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Abstrace—Mobile nodes in some challenging network scenarios, e.g. bafteld and disaster recovery
scenarios, suffer from intermittent connectivity and frequent partitions. Disruption Tolerant Network
(DTN) technologies are designed to enable communications imch environments. Several DTN
routing schemes have been proposed. However, not much work hasen done on designing schemes
that provide efficient information access in such challengigp network scenarios. In this paper, we
explore how a content-based information retrieval system can ba#esigned for DTNs. There are three
important design issues, namely (a) how data should be re@ied and stored at multiple nodes, (b)
how a query is disseminated in sparsely connected networks) how a query response is routed back to
the issuing node. We first describe how to select nodes ttoring the replicated copies of data items.
We consider the random and the intelligent caching schemegdn the random caching scheme, nodes
that are encountered first by a data-generating node are selett to cache the extra copies while in the
intelligent caching scheme, nodes that can potentially memiore nodes, e.g. faster nodes, are selected to
cache the extra data copies. The number of replicated datagies K can be the same for all data items
or varied depending on the access frequencies of the dat@nts. In this work, we consider fixed,
proportional and square-root replication schemes. Then, we deribe two query dissemination
schemes: (a) W-copy Selective Query Spraying (WSS) scheme) [bhop Neighborhood Spraying
(LNS) scheme. In the WSS scheme, nodes that can move faate selected to cache the queries while in
the LNS scheme, nodes that are within L-hops of a queryingode will cache the queries. For message
routing, we use an enhanced Prophet scheme where a nextphnode is selected only if its predicted
delivery probability to the destination is higher than a certan threshold. We conduct extensive
simulation studies to evaluate different combinations of theeplication and query dissemination
algorithms. Our results reveal that the scheme that perforra the best is the one that uses the WSS
scheme combined with binary spread of replicated data copie$he WSS scheme can achieve a higher
guery success ratio when compared to a scheme that does neewny data and query replication.
Furthermore, the square-root and proportional replication schenes provide higher query success ratio
than the fixed copy approach with varying node density. In addion, the intelligent caching approach
can further improve the query success ratio by 5.3% to 15.8% wit varying node density. Our results
using different mobility models reveal that the query succss ratio degrades at most 7.3% when the
community-based model is used compared to the Random Waypoint (&) model [13]. Compared to
the RWP and the community-based mobility models, the UmassBNet model from the DieselNet
project [14] achieves much lower query success ratio becausiethe longer inter-node encounter time.

Index Terms—disruption tolerant networking, information retrieval, perform ance evaluation, data
centric.
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|. INTRODUCTION

With the advances in technology, we have marslegs computing devices e.g. PDAS, sensors etc. Such
devices can form infrastructureless ad hoc networks angnainicate with one another via the help of
intermediate nodes. Such ad hoc networks are very usefaleral scenarios e.g. battlefield operations,
vehicular ad hoc networks and disaster response scerdang ad hoc routing schemes have been designed
for ad hoc networks but such routing schemes are not ussfuine challenging network scenarios where the
nodes have intermittent connectivity and suffer fraegfient partitioning. Recently, disruption tolerant
network technologies [1],[2] have been proposed to allodes to communicate with one another in such
extreme networking environments. Several DTN routitgses [3],[4],[5],[6] have been proposed.

Although routing is an important design issue for such slyace@nected networks, the ability to access
information rapidly is also an important feature th&TaN should have since the ultimate goal of having such
a network is to allow mobile nodes to access infoionaquickly and efficiently. For example, in a battddi
soldiers need to access information related to detgigedyraphical maps, intelligence information about
enemy locations, new commands from the general, weatiormation etc. In addition, a particular data item
may be of interest to multiple soldiers, so it makesado replicate the data item, and store them atpteulti
nodes so that it can be accessed by other nodeslldias us to save battery power, bandwidth consumption
and the data item retrieval time. Such data cachingwadsms that the source of the data items need not know
the identities of the nodes that need to access thetdats.

Research on data access and dissemination techniqaeebat and sensor networks is not new. For example
in [7], the authors consider the storage node placemehblepn aiming at minimizing the total energy cost for
gathering data to the storage nodes and replying queri¢g], lthe authors study the optimal number of
replicas for a set of objects in large two-dimensiaviedless mesh networks such that the access co$tecan
minimized. Their approach is not directly applicable tubite networks since they assume stationary nodes in
their environments. They also do not consider howdercan discover the replicas of the data items. In [9],
the authors propose three distributed caching techniquewsdithconnected ad hoc networks, namely
CacheData, CachePath and HybridCache. Howeverie¢lstiniques are only useful for well-connected ad hoc
networks.

Two key technologies enhance our ability to accessrnmdtion efficiently on the Internet [19]. The fiistthe
indexing and search infrastructure e.g. Google’s seargimeethat enables one to access information by
collecting and maintaining mappings of content to locatibhe second is a caching infrastructure that
maintains a mapping from the content location to &edmcation. These technologies, however, assume that
the network devices are strongly connected to therlet@mnd hence are not tolerant to disruption. In addition
current technologies do not take into considerationrtbdes move in some scenarios (e.g. mobile devices
carried by human beings riding in vehicles). For a aurbased information retrieval system to work in
challenging network scenarios, data items need to bheatgul and cached at different nodes. Questions like
how many copies of each data item need to be replieatédvhich nodes should be selected to cache the
replicated data items need to be answered. In additioneguray need to be disseminated and cached by
some intermediate nodes to increase the chancesrofiibing answered in a timely manner. Again, the issue
as to how a querying node selects other nodes to ttagedries needs to be explored.

In this paper, we design a content-based informatioievat system for disruption tolerant networks. Our
design focuses on answering questions relatethta cachingquery disseminationandmessage routing
For data caching, we explore two data caching scherae®ly (i) random cachingand (b) intelligent
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caching Withrandom cachingeach node generating a data item creates K tokensgegping K copies) and
spread half of the tokens to the nodes that theyefrsbunter. Witlintelligent cachingeach node generating

a data item only spreads the K tokens to carefully teglasodes that they encounter. The node selection is
based on a friendliness metric: a node will be sedei€tecan meet many other nodes. The value for Klzan
fixed for all data items or varied depending on the acéespiencies of each data item. Faquery
disseminationwe explore two possible schemes, namelyNajopy selective query sprayi(MySS)and (b)
L-hop neighborhood query spraying (LN8) theWSSscheme, a querying node carefully selects W nodes
based on a friendliness metric to cache replicated s@pithe same query. In th&Sscheme, the querying
node disseminates each query to its L-hop neighborhoalisTdone by setting the TTL of its query message
to L and any intermediate node that receives a quenyantT L more than one will rebroadcast the query after
decrementing the TTL value. Fomessage routingwe use arenhanced Prophef3] scheme that only
forwards messages to a next-hop node with an estimateergerobability to the destination that exceeds a
certain threshold. Other routing schemes can alsodzk us

We conduct extensive simulation studies to evaluate eliffecombinations of these data and query
dissemination schemes. Our simulation results revatitie scheme that performs the best is the oneskeat
intelligent cachingcombined with th&VSSscheme. With a fixed replication factor of 5 for atalaems, the
WSSschemeachieves a higher query success rate overCdngheDatascheme (a scheme proposed for
well-connected ad hoc networks) in network scenaritdswairying node density. Our results also indicate that
the WSSscheme achieves a higher query success rate oveN&ischeme in scenarios with varying node
density. In addition, our results with different mobilitypdels indicate that the query performance degrades by
at most 7.3% when the community based (CB) mobility rhiddé is used compared to that achieved by the
Random Waypoint (RWR)odel [13] with varying query/data expiration time. Witk thmassBusNet model
(a mobility model built from traces collected in a ieeifar ad hoc network) [14], the degradation can be as
large as 51% (with data/query expiration time of 750s) or 34#h (lata/query expiration time of 2000s).

In this paper, we assume that a new copy of a datastgemerated only after the old copy expires so we do
not have to address the data consistency issue. Sualksamption is reasonable for some application
scenarios e.g. surveillance images are only refresteeg £5 minutes. In [24], the authors describe three types
of consistency, namely strong, deli@nd weak consistency. Our cache design works for thk eensistency
model but can also work for delta consistency model sothe minor changes. For example, each node that
replicates data to other nodes stores the identifietsese nodes so that when it receives an invalidatio
message from the source node, it can relay such messatied old copies can be removed. We also do not
address security issues in this work. More discussionseourity design can be found in [22]. Another
important design issue is related to the naming of the itexns. A declarative language that allows us to
specify facts, rules and location-based queries can dexten capabilities of current information retrieval
system. For example, one would be interested in gathaaffic condition information within a kilometer
radius around the Washington DC area on the fly. Soswmusbions on knowledge-based declarative
approaches can be found in [19], [20].

The rest of the paper is organized as follows. In 8e¢kj we discuss related work. In Section Ill, we dibscr
our content-based information retrieval system forNBT In Section IV, we present the performance
evaluation of the proposed schemes. In Section V, wauslisadditional design issues that need to be
addressed before an effective content-based informagiieval system can be deployed in DTNs. We
conclude by discussing some future research that we itagmerform in Section VI.
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Il. RELATEDWORK

A. DTN Routing Schemes

Several routing schemes have been designed for DTN4][E][[6], [28]. A good summary of various
DTN routing schemes can be found in [27]. These diffeseimtmes can be grouped into three categories. The
first category [5] uses special nodes called ferries ligetlenessages between partitioned networks. Ferry
routes have a significant effect on the data deliverfopmance, hence they need to be designed efficiently.
The second category [3],[4] uses a multihop routing appro&eneacontact history information is used to
determine the next hop node to which to pass a medsagexample, in [3], a probabilistic metric called
delivery predictability is used to determine if a nodadsde pass any stored messages to a new contact that it
comes across. The third category [25],[26] uses a twodwtpg approach where the intermediate nodes that
receive messages from any source have to store gwages until they can deliver the messages when they
come into contact with the destinations of the ngssaSometimes, erasure-coding is used to encode and
divide the message into multiple blocks and these diffdslecks are sent to different relays to increase the
chances of a destination receiving a particular messiage the destination only needs to receive a certain
fraction of the encoded blocks to reconstruct the aigmessage.

B. Data Caching Schemes for Ad Hoc Networks

In [16], the author considered the data replica allocgroblem in ad hoc networks. More specifically, the
author proposed three replica allocation methods, ndae$tatic Access Frequency (SAF) which makes use
of the access frequency to each data item, (b) dyraeoiess frequency and neighborhood (DAFN) method
which makes use of the access frequency of data itetrth@meighborhood of mobile hosts, and (c) dynamic
connectivity based group (DCG) which considers botlatoess frequency and the whole network topology.
In SAF, each mobile host caches the data itemsitthatesses most frequently. In DAFN, the approach is
similar to SAF except that replications among neighigpnodes are eliminated. In DCG, nodes that are
connected form groups and the replica allocation is detedrbased on the group access frequency. The
disadvantage of these approaches is that they assurkedwlledge of access frequencies and the ability to
share such information in well-connected ad hoc netsvor

In [7], the authors consider the storage node placemerftlepn in sensor networks with the goal of
minimizing the total energy cost for moving data to sierage nodes and replying queries. The authors
consider both fixed and dynamic tree models. For tleel fixree model, the authors give an exact solution on
how to place storage nodes to minimize total energly €os the dynamic tree model, they design a scheme
for each sensor node to select the storage nodeesaits in the minimum communication cost for data
forwarding and query diffusion and reply once the storagesbae been positioned. This approach is not
applicable to our problem because they assume that a singlissues a query and that all the nodes do not
move.

In [8], the authors consider an optimal replicationtegg for large 2-D wireless mesh networks that can
minimize object access cost. They found that to nimarthe object access cost, the number of replicasi fo
data item should have is proportional {6%where p is the access probability of the objectyEtigo present

an online optimal replacement scheme and a localizgalcement algorithm that can approximate the optimal
replication scheme. Via simulations, they demonstitze a significant performance gain can be achieved by
the optimal strategy and their online replacement dlgaris very effective. Again, this approach is not
applicable to the problem we study in this paper becaassuimes that the nodes are fixed and that the access
frequencies for all the objects are known apriori.
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In [9], the authors present three distributed cachingnsebenamely (a) CacheData which caches data items
that pass by a node, (b) CachePath which caches tihégpthe nearest cache, and (c) HybridCache which
caches the data itemif its size is small enoughsertbk path to the data will be cached. An LRU pddiaysed

for cache replacement. These three approaches hodevet take into consideration how nodes within a
neighborhood can collaborate such that the data caahlinggsult in better access cost. In addition, their
approach also assumes well-connected ad hoc networks.

In [18], Stillerman has proposed flooding queries using lemitalius and also replicating objects to improve
the information retrieval latency. However, no dethalgorithms have been provided on how to replicate the
objects. In addition, in our approach, the nodes caredalgct which nodes to replicate their queries rather
than blindly flooding them.

Ill. CONTENT-BASEDINFORMATION RETRIEVAL DESIGN

There are three main components in our content-bafedation retrieval system, namely (a) data caching,
(b) query dissemination, and (c) message routing e.g. gogtiary responses. Our system assumes that some
nodes generate data items and some nodes generate duetreshat data generating nodes can also be
guerying nodes. We further assume that all nodes are @iivpare. they are willing to store data items or
gueries when they are asked by other nodes. Each dataritteach query has an identifier associated with it
and has an expiration time e.g. a data item may lookLik&alD, Data, Expired_Time>, a query may be of the
form <QuerylD, DatalD, Expired_Time>. We assume all disians (or queries) have the same expiration
times. Data items and queries are removed from stoi@dgsrwhen they expire. Our system supports both
push and pull mechanisms for information retrievals.tRepush mechanism, each node replicates K copies of
a data item it generates and pushes them to K selealed.nthe mechanism for selecting the K cached nodes
is called the data caching scheme. Thus, newly genenédeahation is pushed to several nodes to improve the
latency of retrieving such information by other nodest the pull mechanism, each node that generates a
guery can disseminate copies of this query to W selectéelsior to its L-hop neighborhood. More details on
how queries are disseminated will be discussed in the dissgmination section. Such query disseminations
allow a node to pull data faster. Thus, contents casebeched and retrieved in our system even when
connectivity is disrupted. Last but not least, we neeeffaient message routing scheme to forward the query
response message back to a querying node. We discuss i tihetaichemes we consider for these three
components below:

A. Periodic Beacons

Periodically, each node broadcasts a beacon messagebénacons are used for node discovery purposes.
Several pieces of information are included in the beacessage, namely (a) the node’s friendliness metric
(FM), (b) a list of the descriptions of the data itdiret are currently stored in this particular nodea(ligt

of the descriptions of the data items that are witherM-hop M is set to 2) neighborhood of this node. The
friendliness metric is a measured metric of the averageber of unique nodes that a node encountered
during an observation period. More details on how thigios obtained will be given in Section 11.B. For
scalability, one can use the bloom filter approactsttre the meta-descriptions of data items that are
currently stored in a node. An example of such an apprfoachsource-constrained devices can be found in
[29].

B. Data Replication

For the push mechanism, we assume that each data iteplicated td copies wher& can be set (a) the
same for all data items (referred to as the Fixed &&n Scheme), (b) proportional to the access frequenc

of a data item (referred to as the Proportional Repmic&cheme), and (c) proportional to the square-root of
the normalized access frequency of a data item (reféor@s the Square-Root Replication Scheme). To
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distributeK copies of a data item, we assume that each newlyajededata item has K tokens associated
with it. The source node then selects a method to dphese copies to other nodes. In [11], the authors
propose a spray and wait routing scheme where a sourcegeodeated tokens for any message it
generates. During the spraying phase, a node, nl, th&scanmessage copy with c tokens is allowed to
spawn a message copy, allocate some of the tokens(8hgrem< ¢) to that message copy, and send it to
another node n2. The node nl reté&nm)tokens for its own copy. Any node that receives a aggssopy
with only one token can only forward this messagehtodestination itself (this is referred to as thet wai
phase). This scheme was originally designed for messageng but we use this idea to disseminate
replicated data items. Thus, in our work, we assume #udt @ode that receives a data item that canries

tokens (wherav > 1) will retain 12" tokens but send a replicated copy witk g ) tokens to a selected

next-hop node. Such binary spread of replicated data @esose thakK copies can be distributed quickly. In
challenging network environments where disruptions &guignt and intercontact times may be large, the
data item may expire befoke copies are replicated. Different nodes in the netwarle Idifferent moving
characteristics. Hence, it is important to seleetappropriate nodes for spreading copies of a data item. In
this work, we investigate two methods that a node caihcuselect which nodes to spread the extra copies to.
We refer to the two schemes as (a) the random @ashimeme, and (b) the intelligent caching scheme. We
describe these two schemes below:

1) Random Caching
For the random caching, each nodeyhich has\>1) tokens for a data item will repeatedly pass a copy of

the data item withizv tokens to whichever node that it encounters watil.

2) Intelligent Caching

Since the nodes may move with different maximum spekdsjodes that move faster can encounter more
nodes and hence are good candidates for storing replicatededas. Thus, we propose having each node
measure the number of unique nodes that it observes wibh observation window (set to be the same as the
beacon interval in this paper) and maintains a metilted friendliness metric (FM) which is merely a
smoothed estimate of the average number of unique naslesoitinters during an observation window. Tet
be the observation window interval=[(n-1)T, nT] be the i observation windowy;(n) be the number of
unique nodes observed by nadkiring the i observation window, and;, be the smoothed version\éifn).

V. is used as the FM metric of noid&Ve show howV, is updated after each observation window in Eqn(1).
Vi(new = aV; (n) + (- a)V; (old) Eq(1)

wherea is the usual smoothing coefficient. A higher value oheans the instantaneous value is given more
weight while a lower value indicates that past obseva#ees are given more weight. This smoothktivalue

is included in the beacon message that a node periodicadigicasts. In the intelligent caching scheme, each
node which hag/>1 tokens for a data item will select a neighbor with\ value that exceeds a threshold,
FM_threshold to be a storage node. TRis_thresholdis chosen based on the node density. We set it to be
twice the average number of nodes that a node can dercoum an observation window i.e
FM_threshold=4vRNT/Avherev is the average node spelds the transmission rangg s the total number

of nodes in the networK; is the observation window, ardis the network area. The observation window is
set to be the same as the beacon interval in tk.w

Figure 1 illustrates the K-copy intelligent caching schetieout the binary spreading of the tokeiiss set to
3 in the picture. Let us assume that the node N10 is tlegaen of a data itend, Then, N10 needs to select
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three storage nodes for the data itdmAt time t, N10 selects the first node it encounters, N4, to dtwe
data since thEM value of N4 exceeds tikéV_threshold Then, N4 starts advertising the data item to N5 and
N6. Later, at time,t, N10 moves and encounters N5 which also hddvamalue that exceeddMV _threshold
Thus, N5 is also selected as a storage node for théefata. As N10 moves along, it encounters nodes N7,
N1 at time £ but since theiFM values are below tHeM_threshold N10 does not select them as storage nodes
for the data itend. When N10 encounters N8 with81 value that exceeds tiké_thresholdat time i, N10
selects this node to be the last storage node falatiaatemd. N4, N5, and N8 will then include a description
of the data itend in their beacons.

@
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Figure 1 K-copy intelligent caching scheme

C. Query Replication Schemes
For the pull mechanism, we explore two query replicasicimemes, namely (a) th& copy selective query
spraying (WSS) scheme, and (b) the L-hop local neigldmatispraying (LNS) scheme. Query replication can
help to reduce the query response time but it can dedtreadata efficiency (which is defined as the number
of transmissions per query needed to get a response) beealisrdant replies may be generated when
multiple copies of the same query exist in the network.

(a) WSS scheme

In the WSS scheme, again the binary replication ntethescribed in Section 111.B is used for replicating
gueries. Assume that node i receives a copy of a qudrywtibkens. When nodesncounters node nodei

first checks if nod¢ has any data items within its local cach®&ehop neighborhood for the queries that node
I stores. If there is, then nodewill retrieve the corresponding data items. Otherwrsgjei checks the
Friendliness MetricKM) value of node¢. If the FM of nodej exceeds th&M_threshold nodei disseminates

a copy of the query witﬁ'z—v tokens to nodgand retainsw- % ) tokens for its own copy of the query. Each

node follows the same replication procedure until the go@syonly one token.

In Figure 2(a), we illustrate how the WSS approach wakksume that a query with four tokens is generated
at node N8. N8 first encounters N6 which does not hayeléita items that match N8’s new query. So, N8
disseminates the query with two tokens to its neighgoriede N6 whose FM value exceeds the
FM_threshold. Then, N8 moves to an area within thestréssion range of N4 and N9. Since N4 does have the
data item N8 is looking for, N8 requests for the data iiéms, N8 gets back a query response while N6 is still
trying to distribute the query.

© @
N PG g
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Figure 2(a): Query dissemination via the WSS approa
(b) LNS scheme
In the LNS scheme, each node that has a query broadcasery message after setting the TTL of the query
message to be L. If a node does not have the dataatpmsted in the query, that node immediately relays
such a query after decrementing the TTL of the query messén addition, it will also store the query
message. Any nodg,that receives a query message with a TTL of onénatilrelay the query further even if
nodej does not have that requested data item. If a node vduelves the query has the requested data item,
it will immediately generate a query response.

Cached data(d)

Cached data(d)
Figure 2(b): Query dissemination via the LNS apphoa

In Figure 2(b), we illustrate the LNS approach. N8 gensratguery and broadcasts it with a TTL of 3. N6
that receives this query first stores the query sirgeldes not have the requested data item. Then, N6 relays
the query to N3 because the TTL still exceeds one@dt@ementing. N3 does not have the data item so it also
stores and relays the query to N1 and N2. Since N2 knowmslthe data item (from the periodic beacon N7
broadcasts), N2 requests for the data item and sends agggonse to N8. If N2 does not have the requested
data item, N2 merely stores the query but does not tledaguery further since the TTL of the query that N2
receives is one.

Note that since a query is stored at multiple nodes wilker WSS or LNS approach is used, multiple query
responses may be generated. To increase the effiadrityg information retrieval system, each node can
cache the identifiers of the query responses it hasrgteeso that it does not relay any redundant query
responses. The pseudo codes for our data caching schehnS8A.NS query dissemination schemes can be
found in our technical report [30].
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D. DTN Message Routing Scheme

Once a query response is generated by a node, the gyampseswill be delivered to the querying node
using the underlying DTN message routing scheme. In this papeonsider a DTN routing scheme which is
an enhanced version of the Prophet [3] sch&maphet uses the history of encounters and transitovityute
messages for intermittently connected networks. mdtiheme, each node broadcasts a beacon periodically.
Prophet requires each node A to compute a probabilistidcnualled the delivery predictability for each
known destination B. This metric indicates how likelg that node A will be able to deliver a messagehd
destination. When two nodes meet, they exchange synweetors which contain the delivery predictability
information stored at the nodes. This informationsed to update the internal delivery predictability vector
according to the following three equations, and thenntfioemation in the summary vector is used to decide
which messages to request from the other node baséeé forwarding strategy used. In Prophet, a node will
forward a message to another node it encounters ifrtbdé has higher delivery predictability to the
destination than itself. Such a scheme was showrottupe superior performance than epidemic routing [10].
The three equations used for updating the delivery predittai as follow:

P(a,b) = P(a,b)giq + (L- P(a,b)oig) * a Eq(2a)
P(a,b) = P(a,b) g * g Eq(2b)
P(a,c) = P(a,c),, + @- P(a,c),y) *P(a,b) * P(b,9* b Eq(2c)

Eqg 2(a) is used to ensure that the nodes that are oftenrtered have a high delivery predictabitys the
initialization constant whose value lies betweend hrEq 2(b) is the aging equation which is used to reduce
the delivery predictability when a pair of nodes doesemzbunter each othegis the aging constant whose
value lies between 0 and 1. The delivery predictabilgp &las a transitive property [3] such that if node A
frequently encounters node B, and node B frequently enasurdde C, then node C probably is a good node
to which to forward messages destined to node A. Eq By how this transitivity affects the delivery
predictability whereb is a scaling constant which decides how large an inthadransitivity should have on
the delivery predictability. In [3]a is set to 0.75h is set to 0.25 ang is set to 0.98. When a node receives a
message that needs to be relayed, it will hold theagessntil it can pass it to a neighboring node which has
the highest delivery predictability to the destinati@Qur simulation studies indicate that Prophet is not a
loop-free routing protocol and hence may result in an aessarily long delivery path. Thus, we enhance
Prophet to let a node hold a packet until it can findx&hep node with a delivery predictability that exceeds
a threshold, DVR_Th, to the destination. This enhaecgsignificantly reduces the number of hops it takes to
deliver a packet to its destination and hence incretasedata efficiency. The price to pay is a probable
increase in the delivery latency.

IV. PERFORMANCEEVALUATION

In this section, we first present the analysis stlaeme where the data items are duplicated using the binar
spread approach but there is no query dissemination. Afamef scheme as the No Query Duplication (NQD)
scheme. This is one of the schemes which we studycH#mabe analyzed and can be used as a baseline to
compare against other schemes that use query duplicagat).Wwe compare the analytical results we obtain
with the simulation results. Then, we use simulatioilists to compare the different querying and replication
schemes and study the impact of different parameter vatud®e query performance.

A. Analytical approach for the NQD scheme

Let us assume that there &fenodes within a network area Af We further assume that the nodes are
uniformly distributed over the network area. The averaage speed 8 and the transmission range of the
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radio at each node®. The period for a node to encounter another noc€AgN)/(2vR).The data expiration
time ist,. Let us consider a node (S) which generates a data.itdsing the binary spread method, the

maximum number of copies that node S can disseminaiectiéie data expires 28" Ifnode S intends to
disseminate K number of copies of the data iteondifferent K nodes, the number of copies that nBdmn
indeed disseminateds=min(K 2 ™='* ). When a query for data item i is generated at d®de B will search
its own cache and its 2-hop neighbor’s cache fta dami. The number of nodes within 2-hop transmission
range for node B (including itself since node Brezcdata items as well) i =p(2R)?N/ A. For data item
I, there areC; copies in the network. The probability that theying nodeB finds the data itemis

T,

e

, T
=PARN & o mink2 t) Eq (3)

C.
R=1- (- W‘)NB where Ng =

We conduct some simulation experiments to undedstexw close the observed success ratio from the
simulation is compared to what is predicted from(&)Qq In our experiments, we 9€f N, T, , andR to 5, 40,
1000seconds, and 250 meters respectively. WeAray/1000mx1000m, 2000mx2000m, 3000mx3000m and
4000mx4000m. We plot the simulation and the arg@ytesults (obtained using Eq (3)) in Figure 3e Tésults
indicate that our analytical and the simulatiorultssmatch closely.
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Fig 3: Analytical and simulation results for the B@cheme with varying node density.

B. Simulation Setup

To investigate the usefulness of differenimbmations of our designed schemes, we implemesnt th
different data caching, query spraying and messageng schemes in NS-2 version 2.29 [12]. We iagsu
that the wireless bandwidth is 2 Mb/s and the trasson range is 250 m. For some experiments, weaus
network that consists of 40 nodes that are randqtalged in a network area. We use four sizes fer th
network area, namely (a) 1000mx1000m, (b) 2000Mm@&00(c) 3000mMx3000m (default), and (d)
4000mx4000m. To show that our designed schemésvstik for larger scale networks, we increase the
network size to 100 nodes and the correspondinganktareas to (€) 1600mx1600 m,(f) 3200mx3200 m, (g
4750mx4750 m, and (h) 6300mx6300m in order to raginthe same network density as the 40-node
scenarios. The enhanced prophet scheme is usedte query responses back to the querying nodis an
DVR_This setto 0.1. This value is chosen aftensexperiments and seems to provide better dateerdy
values for the scenarios we study. The query sagedis is not too sensitive to the value chose®idR_Th
but the data efficiency is. For the WSS schelwhas set to 2 because no additional control messages
needed to maintain such information and using tangenber does not help since topology changes émttyu
in sparse ad hoc networks. To avoid having too madyndant query responses, we set W in the WSSrech
and the L in the LNS scheme to 5.
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Node Movement Model:The nodes move either according to (a) the randaypaint (RWP) mobility
model [13], (b) the UmassBusNet [14] model andlie) Community-based (CB) mobility model [11]. These
mobility models are chosen because (i) RWP is &kmelwn mobility model, (ii) the UMassBusNet model
based on traces collected from a real vehiculanaadnetwork, (iii) the CB model is a non-homogerseou
model. For the RWP model, each node selects a madéstination and moves towards the destinatiom avit
speed chosen randomly betweemify, vmax m/s. After the node reaches its destinatioraitges for a period
of time and repeats this movement pattern. Unldssreise stated/minis set to 1, andmaxis set to 5 m/s
for all nodes in the homogenous model (referreds®WP). For the UMassBusNet model, we extract the
locations of twenty buses at different times fromitiple traces, and scale their relative locatitmt into the
geographical area of interest. We mimic the CB iitplinodel proposed in [11] as follows: 50% of nsde
randomly choose their initial locations and moveoading to RWP within a restricted area (1% of tibial
area) centered around their initial locations; &hihe other 50% of nodes moves freely accordingWP
within the entire simulation area.

Data Item Generation Model: For the small scale 40-node network scenariogithesicabove, 10 out of the
40 nodes generate data items and each node gen2idaéa items periodically. For the large scal@idde
network scenarios described above, 5 out of 10@ngenerate data items and each node generatasa20 d
items periodically. For the CB model, the data rsoalee selected from those nodes that move witbmadl
area. The data item interval is set to be the sasrie data expiration time so that we can keepaiad
number of unique data items fixed. In this paper assume that each data item has a fixed expitahenThe
default data item expiry time is set to 1000 sesoiitermediate nodes check the expiration tinth@ata
item contained within a query response they recéiwg query response messages that contain exgpaed
items will be dropped. In the future, we intencet@lore the scenario where data item expiratioe i8mot
fixed. For such scenarios, the data consistenag isseds to be dealt with.

Query Model: The query model is similar to what has been stuh the past [8][9]. Twenty nodes generate
read-only queries periodically. For the CB modw, qquerying nodes are selected from those nodesithae
locally. The access pattern is based on the Zipfdiistribution which has been frequently usedlf] [to
model a non-uniform access pattern. In the Zig-tlistribution, the access probability of the(izi £ N) data
item is represented as follows:

R=—7 Eq (4)

K9
k=1
wherel£ g £1. q is used to represent the skewness of the queYiesng =1 (the default value we use), it
follows the strict Zipf distribution. Wher =0, it follows the uniform distribution. Largeq results in more
“skewed” access distributiog=0.8 has been shown to generate access pattelar sorthose real web traces

[15]. Each node allocates enough buffer spacedie $00 queries. Unless otherwise stated, theyquer
expiration time is set to 1000 seconds.

The performance metrics that we use to comparereiit combinations of schemes are
Query success ratio — this is measured as thege/eranber of successful queries (those which the
guerying node receives responses before the gueings) over the total number of queries generated.
Query Response time — this is measured as thegevanae it takes for the successful query response
to arrive back at a node which issues a query.
Data Efficiency — this is measured as the numberseful data bytes over the total transmitted data
bytes (does not include control overhead).
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Overall Efficiency — this is measured as the nuntdeeceived data bytes over the total number of
transmitted bytes (which include control overhead).
Each data point that we report in the simulaticsults is the average of ten runs. Each simulatameah
warm up period of 1000s. Queries are generatedaftaly the warm up period and a total of 1000 eugeri
are generated. The default query rate is one caueny 5s. After that, the simulation continuesgnother
5000s to allow more queries to be completed.

C. Simulation Results

In this subsection, we present our simulation tedal the various experiments we conduct. In oat §et
of experiments, we are interested in understarfingsensitive the query performance of the WSSrsehe
to the FM_Threshold value. Next, we conduct an exant to understand which combinations of the data
and query replication schemes will work betteriffecent node density. We are also interested maring
our schemes with the CACHE-DATA scheme describg@]inOur results indicates that WSS performs the
best when the RWP model is used. However, we ggeested in knowing whether WSS still performs well
when different mobility models are used. Thus, waduct another set of experiments where we stuely th
performance of the WSS scheme using three molilitgels, namely the RWP model, the CB-model, and the
UMassBusNet model. These mobilty models have rdiffe characteristics e.g. the CB model is a
non-homogeneous model where the global nodes eah m@ore nodes while the local nodes cannot. We
anticipate that the query performance will degradien the nodes move such that they incur longee nod
encounter time e.g. in the UMassBusNet model. \&& ahticipate that the query performance achievéuki
CB model may be better than the UMassBusNet manet ©ur scheme utilizes the friendliness metric to
select nodes to cache data items.

In our fourth set of experiments, we are interestednderstanding whether we can see better query
performance when we use either the proportionaloiare-root replication techniques rather tharfixed
copies approach for the case where the queriesvallZipf-based model. In sparsely connected enments
and finite data expiration times, not all copieshaf frequently assessed data items can be reqlibafore the
data expires. Lastly, we study the performance ti@ihcan be achieved with intelligent caching avkat can
be achieved using random caching when a non-horsogsmobility model is used.

1) Impact of FM_Threshold on Query Performance

We first conduct an experiment to evaluate thearhpfthe FM_Threshold on the query performandé®f
WSS scheme. We use the network scenario with 4@sndistributed over 3000x3000° mThe nodes are
assumed to move according to the CB model. Theatatauery expiration time is set to be 1000s.ddEer
generate data items. The data generation ratechfdsga source is set such that we maintain a %00
data items in the network. 20 nodes generate queiid each querying node generates 1 query/5s. The
Zipf-based querying model is used. The intelliggata caching scheme is used and WSS is used gag¢he
dissemination scheme. The data replication faétpis set to be 5. M is chosen to be 2 and W isehdo be
5 for the WSS scheme. The proposed FM_thresholRNZ/A) value with R=250m and v=3m/s and t=5s is
0.067. Table 1 shows the query success rate d&aMh&hreshold is varied from 0.03 to 0.09. The ltssu
indicate that the query performance is the bestnwid Threshold is set at 0.07 (closed to the pregos
threshold). Thus, we use this setting for the oéstur simulations using the WSS scheme.

FM Threshold | 0.03] 0.05] 0.07 0.09
Success rate 0.60 0.61 0.64 0.59
Response timg 92 93 91 91
Data efficiency| 0.28| 0.28/ 0.29 0.29
Table 1: Query Performance vs FM_Threshold for\W@S scheme
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2) Impact of Data and Query Replication Schemes

Next, we investigate whether it makes a big difieeewhen different data and query replication s&seane
used. The enhanced Prophet scheme is used to qoatg responses back to the querying node. In this
experiment, we use the network scenario where d@sare distributed over 1000x1008) 8000x2000 1)
3000x3000 ) and 4000x4000 mWe use the random waypoint mobility model whetexades have a
maximum speed of 5 m/s. As in the previous sectinnodes generate data items, and 20 nodes generat
Zipf-based queries. Each querying node generatesqaery every 5 seconds. Five different data/query
replication schemes are simulated, namely (a) theDiita Duplication (NDD) scheme where no data and
query replication is used; (b) the No Query Dupiwa(NQD) scheme where only binary spreading sehism
used for data replication; (c) LNS, which useshtinary spreading scheme for data replication an8 ghery
dissemination; (d) WSS, which is the same as (ce@xthat WSS is used for query dissemination; and
(e)CACHE-DATA, which is a data caching scheme psgabfor dense sensor network in [22] . For cases (c
and (d), we set the data replication factor to.deos the WSS scheme, we set W to 5 but for the &dNfeme,
we set L to 2. Table 2 summarizes the five schemgesonsider in this set of experiments.

Schemes Descriptions

NDD No Data/Query Replication

NQD Data Replication Only

LNS Data Replication with LNS for Query Dissemination
WSS Data Replication with WSS for Query Dissemination
CACHE-DATA |Data Caching Scheme [9]

Table 2: The Five Schemes Considered

Figures 4(a), 4(b), and 4(c) plots the average yggaccess ratio, the average query response tone (f
successful queries), and the data efficiency obtidfior this set of experiments. The results inrég@(a) show
that WSS is the best scheme. When compared tobiiz $¢heme, the NQD scheme achieves 54% to 270%
higher query success ratio with varying node dgnstie much improved query success ratio showgridngt
benefits of replicating data items in DTN enviromtge When queries are replicated (using either bN&SS
scheme), we can achieve an additional 3-80% quergess rate improvement. Overall, the WSS scheme
achieves 45% to 460% higher query success rate wdmpared to the NDD scheme. WSS achieves 7%
higher query success rate when compared to tha&vachusing the CACHE-DATA scheme in a relatively
dense network (40 nodes over 1000x106Pamd 200% higher query success rate in a spavserment (40
nodes over 4000x4006m The query success rate for the NQD, LNS and \&®8mes are much better than
the CACHE-DATA scheme when the network is sparse tduthe data replication. Replicated data copies
allow more queries to be answered from the caches.WSS and LNS schemes are better than the NQD
scheme due to the query replication. WSS achiev@$-35.7% higher query success ratio than LNS. Table
tabulates the average number of query copies &YWBS and LNS schemes at different node densitres.
numbers show that both schemes have comparableenwhkeplicated query copies. Thus, WSS performs
better because the query messages are more tkatydisseminated to nodes with highkt values when the
WSS scheme is used, and such nodes have bettereshaihmeeting the nodes that cache the queried dat
items.

The results in Figure 4(b) show that NQD, LNS andShave shorter response times than the
CACHE-DATA scheme in sparse networks due to tha deplication. Replicated data copies allow more
gueries to be answered from the caches and henceishesponse time. The CACHE-DATA scheme has
shorter response time than others in the denseonetvecause flooding is used to discover the qdetata
item, but such a flooding method is still not stiént to retrieve data items before queries expiie sparse
network.WSS has longer query response time than the NQD, NDD and LNS schemes iecalueries
which fail in other schemes are successful when WSS is used but sedsfslicuery responses take longer
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hops. However, if we consider only those packets that are sucoedsfivered in all schemes, the response
time achieved by NQD, LNS and WSS are similae results in Figure 4(c) show that WSS and Lid&eh
lower data efficiency than the NQD scheme sinceemoiery responses are delivered via longer hopthanel
are redundant query responses due to the queryatepmh.

Area 1000x1000| 2000x200Q 3000x3000  4000x4000
(m?)

WSS 5 4.5 3.9 3.2

LNS 4.8 4.3 3.8 3.3

Table 3: Average number of copies/query for WSSLaW8 schemes
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Figure 4: Comparison of Different Schemes usingid@e Network

3) Impact of Mobility Model
In this subsection, we investigate how query suecaso changes when different mobility models ased.
This experiment was conducted to ensure that dvenses can perform better than existing schemeslthat
not use data and query replications in some wellaknor useful mobility models. We consider threebifity
models, namely (a) the random waypoint (RWP) nigltiodel [13], (b) the Community-Based (CB) mobilit
model [11], and (c) the UmassBusNet [14] model.uathe 40-node distributed over 3000x30b0atwork
scenario. In our experiments, we set the data aadyegexpiration times to be the same, and vary tlaues
from 750, 1000, 1500 to 2000 seconds. WeKs#i for the data replication factor for the firstawnobility
models and set K=3 for the UmassBusNet model ieromal keep the percentage of nodes having data item
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the same for all models (since only 20 nodes witlg lenough moving activities are found in the UNBassiNet
traces). Since the success ratio for the UmassBumblgel is not high when we 3€t3, we further tryK=5.
Our results show that performance can be improyeghbosing a highegf value for the UMassBusNet model.
Here, we only report the simulation results usimg WSS scheme since this is the best scheme. Hrg qu
replication factor\V, for the WSS scheme is set to 5. The comparisauitsebetween the WSS and the LNS
schemes for the CB model are also included in Aggeh

The results for the average query success ragoatbrage query response time (for successfuleg)eand

the average data efficiency are plotted in Figb(a3, 5(b), 5(c). The results from Figure 5(a) shbat as the
data/query expiration time increases, the quergesgratio increases since more queries can empy t
benefits of data/query caching. The results in féiga(a) also show that the highest query succesisa
achieved using the RWP mobility model, followed the Community-based mobility model, and the
UMassBusNet model. This is because the RWP mobilitglel has the shortest inter-contact time, folid e

the community-based (CB) mobility model, and the a#8BusNet model. For example, with a 750s query
expiration time, a node in the RWP model can habeut 4 encounters before the query expires.
Corresponding numbers for the CB model and UMags¥Bumodel are 3 and 1.3 respectively. For a 2000s
query expiration time, the corresponding numbenade encounters for the three models (RWP, CB and
UMassBusNet) are 11, 8 and 3 respectively.

The results in Figure 5(b) show that the averaggaese time is the smallest with the RWP modéhviedd by
the Community-based model, and the UMassBusNet méddain the large delay for the UMassBusNet
model is caused by its high intercontact time.
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4) Impact of Different Data Replication Schemes
In traditional peer-to-peer networks, it has bdems that both the proportional and square-roolicaton
methods [21] can achieve better data retrievabpexdnce. Since in DTN environments, the nodes may n
meet one another for a long time, therefore, nbt@bies of the frequently accessed data itemsbean
replicated before the data expired. Thus, we aterasted in understanding how much difference in
performance one can see when the proportionalqrats-root replication schemes are used compart to
fixed copy scheme in DTNs. We use the network seemath 100 nodes distributed over an area of &ge
1600mx1600m, (b) 3200mx3200m, (c) 4750mx4750m, @d6300mx6300m. For the proportional and
square-root schemes, we assume the total numbeufiefs in the network allocated for storing alkth
replicated data items is 400. Five nodes geneiaiz items, and 20 nodes generate queries. Eachirger
node generates one query every 5s. Using the pgropalrreplication scheme, the number of replicatepies
for the top 5 most frequently accessed data itemgia72 , (i) 35, (iii) 25, (iv) 19, and (v) I@spectively.
Using the square-root method, the number of raglitaopies for the top 5 most frequently accessed d
items are (i) 21 ,(ii) 15, (i) 12, (iv) 10, arfd) 10. For the fixed method, we set the replicafactor K=4
(which uses the same total number of buffers (4603tore replicated data copies). The query and dat
expiration times are both set to 3000s.
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Figure 6: Impact of Different Replication Copies

Figure 6(a) to 6(c) plot the average query sucHss the average query response time and thageelata
efficiency at different node density when differéiata replication copies are used. The resultsabelithat the
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proportional and square-root methods achieve 4.2%2t2% improvement in query success rate when
compared to the fixed copy method. Our resultsiattioate that the square root method has the sighesry
success ratio, the lowest average response timagihe three replication schemes. In Figure 6(l®, w
observe that the average successful query resfioresseems to be the lowest for the scenario viithribdes
over 3200mx3200m. As the node density decreasefniger inter-node encounter time is expecte@dtse

the average query response time to increase. Sonlweeed to explain why the average query resptnge

for the denser scenario (100 nodes over 1600mx1§@®mgher. When the network becomes densere mor
gueries that fail to succeed in the less denseasocetan be successful but these transactionddager time

to complete. For example, when the network demsiyeases from 100 nodes over 3200mx3200m to 100
nodes over 1600mx1600m, the query success ratig tise square-root replication scheme increases fro
78% to 87% and the mean query response time iresdiasm 25 seconds to 37 seconds. If we considgr on
the same query responses which contribute to tBe si8cess ratio for both network densities, their th
mean query response times are similar, which arge2bnds and 24 seconds respectively. The longey qu
response time with higher node density is causdbéipnger mean query response time (201 secoftis
remaining 9% (from 78% to 87%) queries that sucaeéue dense scenario but fail in the less decseagio.

As for data efficiency, the proportional methodiaces the highest data efficiency because it raf@g many
copies of those frequently accessed data itemshande such items can usually be found in the caches
However, the data efficiency achieved by the squamé method when the network is very sparse igesino

that with the proportional method.

5) Impact of Intelligent and Random Caching Schemes
In this section, we compare the performance difieeevhen intelligent or random caching schemesised.
We use the network scenario with 100 nodes spread @) 1600mx1600m, (i) 3200mx3200m, (i)
4750mx4750m, and (iv) 630mx6300m. The nodes mowerdmg to the CB model where 50 nodes move
locally (within 1% of the total area) and 50 noaesve globally over the entire area. The data arehyqu
expiration times are both set to 3000s. 5 nodesrgén data items, and 20 nodes generate querds, ea
generating 1 query/5s. The items queried followZipé model. We use the square-root replicatioresah
with a total buffer capacity of 400. Figure 7(ag)7flot the query success ratio, the average regpiime and
the data efficiency for the intelligent and randschemes with different node densities. The resulisate
that the intelligent caching scheme improves theryisuccess ratio by 5.3 to 15.8% with varying ndelasity
when compared to the random caching scheme. Sothe gtieries that fail using the random schemebean
answered using the intelligent scheme but thesa@@mplished with more hops and hence we seglulli
larger query response time and smaller data eftgiéor the intelligent scheme.

(a): Delivery Ratio vs Node Density (b): Avgsponse Time vs Node Density
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(c) Data Efficiency vs Node Density
Figure 7: Intelligent vs Random Caching Schemes

V. DISCUSSION

Using simulation studies, we have shown that dathcuery replications help to improve the querycsss
ratio in sparsely connected mobile ad hoc netwadrrke. WSS query dissemination scheme combined tath t
binary spread data replication method can imprbeequery success ratio by 45% to 460% in networks w
varying node densities. In addition, our result® ahdicate that the square-root replication scheamestill
improve the query performance over the fixed cqraach, even though in some cases, not all copite
same data item can be replicated before the dateesxn very sparse mobile ad hoc networks.

To successfully deploy an effective informationrieatal system in DTN, apart from the data/query
dissemination and replication issues discussedriieesections of this paper, there are threerathgortant
issues that need to be addressed. One is relatezttwity. We need to ensure that data items chnben
accessed by legitimate nodes. We refer the retmlarsother paper [22] for discussions on the sgcugliated
issues. The second topic is related to an effidesign of indices for the cached data items soain@de can
quickly determine if the newly encountered nodesycany data items that match the queries storealjo In
[19], a simple meta-data structure is describedreMesearch needs to be done in this area. Tlaktdpic is
related to the late binding issue discussed iM1#]. In traditional well-connected networks sashthe wired
Internet or cellular networks, destination namestgpically resolved at the source to routabletifiers e.g.

IP addresses. This is typically facilitated by asjtstatic DNS hierarchy. In networks subject teruption,
such information to map destination names to rdetdbntifiers may not be readily available at $berce and
the nodes that carry such information may not laehable by the source. Thus, in DTNs, late binaing
proposed to defer the name resolution as late gshppe. In [19], the authors propose using a datilar logic
language in addition to attaching a meta-data exarblock to carry information for the name resolu
Again, more work needs to be done to ensure tlsatarehers agree upon a common language for degcribi
physical objects e.g. sensor nodes in a certaatitmtwhere information is stored so that suchrméttion can
be retrieved easily without requiring the querymagle to know the identifiers of these objects.

VI. CONCLUDINGREMARKS

In this paper, we have presented the desiganahformation retrieval system for disruptionet@int
networks. We focus mainly on using data and quepliaations to improve the query performance. Vée al
discuss how nodes should be selected to cachephieated data copies. In our information retriesyaitem,
we show that the intelligent caching scheme previmter query performance when compared to thioran
caching scheme. In addition, we show that querlcegjon is effective in improving the query penfaance.
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Both query replication schemes, namely the W-cogigcsion spraying (WSS) scheme and the L-hop
neighborhood query spraying (LNS) scheme providédr query success ratio. The WSS scheme performs
better than the LNS scheme because it uses bipaepd method to duplicate queries to nodes that hav
higher chances of meeting other nodes. The WS3n&cban provide 45% to 460% improvement in the query
success rate when compared to that achieved usn¢NPD scheme. The query performance is greatly
affected by the mobility models. Our results ugldiffgrent mobility models reveal that the querysess ratio
degrades by at most 7.3% when the community magleised compared to the RWP model. The
UmassBusNet model achieves a much lower query ssicado when compared to the RWP and community
models. The poorer performance achieved by the sBusdNet model is due to its long inter-node encaunt
time. Our investigations also reveal that the prapoal and square-root replication schemes achieyeer
guery success ratios than the fixed copy approach.

In this paper, we only consider three mobility mied@/e are interested in studying other mobilitydeis e.g.
those built using traces obtained from communityvoeks [23] or other vehicular ad hoc networksthis
work, we also assume that data items have a fixplagion time. In real life scenarios e.g. batdlels, the
expiration times of the data items may not be knalwead of time so mechanisms to invalidate old de¢al
to be designed such that queries will not be aresvesing stale information. One possibility is pyead
multiple copies of data invalidation packets su&t hodes that carry stale information will deletpired data
items upon receiving the data invalidation packelts.addition, we intend to explore how indices ¢an
designed to allow for efficient data advertisemantl retrievals since data retrieval schemes havaeto
implemented on small mobile devices like PDAs. Dagatric security design needs to be done to ertbate
only legitimate nodes are allowed to access an@vetdata in an information retrieval system opegan
challenging network environments. Last but not tleage intend to build a medium size testbed that
demonstrates our information retrieval schemes.

ACKNOWLEDGMENT

This work has been supported by DARPA under Cons5P7T-06-C-P430. Any opinions, findings, and
conclusions or recommendations expressed in thisr@ae those of the authors and do not necessftdgt
the views of the sponsor of this work. We thankahenymous reviewers for very useful comments hieft

to improve the presentation of the paper.

REFERENCES

[1] K. Fall, “ A delay tolerant network architecture for clealjed networks”, Proceedings of ACM Sigcomm, 2003..

[2] V. Cerfet al, “Delay Tolerant Networking Architecturd&TF RFC 4838, Informational, June, 2007

[3] A. Lingren et al, “Probabilistic Routing in Intermittentlyo@nected Networks”, Proceedings of Workshop on Service Assuraitic
Partial and Intermittent Resources, Aug, 2004.

[4] J. Burgess et al, “MaxProp: Routing for vehicle-based disimptlerant networks”, Proceedings of IEEE Infocom, 2006.

[5] M. M. B Tarig, M. Ammar, E. Zegura, “Message FerrnyuRoDesign for Sparse Ad Hoc Networks with Mobile NodesCTMAMobihoc,
May, 2006.

[6] M. Chuah, P. Yang, “Node Density-Based Adaptive Routing Sctieni@isruption Tolerant Networks”, Proceedings of IEEE ddih,
2006.

[7] B. Sheng et al, “Data Storage Placement in Sensor Netiydtroceedings of ACM Mobihoc, May, 2006.

[8] S.Jin, L. Wang, “Content and Service Replication Straseagi®lultinop Wireless Mesh Networks”, Proceedings of MS\Mdt, 2005.

[9] L.Yin, G. Cao, “Supporting Cooperative Caching in Ad hoc Neks”, Proceedings of IEEE Infocom, 2004.

[10] A. Vahdat, D. Becker, “Epidemic Routing for partially coneecad hoc networks”, Technical Report CS-200006, Duke Universitit, Apr
2000

[11] T. Spyropoulos et al, “Efficient routing in intermittentlgrmected mobile networks: multiple copy case”, IEEE/ACM Taatisns on
Networking, Feb, 2008.

[12] “The network simulator ns-2”, [Online] at http://www.isi.edu/nsrias/.

[13] J. Broch et al, “A Performance Comparison of Multhop veisslAd hoc Network Routing Protocols”, ACM Mobicom, pp 85-9G, ©998.

[14] .X. Zhang et al, “Modeling of a bus-based disruption tolerantaréttrace”, Proceedings of ACM Mobihoc, Sept, 2007.

[15] L. Breslau et al, “Web Caching and Zipf-like Distributionsid&nce and Implications”, IEEE Infocom, 1999.

[16] T. Hara, “Effective Replica Allocation in Ad hoc Networks Improving Data Accessibility”, Proceedings of IEEEocom, 2001.



Computer Networks Vol x, Issue y 20

[17] M. Chuah, P. Yang, "Performance Evaluations of content-ba$euination retrieval schemes for Disruption Tolerant Neks§ Invited
Paper, IEEE Milcom, 2007.

[18] M. Stillerman, “Hotdiffusion: peer to peer tactical infation management platform”, DARPA DTN Phase Il Kickoffatieg, Aug, 2006.

[19] R. Krishnan et al, “The SPINDLE Disruption-Tolerant Netking System”, Proceedings of IEEE Milcom, pg 1-7, Oct, 2007

[20] B. T. Loo et al, “Declarative routing: extensible routinigh declarative queries”, Proceedings of ACM Sigcomm)|délephia, PA, pp
289-300, Aug, 2005.

[21] E. Cohen, S. Shenker, “Replication strategies in unstructuredgpeer networks”, Proceedings of ACM Sigcomm, PittsbBdgy pp
177-190, Aug, 2002.

[22] M. Chuah, “Secure Data Retrieval in DTNs”, CSE Techniggdrt, Dec, 2007

[23] MIT Media Lab: Reality Mininghttp://reality.media.mit.edu

[24] J. Cao, Y. Zhang, G. Cao, L. Xie, “Data Consistencyfooperative Caching in Mobile Environments”, IEEE Computard, Issue 4,
pp 60-66, April, 2007.

[25] Y. Wang, S. Jan, M. Martonosi, and K. Fall, “Erasure-Co@iaged Routing for Opportunistic Networks”, Proceedings dfiA&igcomm
WDTN Workshop, August 2005.

[26] S. Jain, M. Demmer, R. Patra, K. Fall, “Using Redundaaaope with Failures in a Delay Tolerant Network”, Prodegs of ACM
Sigcomm, August, 2005.

[27] Z. Zhang, Q. Zhang, “Delay/disruption tolerant mobile ad howaords: latest developments”, Wireless Communications & IMobi
Computing Journal, Vol 7, Issue 10, pp 1219-1232, Dec, 2007.

[28] A. Balasubramanian, B. Levine, A. Venkataramani, "DTN Routiaga Resource Allocation Problem”, Proceedings of AGj¢dBnm
2007, Japan, Aug, 2007.

[29] H. Wang, C. C. Tan, Q. Li, "Snoogle: A Search EngineHerPhysical World”, Proceedings of IEEE Infocom 2008, April 2008.

[30] P. Yang, M. Chuah, “Performance Evaluations of Data-Cemfazmation Retrieval Schemes for DTNs”, Lehigh CSE D#&pant
Technical Report, LU-CSE-08-007.

Appendix 1

Here, we present the results that compare the guaefyrmance of the WSS and LNS schemes when the CB
model is used. The network scenario used is thevithet0 nodes distributed over the 3000x30GGand the
nodes move according to the CB model. The dataygesguiration time is varied from 750s to 2000s. The
query generation rate is set at 1 query/s. Theréaleation factor is set to 5 while W is set tiobthe WSS
scheme, and L is set to 4 for the LNS scheme. @hees for the query replication factor are chose shat
the number of query replication is the same fohtsmhemes. Table 4 tabulates the results we dbtaloth

the WSS and LNS schemes. The results indicatehtbd/SS scheme gives better delivery ratio thah e
schemeThe lower average response time for the LNS scheme is misleadieg.\Ww¥ consider only those
gueries that are successful in both schemes, the average query rdspesder both schemes are the same.
Those queries that are not successful in the LM8me but successful in the WSS scheme take longer t
complete, and thus result in slightly higher averggery response time seen for the WSS scheme.

Exp Time| 750 | 1000 | 1500 | 2000 Exp Time | 750 | 1000 | 1500 | 2000

WSS 043|054 | 0.73 | 0.79 WSS 71 | 59 38 26

LNS 0.39| 0.50 | 0.70 | 0.75 LNS 55 | 50 32 23
(a) Delivery Ratio (b) Avg Query Response Time

Exp Time| 750 | 1000 [ 1500 [ 2000
WSS 0.23] 0.23 | 0.24 | 0.25
LNS 0.25] 0.26 | 0.27 | 0.27

(c) Data Efficiency

Table 4: Query Performance Comparison between t88 Ahd LNS schemes for the CB model.



