
neighbor at timet will remain in the transmission disk at a lat-
er timet + �. Messages are not guaranteed to be delivered,
but we assume the most of them are delivered with high prob-
ability. Additionally, devices might be turned off or on at any
time, so the setV of alive nodes varies with time and has no
fixed size.

Finally, we assume an abstract entity called anoverlay,
which is simply a collection of nodes. Nodes that belong to
the overlay are calledoverlay backbone nodes. Part of what
we do in this paper is investigating various protocols for de-
ciding which nodes should be in the overlay.

Caches allow a setV t
(d) � V of nodes to access a data

d at timet. For a given nodep, we defineV t
p (d) � V t

(d)
to be the subset of nodesq 2 V t

(d) such that there is a path
betweenp andq at timet. For a nodep requesting a datad,
each nodeq 2 V t

p (d) is analternativefor retrievingd.
A lookup service is initiated by arequest, which is char-

acterized by a requesterp 2 V , a data itemd, and a timet
at which the request is initiated. In response to a request, the
lookup service is supposed to generate areply, which consists
of at least one alternative, if one exists, or?.

We restrict the allowed behavior of the lookup service by

requiring it to providevalidity and effectiveness. The valid-
ity property specifies that a lookup service result is not spu-
rious while the effectiveness property specifies the ability of
a lookup service to produce a result. Moreover, as we would
often like to also limit the time spent by the lookup service
on each request, we propose two definitions of effectiveness:
timed effectivenessandeventual effectiveness.

Validity: If a lookup reply for a request(p; d; t) is generated
at timet0 and includes nodeq, then there exists a time
t00 such thatt � t00 � t0 andq 2 V t00

p (d).

Timed Effectiveness: There is a timeT > 0 such that for
every request(p; d; t) for which there exists an alterna-
tive at timet0 such thatt � t0 � t + T , the service
generates a reply with an alternative at timet00 such that
t � t00 � t+ T .

Eventually Effectiveness: For every request(p; d; t) for
which an alternative exists at some timet0 � t, the ser-
vice eventually generates a reply with an alternative.

Note that due to node mobility and the possibility of evac-
uating a data item from the cache, validity only ensures that
a corresponding data item existed at the alternative when the
reply was generated. However, it is possible that by the time
the reply is received by the requesting node, the data no longer
exist at this alternative. Similarly, it is possible that by the
time a request is propagated, the alternative is either no longer
reachable, or the data object has been removed from the al-
ternative’s cache. Additionally, due to mobility, ensuring ef-
fectiveness always might be very costly, and practically some-
times impossible. Thus, we strive to ensure effectiveness with
high probability rather than definitively.

3. IMPLEMENTING LOOKUP SER-
VICES

3.1 (Constrained) Flooding
The flooding scheme is the simplest way to disseminate a

request in a network [14]. A requester sends asearchmessage
to all its neighbors in the network. When a node receives a
request for the first time, if it does not have the data, it forwards
the request to all its neighbors while recording the path the
request has traveled so far on the forwarded message. If a node
that receives a request has a copy of the data, it immediately
sends a response along the reverse path and does not forward
the request any further. Nodes also discard redundant copies
of the same request.

Alternatively, when an overlay exist, then only nodes that
are part of the overlay backbone forward the message to their
overlay neighbors. Other nodes only reply if they have a copy
of the data and drop the request otherwise. We refer to running
flooding on top of an overlay asconstrained flooding.

Among the advantages of flooding, we note that the time
latency is minimal. Also, this is the most robust scheme and
has the highest probability of reaching all network nodes, and
therefore find an alternative if one exist. However, the price
for this is that unconstrained flooding generates a large num-
ber of messages. This means that the energy consumption of
flooding is very high, and so is the bandwidth utilization. S-
ince the network is shared between the lookup service and the



application, this comes at the expense of the bandwidth left
for application messages. Also, this increases the chances of
collisions, which could degrade the overall performance of the
system.

There are two common ways to limit this bad behavior of
flooding. One option is to limit flooding with aTime-To-Leave
(TTL) parameter, which specifies the maximum number of
hops a search request can be forwarded on. This technique
solves some scalability problems [10], but is still not very ef-
ficient. Alternatively, constrained flooding greatly reduces the
number of messages sent on each search request, since on-
ly the overlay backbone nodes participate in the forwarding.
However, this also imposes several challenges, since comput-
ing the overlay backbone also requires some resources, and
one needs to be careful to balance the cost of the overlay main-
tenance with the benefits it brings. This is particularly true in
MANETs due to their dynamic nature, which means that the
overlay is continuously evolving.

3.2 Probabilistic Flooding
Probabilistic flooding is similar to constrained flooding, ex-

cept that nodes only forward incoming messages with some
probability. In dense networks, when a host decides to forward
a message, all of its neighbors might already receive the mes-
sage. Deciding randomly that some nodes would not forward
a message can save unnecessary messages without harming
effectiveness. But, in sparse networks, some nodes will not re-
ceive all the messages unless the probability of rebroadcasting
a message is high.

One solution is to adapt the probability parameter to the
number of neighbors. Another idea is to decide whether to
forward a message based on the number of redundant mes-
sages a host receives [17, 25]. That is, each node counts the
number of times it received each message during a given time
interval starting from the arrival of the first copy of the mes-
sage. At the end of this time interval, if the number is less than
a threshold value, the message is forwarded, and it is dropped
otherwise. This way, in dense networks, some nodes will not
rebroadcast messages, while all nodes rebroadcast in sparse
network. However, in this solution messages are delayed at
each hop, which greatly increases the delivery latency.

We propose a novel hybrid solution that consists of deter-
mining the probability parameter based on the average num-
ber of redundant messages measured during a longer period of
time. We noter the average number of redundant messages
measured during a fixed period of time,R is the ideal num-
ber of redundant messages a host should receive, andp is the
probability parameter. At the beginning,p is set to some initial
value.

On each message receipt, each node recomputes its proba-
bility parameter to bep (1+ d) � p whered = k � (R� r)
(naturally, this imposes a constraint thatk � (R � r) �
(1 � p)=p). In this function,k is a parameter that permit-
s quick or slow evolution of the probability parameter.Ifr is
less thanR, it means that the node does not receive enough re-
dundant messages. In this case,R� r is positive, sop grows.
Otherwise,R� r is negative and thusp decreases.

In our experiments, reported in Section 5, we setR = 5 and
k = 0:05. The value ofR is based on the work of [17, 25], in
which they investigated the optimal value of such a parameter
under both fixed and dynamic methods, but for a deterministic

forwarding scheme. The value ofk was set in an experimental
manner.

The main disadvantage of this protocol is that in lookup ser-
vices the number of messages depends on the number of re-
quests submitted to the service, so this protocol is only effec-
tive when there are many messages. Thus, when there are few
requests, the accuracy of the computation is poor, and it does
not ensure effectiveness.

3.3 BFS
Another scheme is based on the Breadth First Search algo-

rithm [6]. This algorithm can be viewed as successive instan-
tiations of flooding with increasing TTL values ranging from
1 to the expected diameter of the network. More specifically,
a requesterp 2 V first initiates the lookup by sending a re-
quest to all nodes inN (p). Upon receiving a request, a node
responds with a positive message if the requested data is in its
cache and by a negative message otherwise. If the requester
does not receive any positive response, it sends another re-
quest to all nodes inN2

(p). Nodes that did not receive the
message during the first round send their response along the
reverse path. This process continues iteratively until either the
requester receives a positive answer, or the requester believes
it has reached all nodes.

In this protocol, the message propagation is controlled by
the requester. Once an alternative is detected, the propagation
stops, which saves a substantial number of unnecessary mes-
sages when there exists an alternative close to the requester.
Note that this idea can be applied over an unstructured net-
work, as been described above, or using an overlay. In the lat-
ter case, only the overlay backbone nodes forward the request,
while preserving the TTL of the corresponding iteration.

The main drawback of this protocol is its potential long la-
tency, as messages are not propagated to nodes at distancei
hops until a timeout after which it is assumed that all replies
from nodes at distancei � 1 have been received. Moreover,
it may generate many messages when the proxy is far, since
search messages travel repeatedly through nearby nodes in
successive invocations of the search.

4. OVERLAY MAINTENANCE

4.1 A Maximal Independent Set (MIS)
Based Overlay

We start this section by giving a formal definition of aMax-
imal Independent Set(MIS) and then discuss how to obtain an
MIS based overlay.2

Let G = (V;E) be a communication graph. Two nodesi
andj in G are said to beindependentif (i; j) 62 E. A subset
S � V of nodes isindependentif every pair of nodes inS are
independent. A setS is amaximal independent set(MIS) if S
is independent, yet for any nodek 2 V n S, S [ fkg is not
independent.

The MIS based overlay is constructed in two phases that are
executed in parallel. In the first phase, the MIS is computed.
Since by definition, the set of nodes in an MIS cannot direct-
ly communicate with each other, the second phase identifies
2Note that we are interested in a maximal independent set and
not the maximum independent set; the latter is a hard problem
whereas the former is solvable.



bridge nodes that connect the MIS nodes. Of course, the goal
is to find as few bridge nodes as possible, yet to do this in a
completely decentralized manner.

So, we are interested in a distributed algorithm for comput-
ing an MIS in such a way that every node makes local calcula-
tions based only on the knowledge of its neighbors. Recall that
the neighbors ofp are the nodes that appear in the transmission
disk ofp, and thusp can communicate directly with them, and
every messagep sends is received by all of them. Additional-
ly, we would like to influence the overlay construction process
such that the overlay nodes will be the “best” nodes under a
given metric. For example, since in mobile systems nodes are
often battery operated, we may wish to use the energy level
as the metric, in order to have the nodes with highest energy
levels members of the overlay. Alternatively, we might use the
number of objects for which a node is proxy as the metric, in
order to reduce the average number of hops a search message
has to travel. Similarly, we might use bandwidth, transmis-
sion range, or local storage capacity, or some combination of
several such metrics.

This is achieved by having a generic function which asso-
ciates with each node some value from an ordered domain,
which represents the node’s appropriateness to serve in the
overlay. We call this value thegoodness number. This way,
it is possible to compare any two nodes using their goodness
number and to prefer to elect the one whose value is higher
to the overlay. For example, it is easy to evaluate and com-
pare the battery level of nodes, or to obtain and compare the
number of objects for which a node is proxy.

The MIS algorithm consists of computation steps that are
taken periodically and repeatedly by each node. In each com-
putation step, each node makes a local computation about
whether it thinks it should be in the MIS or not, and then
exchanges its local information with its neighbors. For sim-
plicity, we concentrate below on the local computation steps
only.

The local state of each node includes astatus, which is ei-
ther active, passive, or bridge, its goodness number, and its
knowledge of the local states of all its neighbors (based on the
last local state they reported to it), and for each neighbor, the
list of its active neighbors. Theactivestatus means that the
node believes it is in the MIS,bridgemeans that it is acting as
a bridge, andpassivemeans that it is neither.

The local execution of the MIS part of the protocol includes
the rulesR1,R2, andR3 of Module 1. Our MIS construction
is more efficient than the one proposed for sensor networks
in [11] since our algorithm dynamically recomputes the MIS
function based on the goodness number. The first rule,R1, is
used to elect nodes that have the maximal goodness number in
their neighborhood to the MIS. The second rule,R2, is used
to ensure that we do not have a situation in which two neigh-
boring nodes are in the MIS. This could happen, for example,
due to movement of nodes, which changes their neighborhood.
Thus, if an active nodei finds that one of its neighbors is active
and has higher goodness number, theni gives up and becomes
passive. The third rule,R3, is executed bypassiveandbridge
nodes that do not have anactiveneighbor even though they
do not have the highest goodness number. This situation can
occur, for example, if all neighbors ofi that have higher good-
ness number thani gave up beingactivedue to the fact that
they had other neighbors with even higher goodness numbers.

RulesR1 andR3 are based on the evaluation of the max-
imal goodness number in a neighborhood. In case two nodes
have the same goodness number, the symmetry is broken us-
ing ids. In the following,ei denotes the goodness number of
nodei. In order to simplify the algorithms presentation we
introduce the goodness relation denoted in the following by
�. Nodej is better than nodei according to the� relation
if either the goodness number ofi is superior to the goodness
number ofj or the nodes have the same goodness number but
the identifier ofj is greater than the identifier ofi. Formally,
i � j iff ei < ej _ ei = ej ^ idi < idj . Note that� defines a
total order on the nodes when the goodness values are compa-
rable. Also,MAXE(i) is a boolean predicate that evaluates
to true if and only ifi is maximal in its neighborhood w.r.t. the
relation� defined above.

Module 1 Goodness-based MIS executed by nodei

Input Parameters:
N (i): set ofi’s neighbors (includingi itself);
statusj ;8j 2 N (i); j 6= i: the status of eachi neighbor;
ej ;8j 2 N (i): the goodness number of neighborj;

InOut Parameters: statusi: the status of nodei
Predicates: i � j � ei < ej _ ei = ej ^ idi < idj

MAXE(i) � 8j 2 N (i); j 6= i; j � i

Actions:
R1 : MAXE(i) ^ statusi 6= active! statusi := active

R2 : statusi = active^9j 2 N (i); statusj = active^i �

j ! statusi := passive

R3 : :MAXE(i) ^ 8j 2 N (i); statusj 6= active !

statusi := active

The algorithm shown as Module 2 provides the bridges be-
tween the MIS nodes (recall that MIS nodes are not connected
to each other). Module 2 has three rules and shares with Mod-
ule 1 the set of neighbors, the status variables, and the good-
ness numbers. The first rule,R1, is used to connect between
two nodes in the MIS. Specifically, if nodei is passive, and has
two neighbors which areactive, theni becomes abridge. The
second rule,R2, is used to eliminate useless bridges that are
no longer connecting any two distinctactivemembers. Such
bridge nodes switch back to beingpassive. Finally, the ruleR3

is used to eliminate redundantbridgenodes. That is, whenev-
er there are two neighboringbridge nodesi and j such that
the set ofactiveneighbors ofi is included in the set ofj, or
both have the sameactiveneighbors buti has lower goodness
number thanj, theni switches back topassive.

4.2 A Connected Dominating Set (DS)
Based Overlay

We start this section by giving a formal definition of aCon-
nected Dominating Set(DS), and then discuss how to obtain a
DS based overlay.

Let G = (V;E) be a communication graph. A setS � V
is adominating setif any node inV is a member ofS or has
a neighbor inS. S is connectedif for any nodex in S there is
another nodey in S such that(x; y) 2 E.

In the following, we present a self-stabilizing version of the
DS-algorithm construction of [28, 29]. The proactive DS algo-
rithm (Module 3) requires each node to know about its neigh-
bors at distance two, or in other words, the neighbors of its



Module 2 Bridge Construction executed by nodei
Input Parameters:

N (i): set ofi’s neighbors;
AN(i): set ofi’s active neighbors;
statusj ;8j 2 N (i); j 6= i: the status of eachj neighbor;
ej ;8j 2 N (i): the goodness number of neighborj;

InOut Parameters: statusi : the status ofi
Predicates: i � j � ei < ej _ ei = ej ^ idi < idj

Actions:
R1 : statusi = passive ^ 9j; k 2 N (i); j 6= k; statusj =

statusk = active! statusi := bridge

R2 : statusi = bridge^ 6 9j; k 2 N (i); j 6= k; statusj =

statusk = active! statusi := passive

R3 : statusi = bridge ^ 9j 2 N (i); j 6= i; statusj =

bridge ^
�
AN(i) � AN(j) _ (AN(i) = AN(j) ^ i � j

�
!

statusi := passive

direct neighbors. The protocol also uses the neighbors inde-
pendence predicate, as defined below:

Definition 4.1 (independent neighbors) Let G = (V;E)

be the communication graph and leti 2 V .
Independent Neighbors(i) � 9y; k 2 N (i); y 6=

k 6= i; k 62 N (y) ^ y 62 N (k).

Intuitively, the predicateIndependent Neighbors(i) evalu-
ates to true if there are two neighbors ofi, y andk, that are not
direct neighbors of each other. If this predicate is true, theni
should be in the dominating set, unless there is another nodej
that is a neighbor of bothy andk and has a higher goodness
number.

Thus, a nodei executes the ruleR1 if the predicate
Independent Neighbors is true fori, and becomesactive.
However, by the ruleR2, if an activenodei finds anotherac-
tiveneighbor and both share the same neighbors, yet the other
node has a higher goodness number, theni gives up. Note that
at the beginning of the protocol all nodes might bepassive.
Also, if the graph is fully connected (a clique), then no node
will becomeactiveby R1. This is taken care of by the rule
R3, in which if all the nodes ini’s neighborhood arepassive
andi has the maximal goodness number, theni becomesac-
tive. The last rule,R4, eliminates redundantactivenodes; if
a nodei is active, but it has anotheractiveneighborj and the
set ofi’s neighbors is included inj’s neighbors, theni gives
up and becomespassive.

4.3 BFS Tree Protocol
The idea in this protocol is to exploit the synchronous be-

havior of BFS and the broadcast nature of wireless networks to
produce an efficient reactive dissemination tree for each search
request. Interestingly, this is obtained without any additional
delay or control messages. Specifically, recall that with BFS
dissemination, the search propagates in synchronous round-
s such that in roundi the search messages disseminate until
distancei hops from the requester. The requester waits for
receiving the reply messages of roundi before continuing to
roundi + 1. Thus, when the requester receives all replies for
round i, it knows the fastest paths between all nodes at dis-
tancei and itself. Based on this, it can calculate the minimal

Module 3 Goodness based DS executed by nodei

Input Parameters:
N (i): set ofi’s neighbors;
statusj ;8j 2 N (i); j 6= i: the color of eachi neighbor;
ej ;8j 2 N (i): the goodness number of neighborj;
N (j);8j 2 N (i): the set of neighbors of neighborj of i;

InOut Parameter: statusi: the status of nodei
Predicates:

Independent Neighbors(i) � 9y; k 2 N (i); y 6= k 6=
i; k 62 N (y) ^ y 62 N (k)

i � j � ei < ej _ ei = ej ^ idi < idj
MAXE(i) � 8j 2 N (i); j 6= i; j � i

Actions:
R1: statusi = passive ^ Independent Neighbors(i) !

statusi := active

R2: 9j 2 N (i), N (j) = N (i) ^ i � j ^ statusi =

statusj = active! colori := passive

R3: 8j 2 N (i), N (j) = N (i) ^MAXE(i) ^ statusi =

passive! statusi := active

R4: 9j 2 N (i);N (i) � N (j) ^ statusi = statusj =

active! statusi := passive

set of nodes that need to forward the search during the next
round and ensure that the message will still reach all nodes at
distancei+ 1.

To obtain this, the requester specifies in the request message
the overlay backbone nodes. Thus, the request message is de-
fined by<request,requester,data,round,dist,R,P> wherere-
questeris the requester,data is the requested data,round is
the distance of the nodes the requester wants to reach,dist is
the number of hops the search has traveled so far,R is the set
of nodes that should forward the search message andP is the
set of nodes on the path of the message has traveled. A node
forwards an incoming request message if its hop-distance to
the requester is less thanround and if it belongs toR. In this
case, it also adds itself toP.

5. SIMULATIONS

5.1 Simulation Environment
We assume a simulation area of size500x500 m2. Nodes

are initially placed in random locations in the simulation area.
Then, during the simulations, nodes move according to an
Augmented Random-Waypoint model. That is, according to
the Random-Waypoint model [13], each node picks a new ran-
dom target location and moves there with a random velocity
(under some predefined maximum). Once the node gets to its
target location, it remains there for a random amount of time,
which in our simulations ranged between 1 to 2 minutes.

Yet, when considering practical environments, it is likely
that nodes will often not move to completely random location-
s, but rather will be attracted by a fewhot-spots. For example,
in a trade-show, participants wander between booths. Along
this line, we have augmented the Random-Waypoint model to
include privileged subareas, namely the hot-spots, such that
each time a node chooses a new position it prefers a position
inside a hot-spot with a given variable probability. By vary-
ing this probability, we modify the density homogeneity of the
network. When this probability is 0, the density of the simu-
lation area is uniform. As this probability increases, hot-spots



Module 4 Tree BFS Protocol – code for nodep

Parameters:
N (i): set ofi’s neighbors
construct tree(�): return a minimal tree from the set of paths�

Actions:
R1: nodei initiates a lookup

round := 1;R := ; ;
repeat:

send<request; i;DATA,round;1;R; ; >
wait <response; j; presencej;Pj > from all

j 2 N (i) \R or timeout
if received at least one<response; j;true;Pj > then

return the smallestj for which such a message was received
elseif received no response then return?
endif
round := round+ 1; R = construct tree(

S
j Pj)

end repeat
R2: upon the first rec. of<request; j;DATA ; round; dist;R;P >

if dist = round then send<response; i;true;P [ fig >
if DATA is present ati then
else send<response; i;false;P [ fig >
endif

else
if i 2 R then

send<request; i;DATA ; round; dist+ 1;R;P [ fig >
endif

endif

become more dense at the expense of the rest of the simula-
tion area. In our simulations, we have defined three square
hot-spots of sizes50x50 m2, 62x62 m2, and83x83 m2.

Parameters values Parameters values
Nb. nodes 200 Transm. range 70 m
Node velocity 2 m/sec. Request period 700 msec.
Transm. time [1 : : : 4] msec. Nb. proxies 8

Hot-spots prob. 0.6 Packet loss no

Table 1: Default Parameters for Simulations

The simulation duration is 8 minutes. For the MIS and DS
implementations, the frequency of node status re-computation
is uniformly chosen between 2 and 3 seconds. Table 1 list-
s the default values of the parameters we use for this set of
simulations. In our simulations, we have varied the node ve-
locity, hot-spot probability, transmission range, and ratio of
proxies. The performance metrics we measured are thenum-
ber of messages by request, the time latencyand thehit ratio.
Moreover, we have studied the following schemes:flood-
ing – unconstrained flooding,MIS flooding – MIS based
constrained flooding,DS flooding – DS based constrained
flooding, probabilistic – probabilistic flooding,BFS-
tree – BFS along the BFS-tree scheme,MIS-BFS – BFS
along the arcs of the MIS overlay.

5.2 Hit-Ratio Comparison
Figure 1 presents the hit-ratio of all studied schemes when

varying the number of proxies in the system. As can be expect-
ed, the hit-ratio increases as the number of proxies increase
and approaches one. Yet, the increase has a knee between 5
and 10 proxies, or in other words, between 2.5% and 5% of
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the nodes. This result is significant, as it indicates an opti-
mal replication degree of cache proxies in order to ensure that
at least one proxy is found with very high probability. Ob-
viously, unconstrained flooding exhibits the highest hit-ratio,
although with 5 proxies, the BFS-tree scheme and the dom-
inating set scheme match the performance of unconstrained
flooding. This in interesting, since the BFS-tree scheme is
completely reactive. Also, probabilistic flooding fares quite
well when the number of proxies is above 10. The significance
of this is that this is the simplest and cheapest scheme!

Figure 2 presents the obtained hit-ratio when varying the
transmission range. Here we see a similar pattern as before,
yet the knee is less dramatic. Yet, we would like to point
out the relatively good behavior of probabilistic flooding when
the transmission range is short (or when a network is sparse).
However, as the transmission range increases, the performance
of probabilistic flooding improves more slowly than for other
schemes.

Figure 3 explores the hit-ratio vs. the nodes maximal ve-
locities. Here, we can see that increased speed reduces the hit
ratio. This is due to the fact that as node move fast, the chance
that a search message will get lost is higher, and similarly, the
chance that a return path for the response will become invalid
is higher. Moreover, the MIS based schemes suffer more sig-
nificant performance degradation than others, as the MIS over-
lay does not keep up with the changes. Interestingly, DS fares
better than MIS. The reason is that our DS scheme had more
redundancy than the MIS scheme, and thus is more vulnerable
to quick changes.

Finally, Figure 4 studies the hit-ratio vs. the hot-spot prob-
ability. It appears that there is a slight drop in hit-ratios as this
probability increases. This can be explained by the fact that
as nodes concentrate in hot-spots, there is a greater chance of
partitions, and thus some searches cannot find their proxies.
Here too, the MIS based schemes were the most vulnerable.
This is due to the fact that the overlay they create include the
fewest number of nodes. On the other hand, the DS scheme
performed the best. This is due to its particular design, which
in the case of hot-spots, has a good chance of establishing an
overlay that includes nodes that connect between the hot-spots.

5.3 Latency Comparison
Figure 5 exhibits the latency of all studied schemes vs. the

number of proxies. As expected, the latency drops as the num-
ber of proxies increases, since it also increases the probabili-
ty of having a nearby proxy. Interestingly, here too we see a
sharp knee between 5-10 proxies, or between 2.5%-5%, which
strengthen the corresponding observation regarding the opti-
mality of the replication degree of proxies. Also, BFS based
schemes require much longer time to generate a response, due
to their synchronous iterative style.

Figure 6 presents the latency vs. the transmission range.
As it appears, flooding based schemes are hardly impacted by
the range, although do exhibit some improvement as the range
increases. On the other hand, for BFS based schemes, the im-
provement is much more significant, since the longer trans-
mission range reduces the number of iterations needed to find
a proxy, and each iteration takes a significant time.

Figure 7 studies the observed latency vs. nodes maximal
velocities. It appears that nodes velocities have little impact
on the latency. Finally, Figure 8 explores the latency vs. hot-
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spot probability. Here there is a large improvement for the BFS
based schemes, and minor improvement for the other schemes.
The reason is again that when nodes are is condensed areas, if
a proxy is found, it is nearby, and thus is found with fewer
iterations, and each iteration takes a long time.

5.4 Communication Requirements Com-
parison

Figure 10 presents the number of messages generated per
request by each studied scheme vs. the number of proxies.
Here we can see a very interesting phenomenon. On one hand,
the communication cost of flooding based schemes grows pro-
portionally to the number of proxies. On the other hand, with
BFS based approaches, it is the opposite. In particular, with
10 proxies, or 5% of nodes, the BFS schemes induces fewer
messages than the others. This can be explained by the fact
that when there are many proxies, there is a good chance that
one exists nearby. As BFS stops the search process as soon as
the first proxy is found, it generates fewer messages in these
cases. As for the flooding based schemes, they have no way
of pruning search messages that do not pass through a proxy,
and thus find multiple proxies, each of which generates a re-
sponse. Among the flooding schemes, unconstrained flooding
is clearly by far the worse and MIS is by far the best. This
indicates that MIS generates the most efficient overlay among
the schemes we studied, i.e., the overlay with fewest nodes.
Moreover, the BFS-MIS scheme is even better than the BFS-
tree, as it limits the nodes on which the BFS proceeds (this is
true for all simulations in this subsection).

Figure 10 investigates the number of messages generated
by a request vs. the transmission range. Here we see an in-
crease in the number of messages when the transmission range
increases. This is because with longer transmission ranges,
each message is received by a larger number of nodes, each of
which, if it is not a proxy, forwards it.

Figure 11 explores the number of messages per request vs.
nodes maximal velocities. Here we can see that the latency
reduces with the increase in speed. Yet, this seems to be, in
fact, a negative result, as it is caused by the fact that with fast
movement, more search messages are lost, and thus their cor-
responding searches are pruned earlier.

Figure 12 studies the number of messages per request vs.
hot-spot probability. In most schemes there is a dramatic drop
in the number of messages as this probability increases. This
is due to the fact that when all nodes are in hot-spots, either a
proxy is found inside the hot-spot, or it will probably not reach
the other hot-spots. As a result, much fewer messages are sen-
t around, but as mentioned earlier, this comes at the expense
of reduced hit-ratio. The BFS based schemes were less influ-
enced by this since the other simulation parameters are such
that even without hot-spots they already obtain relatively good
results.

6. DISCUSSION
In this paper we have outlined several search techniques for

locating cache proxies. These include flooding (constrained
and unconstrained), a novel variant of probabilistic flooding,
and BFS. We have also examined several overlays on which
these search methods can be applied, including a new con-
struction for MIS based overlays, a DS based overlay, and a
BFS-tree overlay. All our constructions are self-stabilizing
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and therefore react automatically to dynamic changes in the
environment. We have also studied the performance of several
meaningful combinations of the search techniques and overlay
maintenance schemes by extensive simulations.

Our simulations have discovered the following phenomena:
In general, as can be expected, there is a tradeoff between effi-
ciency and effectiveness. That is, the more efficient a scheme
is, the worse it performs in terms of hit-ratio. Interestingly, we
have also found that there exists an optimal number of prox-
ies for a data item, in our case 2.5%-5% of the nodes, which
ensures that a proxy will be found with very high probabili-
ty. Adding proxies for the same data item beyond this number
will hardly improve the hit-ratio. Similarly, the same number
of proxies is also optimal for lookup latency. This result seems
significant for proxy placement designers.

Surprisingly, BFS techniques performed better in terms of
efficiency when the number of proxies is optimal or higher.
This is due to their ability to prune the search once a proxy
is found. Thus, when the number of proxies is expected to
be high, this search technique becomes very attractive, as it is
also completely reactive, although in terms of latency it was
still somewhat slower than other schemes. On a similar note,
the probabilistic flooding scheme performed reasonably well
under most metrics. Again, this makes it attractive, as it is the
simplest and cheapest to implement.

Overall, the proactive overlay based schemes exhibited dis-
appointing results. Moreover, in this work we did not count the
cost of the messages required to maintain the overlay. When
adding this cost, it seems that, at least for the schemes we have
studied, the cost of reactive overlay is not worth the benefits.
On the other hand, in quasi-static ad-hoc environments, such
as sensor networks, it may still be useful to employ reactive
overlays. This is because in such systems the topology rarely
changes and, thus, the cost of maintenance can be lower and
the observed performance better.

One immediate future extension of our work is adding A�

like pruning capabilities to the various search techniques.3

That is, the search messages carry with them a field that mea-
sures the cost of the search so far. In addition, at each node,
one assumes the existence of an estimated cost function for
continuing the search along that path. Once the combined
measured cost and estimated additional costs are above a given
threshold, the search is pruned there.

Another extension to our work can be to look for other reac-
tive and quasi-reactive search schemes. In particular, in purely
reactive schemes, nodes are not allowed to generate their own
messages. Thus, nodes only learn of neighbors when a search
is propagating through these neighbors. It is interesting to con-
sider quasi-reactive schemes of overlay based approaches, in
which the overlay is built based on the perceived neighbor-
hoods. Yet, nodes are allowed to generate their own messages
only when they suspect that the information they have is too
old to the point that the system’s perceived performance de-
grades below a given threshold.
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