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Abstract—Internet based mobile ad hoc network (MANET) exploring an alternative technology, callédobile Ad Hoc

is an emerging technique that combines a wired network (e.g. Network(MANET), for its low cost and ease of deployment.

Internet) and a mobile ad hoc network (MANET) for developing A
a ubiquitous communication infrastructure. However, IMANET A S|gn|f|pant vollume of r.esearch work on AMET has
has several limitations to fulfill users’ demands to access various aPPeared in the literature in the past few years [1], [2],

kinds of information such as limited accessibility to the wired [3], [4], [5], [6], [7], [8]. However, research on WNET is
Internet, insufficient wireless bandwidth, and longer message primarily focused on developing routing protocols to increase
latency. In this paper, we address the issues involved in in- ~gnnectivities among MTs in a constantly varying topology.

formation search and access inIMANET. A broadcast based . : : .
Simple Search (SS) algorithand an aggregate cachingnechanism Due to the users’ interests in accessing the Internet, it is an

are proposed for improving the information accessibility and IMportant requirement to consider the integration oAN&T
reducing average communication latency inIMANET. As part With the Internet. Thus, to put the MIET technology into
of the aggregate cache, a cache admission control policy and athe context of real life, we consider émternet basedV ANET,
ffﬁgﬁéemﬂafggegtesgffyé gi‘!}ei?fcgng]giiinhcg i?g:i£Z§o(;a§kalled IMANET [9], and investigate the problem of information
imF:)rove thne informatior? accessibility. We evaluate the impact search and access under this environment. UndenET, we
of caching, cache management, and access points, which arédSSume that some of the MTs are connected to the Internet or
connected to the Internet, through extensive simulation. The wired private networks Thus, an MT may access Internet
simulation results indicate that the proposed aggregate cache information via direct connection or via relays from other
fﬁguSiﬁ“TtCﬂéy ;“Jgrrgvg iﬁr'n'\"bAe’;‘ng F;}%”‘;r”t‘g”;gc;”sge?;fao“ln MTs. Although there may exist many potential applications,
partic%lgr, with aggrega?e caching, more tth)in 200% improvement fo the best of our I_(nOWIGdge’. none O.f the previous work
in throughput is achieved compared to thelMANET with no cache has addressed the issues for information search and access
case, when the access pattern follows a Zipf distribution. in IMANET.

Index Terms—Aggregate cache, Cache admission control, However, an MANET has several constraints. First, not
Cache replacement algorithm, Internet based mobile ad hoc all the MTs can access the Internet. Second, due to MTs’
network, Simple search algorithm mobility, a set of MTs can be separated from the rest of
the MTs and get disconnected from the Internet. Finally, an
MT requiring multi-hop relay to access the Internet may incur
a longer access latency than those which have direct access

Over the past decade, Internet has changed our daily life.the Internet. To address these constraints, we propose an
With recent advent in wireless technology and mobile devicegggregate cachingnechanism for MANET. The basic idea
ubiquitous communication is touted to change our life furtheg that by storing data items in the local cache of the MTs,

It is envisaged that in the near future, users will be ableembers of the MANET can efficiently access the required
to access the Internet services and information anytime an¢brmation. Thus, the aggregated local caches of the MTs can
anywhere. To realize this vision, wireless carriers have bepa considered as an unified large cache for thaNET. In
taking steps to deploy the newest wireless communicatigddition, since information search imANET is different from
infrastructures. Nevertheless, a mobile terminal (MMay the search engine based approach on the wired Internet, we
still have difficulty to connect to a wired network or Internepropose a broadcast based approach, c8liegple Search (SS)
due to limited wireless bandwidth and accessibility. Undefigorithm, which can be implemented on the top of existing
heavy traffic, an MT has to content for bandwidth and mayuting protocols, to locate the requested data items. As part
get blocked from a wireless base station. Moreover, in sorogthe aggregate cache, a cache admission control policy and a
geographically remote areas, an infrastructure is not evesche replacement policy, calldime and Distance Sensitive
available. Thus, researchers in the academic and industry @FBS) replacementare developed to reduce the cache miss
Crig_tio and improve the information accessibility.

I. INTRODUCTION

This research was supported in part by NSF grants CCR-9900701, C
0098149, CCR-0208734, and EIA-020 2007.

1in this paper, we use the term mobile terminal (MT) to refer to a portable 2Without loss of generality, we use Internet to refer to both of Internet and
device or a person who carries it. wired private network for the rest of paper.



LEO or GEO
We conduct a simulation based performance evaluation to 5@5 satellite

observe the impact of caching, cache management, and access
points (which are directly connected to the Internet) upon the
effectiveness of MANET. The overall results show that the
proposed methodology can relieve limitations ANET and
improve system performance significantly.

The rest of this paper is organized as follows. The related
work is reviewed in Section Il. The system model is introduced
in Section Ill. The simple search algorithm and the aggregate Fixed router
cache management mechanism are presented in Sections IV
and V, respectively. Section VI is devoted to performance
evaluation and comparisons of various policies. Finally, we
concludes the paper with future directions in Section VII.

Imanet

Fixed network

Fig. 1. A system model ofMANET.

[l. RELATED WORK et al [8] proposed a cooperative caching scheme iaNET

Research on MNET has mainly focused on developmgto increase data accessibility by peer-to-peer communication
ong MTs when they are out of bound of a fixed in-

routing protocols such as Destination-Sequenced DiStarf(r{aEstructure It is implemented on top of a well-known ad
Vi DSDV D i Routi DSR A

hggtc())rn( Dsem:in[g]7Dis):;r?gcvi(c)tuorrce(Aoog\t/I;lgW(] ?er)ngra"?,hoc routing protocol, called Zone Routing Protocol (ZRP).
Ordered Routing Algorithm (TORA) [5], and their varlat|onsP""padOpoUII et al [4] suggested a 7DS architecture, in which

These algorithms assume that a sender MT knows the |ocau&1§°“p"? of protocols are d‘?f'“ed to share and disseminate
of receiver MTs based on the route information, which iy ormation among users, which are not necessary o connect
the Internet. Unlike our approach, they focus on data

I11ssem|nat|on and thus, a cache management including a

captures the current network topology and related informatio che admission control and replacement policy in MT's local

it has to be executed whenever an MT needs to transmi %The is not well explored. .

data item. To avoid repetitive route discovery, the MTs can 0 the best of our knowledge, none Of. previous work has.
cache the previous route information. In our work, instead Bc?uched an aggregated cache based caching scheme along with

addressing the issue of route discovery and its caching, \:ﬁ@ple information search algorithm in the realm SfANET.

emphasize on efficient information search and data caching to
enhance data accessibility. I1l. SYSTEM MODEL

Caching is an important technique to enhance the perforn this section, we describe the system model @ANET,
mance of wired or wireless network. A number of studigghich is an evolving architecture of MVET, aimed at increas-
has been conducted to reduce the Web traffic and oveigly poth connectivity and accessibility of MTs. We assume
network congestion by deploying various caching schemg@fat an MT can not only connect to the Internet but also can
in the Internet [10], [11], [12]. However, no such work hagorward a message for communication with other MTs via
been conducted in an MIET, in which a network topology ireless LAN (e.g. IEEE 802.11), as used in most prior study
frequently changes. [4], [8]. As illustrated in Figure 1, anMANET consists of a set

In particular in MANET, it is important to cache frequently of MTs that can communicate with each other using an ad hoc
accessed data not only to reduce the average latency, but gs@munication protocols (illustrated by dashed-line). Among
to save wireless bandwidth in a mobile environment. Ha[ﬁe MTs, some of them can direcﬂy connect to the Internet,
[1] proposed a replica allocation methods to increase daffad thus serve aaccess poinfs(AP) for the rest of MTs in
accessibility in MANET. In this scheme, an MT maintains athe IMANET. Thus, an AP is a gateway for the Internet and
limited number of duplicated data items if they are frequent{s assumed to have access to any information. An MT located
requested. Replicated data items are relocated periodicallygt of the communication bound of an AP has to access the
every relocation period based on the followings: each MT's afternet via relays through one of the access points. An MT
cess frequency, the neighbor MTs’ access frequency, or oveggh move in any direction and make information search and
network tOpO'Ogy. Occurrence of Update of data item is furthgbcess requests from anywhere in the covered area.
considered in [13]. Since an MT cannot access anything whenyhen an MT is located near by an AP (e.g. within one-
it is isolated from others, replication is an effective means ), it makes a connection to the AP directly. When an MT
improve data aCCESSibi"ty. Due to limited size of informatioqg located far away from an AP, however, information access

that an MT can maintain, however, simply replicating dafgas to go through several hops in the ad hoc network before

items and accessing them in ANET cannot fulfill users’ reaching the AP.

requirements to access a wide variety of information databases,

which is usually available over the Internet. 3The‘access point here i_s a logical no_tation. _An AP equipped with
T he limited inf . ilability in Al appropriate antennas can directly communicate with the Internet through
) 0 overcome the limited information availability in ET_v wireless infrastructures including cellular base stations, and Low Earth Orbit

similar approaches toMANET have been suggested. SailhafLEO) or geostationary (GEO) satellites.

accumulated and analyzed by a route discovery or roJ
maintenance algorithm. Although a route discovery operati
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Fig. 2. An MT (n;) broadcasts a request packet which is forwarded to tl}glg 3

AP in the IMANET. A Simple Searchalgorithm in the MANET. Let us assume that an

MT (n;) sent arequestpacket for a data itemd} and an MT ;) receives a
IV. | NFORMATION SEARCH IN IMANET forwardedrequestpacket.n; has the datd in its local cache and sends aok
packet ton;. Thenn; sends aonfirmpacket to then;, andn; attachesd to

As for information access, the information from the Internéie reply packet. Here, dotted line between MTs or an MT and AP represents
may be cached in some of the MTs within thetANET. that they are located within communication range.

Moreover, any MT can be an information source. Without
knowing the whereabout of information, a search algorithm is
needed for MANET as is done in the Internet. In the following,
we describe the basic idea of an information search algorithm
employed in our proposal, which can be implemented on top
of an existing routing protocol for MNET.

Since the concept of an aggregate cache is supported in the
IMANET, data items can be received from local caches of the
MTs as well as via an AP connected to the Internet. When
an MT needs a data item, it does not know exactly where to
retrieve the data item from, so it broadcasts a request to aII3)
of the adjacent MTs. If an MT receives the request and has
the data item in its local cache, it will send a reply to the
requester to acknowledge that it has the data item; otherwise,
it will forward the request to its neighbors. Thus, as illustrated
in Figure 2, a request may be flooded to the other connected4)
MTs and eventually acknowledged by an AP and/or some MTs
with cached copies of the requested data item. ] .

Based on the idea described above, we propose an informalVhen an MT receives sequestpacket, it checks whether
tion search algorithm, calleSimple Search (SSp determine the packet has been processed. If the packet has been pro-
an information access path to the MTs with cached data ©¥SSed. then the MT does not forward it to adjacent MTs, and
the request or to appropriate APs. The decision is based §fcards it. For arack confirm or reply packet, the MT also
the arriving order of acknowledgments from the MTs or AP&Necks if its id is included in the path, which is appended to
Let us assume an MTn{) sends a request for a data ited) ( the packet. Smce these packet_s are supposed to travel only
and an MT ;) is located along the path in which the requeiong the assigned path that is established by régpiest

travels to the AP, wheré € {a, b, c,j}. The SS algorithm is pgcket, if the MT's id is not_in_cluded in the path, the packet is
described as follows. discarded. We use a hop limit forraquestpacket to prevent
large number of floating packets from the network. Thus, an
MT does not broadcast mquestpacket to the adjacent MTs,
if the number of forwarded hops of the packet exceeds the hop
limit. When the MT or AP receives equestpacket, it does
not send the data item immediately, but sendsaebecause

her MTs or AP, which are located closer to the sender might
rgply earlier. This helps in reducing network congestion and
eDandwidth consumption by multiple replied data items.

When a set of MTs is isolated (as shown in Figure 2)

4A dotted circle represents a communication range of an MT or AP. Femd cannot access the data of their interest because they are
the sake of simplicity, we assume that both an MT and an AP have the sag\gt of the communication range of an AP, they try to search
diameter of communication range. . : .

SFor g;, g; = {n; | distancef;, n;) < T}, where distance(, n;) @mong them with cached copies. The proposed SS algorithm
is calculated byy/| z; —z; | + | 4 — ; > and T is the diameter of IS illustrated in Figure 3, where we assumg has the data
communication range of the MT. The andy; are the coordinates of;. item in its local cache what; requested.

2) When n;, receives arequestpacket, it forwards the
packet to adjacent MTsgf) if it does not haved in

its local cache. Ifn, has the datad, it replies an
ack packet. When an AP receives thequestpacket,

it simply replies anack packet. When an MT or AP
forwards or replies the packet, the id of the MT or AP
is appended in the packet to keep the route information.
In contrast to arequestpacket, which is broadcasted,
the ack packet is sent only along the path, which is
accumulated in theequestpacket.

When n; receives anack packet, it sends aonfirm
packet to theack packet sender, e.g. an AP of. Since

an ack packet arrives earlier from an MT or AP that is
closer ton;, n; selects the path based on the first receipt
of the ack packet and discards rest of thek packets.
Whenn,, that hasd or an AP receives aonfirmpacket,

it sendsd as thereply packet using the known route.

1) Whenn; needsd, it first checks its local cache. If the
data item is not available ang cannot directly make a
connection to an AP, them; broadcasts eequestpacket
to the adjacent MTsg()®. The requestpacket contains
the requester’s id and request packet id. Aftebroad-
casts the requests, it waits for an acknowledgment.
n; does not get any acknowledgment within a specifi
timeout period, it fails to ged.




Once the MT receives the requested data item, it triggerdated to the latency, if the data item with a higliés selected
the cache admission control procedure to determine whetlasra victim, then the latency would be high. Therefore, the data
it should cache the data item. The cache management schéerm with the least value is selected as the victim.

is described in the next section. The second factor is the access frequency of data items.
Due to mobility of the MTs, the network topology may
V. AN AGGREGATECACHE MANAGEMENT SCHEME change frequently. As the topology varies, fhvalues become

fsolete. Therefore, we use a parametgr Which captures

In this section, we present the aggregate cache mana%@ _ k )
ment policy including a cache admission control and a cac elap?ed time of the last updatedrhe r value is obtained
, wheret.,, andt,,q.e are the current time

replacement policy. b —— . i )
and the last updated time éffor the data item, respectively.

If 7 is close to 1,0 has recently been updated. If it is close
A. An Aggregate Cache to 0, the updated gap is long. Thusjs used as an indicator
In IMANET, caching data items in the local cache helpsgf § to select a victim.
in redUCing Iatency and ianeaSing aCCQSSib”ity. If an MT is An MT maintainsd and tupdate values for each data item

located along the path in which the request packet travelsjtpthe local cache. The mechanism to upd&@ndt,pqace IS
an AP, and has the requested data item in its cache, the@dtcribed as follows (refer to Figure 3).

can serve the request without forwarding it to the AP. In the
absence of caching, all the MTs’ request should be forwarded1
to the appropriate APs. Since the local caches of the MTs

virtually form an aggregate cache, a decision as to whether to
cache the data item depends not only on the MT itself, but

also on the neighboring MTs. Therefore, we propose a cache
admission control and a cache replacement algorithm.

) After n; receives theconfirmpacket, it checks thé of
requested data item betweepandn;. If § is > I' and
is less than previously saveédof the data item, then;
updates the old with the newd. Otherwise,n; does
not updated, becausel will not be cached im; based
on the cache admission control. Thealue is obtained
by counting the number of MTs’ ids accumulated in the
packet.
B. Cache Admission Control 2) Whenn; receives the data item in threply packet, it
When an MT receives the requested data item, a cache checks thej value of the requested data item between
admission control is triggered to decide whether it can cache 7 andn;, and then chooses a victim and replaces with
this item. In this paper, the cache admission control allows d, if 6 is > I'. In addition,n; savess andt.,,, which
an MT to cache a data item based on the distance of other IS tupdate fOr the data item.
APs or MTs, which have the requested data item. If the MT In this paper, we suggest ime and Distance Sensitive
is located withinI' hops from them, then it does not cach¢TDS) replacement based on these two factors. Depending
the data item; Otherwise it caches the data item. The cachgdthe weight assigned to the two factors, we discuss three
data items can be used by closely located MTs. Therefore, $shemes below. (refer to Figure 3).
same data items are cached at |dastops apart. Herd' is |, Tpsp: We mainly consider the distancé)(value to
a system parameter. . . o determine a victim. If there is a tie, thenis considered
The primary idea is that, in order to increase accessibility, the second criteria. We add the two factors and choose
we try to cache as many data items as possible, while trying 10 e gata item which has the least value & 7). Note
avoid too many duplications. Although caching popular data  hat s is > 1, butr is in the range ob < r < 1.
items aggressively in closer MTs helps to reduce the latency, TpsT: A - value is mainly considered to determine a
in this work, we give more weight to the data accessibility  stim. Thus, a victim is selected with the leaswalue.
than 'Fo access latency. A rationale behind this is that it IS As we mentioned beforehupdare is updated whem;
meanlngless to reduce access latency when a set of MTs is | oceives theconfirm packet andn; receives thereply
|sola_ted from other _MTs or the AP, and_ t_hey can not access packet only if§ of the requested data item between
any interested data items. Instead of waiting until the network andn; is > T.

topology changes, it is better for the MTs to have even high, tpsN: Both distance and access frequency are under

probability of finding the requested data items. Siicealue considered to determine a victim. We multiply the two
enables more distinct data items to be distributed over the factors and select the data item with the leakst<( 7)

entire cache due to admission control, more data items can be value

accessible and thus the overall data accessibility is increas_ﬁgljé TDST scheme is different from the traditiondleast

) Recently Used (LRWeplacement policy, which is associated

C. A Cache Replacement Policy with the time of reference of the data itents.¢). In the LRU
A cache replacement policy is required when an MT wanggheme, a requested data items is cached without considering

to cache a data item, but the cache is full, and thus it neeats admission control policy. Thus, whenever an MT receives
to victimize a data item for replacement. Two factors aithe data item in theeply packet, one of the local data item
considered in selecting a victim. The first factor is the distaneghich has the highestt{,, - t,.r) value is selected as the
(0), measured by the number of hops away from the AP weictim. In addition, whern; receives theconfirm packet and
MTs, which has the requested data item. Sidces closely n; receives theeply packet,t,. is updated regardless of the



TABLE |

Notations:
dy,: data item cached in thet” slot in the local cache, where Q@ n < C SIMULATION PARAMETERS
(C is the cache size).
7o calculatedr value ofd,,. | Parameter | Value
L;: local cache in mobile terminat;. Network size (m) 3000 x 3000
Number of MTs 200
(A) When n; receivesd, calculatesdé. /* cache admission control is Number of data items 1000, 10000
triggered. */ cache size (items/MT) 16
if (6 >1){ Transmission range (m 250
if (empty cache slot is available ih;) then Number of APs 1,4, 16
cached, Inter request time (sec 600
else Pause time (sec) | 0, 100, 200, 400, 800, 1600, Inf

call cachereplacemenpolicy();
stored andtcyr, which is saved ag, pqqte;

B. Simulation Metric

else
do not cache; We use three performance parameters: throughput or frac-
(B) Procedure cachereplacement policy() tion of succe.ssful' rquestéx, average numbe_r of hop$§l),
calculater by — L and cache hit ratioH) including local cache hit and remote
teur—tupdate’ . .
for dn, € L; do{ cache hit. Throughpu® denotes the fraction of successful
]ga'dcu'ateTﬁw_?h has the min e: requests and is used to measure the accessibility of the MTs
) ind dr, which has the minimund, x 7 value; in the IMANET. If 74010 @andr,,. denote the total number of
replaced,, with d; requests and the number of successfully received data items,
then ® is defined as,
Fig. 4. The pseudo code of the aggregate cache management algorithm used P = Tsuc 100% .
in an MT. We use the TD®I replacement policy. The TDB and TDST Ttotal
can be implemented by slightly modifying the cadleplacemenpolic
procedure_p y SIOnY ying policy0 The average number of hop&)(represents the average hop
length to the APs or MTs of successfully received data items.
d values of the requested data item betweerandn;. If Q. denotes the hop length for a successful requeghien
The overall aggregate cache management algorithm is lis@ds expressed as,
in Figure 4. Srer.. O

0=
TSUC
Since the number of hops is closely related to the communica-
tion latency, we us€ to measure average latency. Finally, the
A. Simulation Testbed hit ratio h is used to evaluate the efficiency of the aggregate
cache management. #;,..; andn,emote denote the number

. We use a wrap around netvyork to exa.mine the proposgfliocal hits and remote hits respectively, thepear, hremote,
idea. We assume that an AP is located in the center of 8Rq 4 are expressed as:

area. The MTs are randomly located in the network. The MTs’

VI. PERFORMANCEEVALUATION

request arrival pattern follows the Poisson distribution with a hiocat = _ [Wocal . 100%
rate of \. The speeds) of the MTs is uniformly distributed Mocal + Mremote

in the range (0.0< s < 1.0 m/sec). Theandom waypoint Bremote = ——r€mote - 100%
mobility model, developed in [3], is used to simulate mobility Miocal + Nremote

here. With this approach, the MTs travel toward a randomly j, — Mocal + Nremote 100% .
selected destination in the network. After they arrive at the Tsuc

destination, they choose a rest period (pause time) from a
Uniform distribution. After the rest period, the MTs travelC. Simulation Results
towards another randomly selected destination, repetitively. An\We have done extensive simulation in terms of the impact of
MT does not move but stay where it is initially located if theaching, cache management including admission control and
pause time is infinite, represented as Inf. If the pause timeriplacement policy, and number of APs to analyze various
0, then it always moves. performance metrics. Since there are only few APs available
To model the data item access pattern, we use two differémta given area due to limited resource environment in an
distributions: Uniform and Zipf distribution [14]. The Zipf IMANET, in all the discussion, we use a single AP unless
distribution is often used to model a skewed access patt@therwise stated. Here, we include a subset of the results due
[15], [16], [12], wheref is the access skewness coefficiertb space limitation. For additional results, please refer to [18].
that varies from 0 to 1.0. Setting = O corresponds to the In Figure 5(a), data accessibility is greatly improved when
Uniform distribution. Here, we set thé to 0.95. We have we use the aggregate cache. Throughputis increased more than
written an event-driven simulator using CSIM [17] to condudivice compared to the no cache case. With caching, there is
the performance study. The simulation results are illustratedasigh probability of the requested data items being cached in
a function of the pause time. The other important simulatidhe MT’s local cache or at other MTs'. Even though a set of
parameters are summarized in Table 1. MTs is isolated from the AP, in contrast to the no cache case,
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they still try to access the cached data items among them. Noéehe was magnified for skewed access pattern. Also, perfor-
that almost 200% improvement is achieved compared to themance improvement due to caching was better with even a
cache case when data access pattern follows Zipf distributismgle access point to the Internet.
Figure 5(b) shows the effect of the aggregate cache on the
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