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Abstract copies of data objects locally, data accessibility can be enhanced
and access cost can be reduced. However, frequent network dis-
Client side caching of location dependent queries is an im- connections, mobility of the clients, and limited local resources
portant technique for improving performance of location-based on the mobile clients, complicate the provision of information
services. Most of the existing research in this area has focused orglelivery services to mobile users, making location-aware client
cache replacement and invalidation through incorporating some caching a challenging problem.
aspects of the spatial and temporal semantics embedded in the We argue that in a mobile computing environment, the cache
location queries, while assuming an ad hoc cache placementplacement decision should take into account both the temporal
Very few have studied the impact of spatial and temporal va-validity and the spatial locality of the data items to be placed in
lidity semantics and the motion behavior of mobile clients on the client cache and the motion behavior of the mobile client.
the effectiveness of cache placement and ultimately the perforConsider a simple example in which a mobile user is driving on
mance of the client cache. In this paper, we propose an adap-the 185 North highway at 60 mph speed, and wants to find the
tive spatio-temporal placement scheme for caching location de-nearest gas stations within certain range. If the query is asking
pendent queries. The cache placement decision is made accordor gas stations within 5 miles, then the spatial validity of the gas
ing to the potential cache benefit of the query results based orstations returned is 5 miles. Obviously, these gas stations will
the spatio-temporal properties of query results and the movemenho longer be relevant after 5 minutes of driving. If the query
patterns of the mobile client, aiming at increasing the cache hit interval of this mobile client is typically longer than 5 minutes,
ratio. We introduce the concept of ‘Overlapping Cache Bene- then placing these gas stations in her cache is a waste in terms of
fit as a measure of the hit rate of a cached item, and presentboth placement cost and replacement/invalidation cost.
three spatio-temporal cache plgcement_ schemes, which provide Bearing these challenges in mind, in this paper we propose
a step-by-step in-depth analysis of various factors that may af-5, adaptive spatio-temporal placement scheme for caching loca-

fect the performance of a client cache in mobile environments.ijo, dependent queries, which predicts the potential cache benefit
We implemented the spatio-temporal placement model in the firsgf the query results based on multiple spatio-temporal properties

prototype of theMOBICACHE system. Our experimental evalua- ot mopile clients. The main design idea of this new placement
tion shows that the spatial locality and the movement patterns,oqel is based on two observations. First. in a mobile envi-
of mobile clients are critical factors that impact the effective- (;nment. some query results may have an extremely low likeli-

ness of cache placement and the performance of client cacheyqnq of being used in the near future due to mobility and spatio-
and the proposed adaptive spatio-temporal cache placement apgemporal constraints. Thus the ability of identifying such items

proach yields higher hit ratio and better response time compared yng gropping them earlier instead of placing them in the client
to existing mobile cache solutions. cache and replacing them later can greatly increase the cache
hit ratio and improve the overall cache performance. Second,
due to the motion dynamics of mobile clients, such as changing
1 Introduction speeds and changing query intervals, an adaptive cache placement
scheme can better respond to the dynamic motion behavior and
One of the critical issues in mobile environments is the grow- changing query requirements of mobile clients.
ing demand of scalable solutions for efficient delivery of content  Qur contributions in this paper can be summarized in two
and information servicesLocation Dependent QuerigiDQ) folds. First, we present three spatio-temporal cache placement
form a special class of location-based information services in theschemes, which provide step-by-step in-depth understanding of
sense that location dependent queries are issued by mobile clientgarious factors that may affect the performance of a client cache
on the move, thus the query results are dependent on the moven mobile environments. The first one is called threshold based
ment patterns and the current location of the mobile client, NnoSTP scheme, which emphasizes on the importance of combin-
matter whether target objects of the location queries are still ob-ing temporal locality and spatial locality on cache efficiency. The
jects such as gas stations, restaurants, or moving objects such a&econd approach is called Bound-based STP, which highlights the
taxi on the road. importance of adequate control of the coordination between the
Location-dependent information delivery faces many new dif- spatio-temporal placement and the ad hoc placement. The third
ficulties inherent to mobile computing environments in addition one is the speed and query interval adaptive STP scheme (SQI
to the scalability and performance challenges confronted by WebSTP), which stresses the importance of incorporating both mo-
content delivery in wired networks. Caching of frequently ac- tion pattern and query pattern into the cache placement decision.
cessed data items on the client side is an important general techisecond, we implement and evaluate the proposed schemes in a
nigue that helps address some of these challenges. By storingrototype system, called &B81CACHE.



The remaining of the paper proceeds as follows. We give anthat are critical for improving the cache performance of a mobile
overview of the MobiCache system, including the reference sys-client cache.
tem model and the problem statement in Sedtion 2. We describe The fundamental objective of cache placement is to keep all
the three spatio-temporal cache placement schemes in Sgction &ems that will potentially be requested by subsequent queries.
The experimental evaluation of the proposed solutions are proDue to the limited bandwidth, intermittent connectivity, and re-
vided in Sectioff 4. We conclude the paper with a discussion onstricted computing capacity at mobile clients, the cache place-
related work and a summary in Sectjgn 5 and Segf]on 6 respecment strategy for a mobile client should make effort to avoid plac-
tively. ing data items that will unlikely be used by subsequent queries in
the near future. There are certain situations where we can predict
2 MobiCache System Overview the potential cache benefit of the query results with reasonable
accuracy.

We briefly describe the reference system model, including the A
basic notions and assumptions used in the paper, and the proble 5 miles
statement, including two concrete scenarios and the set of critica + = 5
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In this paper we assume a cellular network as the underlying miles
infrastructure. The system consists of mobile clients, stationary
servers and mobile support stations. We also assume a geomet- Figure 1: Importance of spatial locality in cache placement
rical location model where locations are represented in terms of
two dimensional coordinates. The clients can move from one lo-  Figure[] provides two example scenarios. The scenario on
cation to another and communicate (submit queries and obtairthe left side of Figur|l illustrates an example where the mobile
results) with the stationary servers through the mobile supportuser driving across a city at the speed of 50 mph issues a con-
stations. tinuous location query: “Show me all restaurants within 5 miles
A Location Dependent Query (LDQ) denoted®y (1 < i < (of the user’s current location) evebByminutedn the next hour”.
n), is defined as a tuplec Oy, L, Ly, R;, F; > whereO; is This continuous query will be evaluated at the interval of every
the object type being queridd,,, L, ) the location of the mobile 5 minutegequivalent to every 4.1 miles) from its installation for
client making the queniz; denotes the spatial range of the query, twenty consecutive times (since the stop condition of this query
andF; denotes the filter condition of the query. For simplicity, all is 1 hour). Each execution is shown as a circle (with the mobile
queries are assumed to be associated with a circular range. Fasrser at the center) in Figufé 1. In such a scenario, caching the
example,<restaurants,-77,38,2 miles, restaurant type = French query results is beneficial due to the overlap of query results be-
> represents the query “Show me all French restaurants within 2ween two consecutive query evaluations. However, if the mobile
miles radius from my current location (-77,38)". user issued the following query instead: “Show me all restau-
Queries are issued by the mobile client to the respectiverants within 5 miles radius (of the user’s current locatieugry
servers through its mobile support station. For each moving query20 minutesfor the next hour”, then the placement of this query
over moving objects, the ®BICACHE system on the mobile results in the mobile client cache will not generate a cache hit for
client will assign a query dependent time-to-live (TTL) times- the next query (and other subsequent queries), because the query
tamp to each query result set returned by the server based on th@nges of the two consecutive evaluations do not overlap at all, as
query range and location, speeds of the mobile target objects. Foshown in Figuré¢ fL(right). In fact, storing the results of this query
instance, a moving location query “find the nearest taxi within 5 in the cache not only generates zero cache benefit but incurs both
miles of my current location” will be processed by the taxi service the cost of placement and the cost of replacement, because place-
provider in the area and return a list of taxi cars ordered by thement of such results might trigger replacement of some other en-
distance to the current location of the mobile client. Assuming tries from the cache that might be more useful. This example
the typical speed of taxi on the city street is 30mph, the Mobi- scenario amounts to say that when the mobile client moves far
Cache system will associate 10 minutes as the maximum TTL foraway from the spatial scope of the current query results long be-
the query results- the taxi objects returned by the server. By fore posing the next query, even if the next query is posed on the
default, all query result objects are assigned a system-supplieéame object type at the future location, there will unlikely be any
large value as the maximum TTL. For all moving queries over spatial overlapping between the current query results and the next
static objects, such as “find the nearest gas station within 5 milegjuery results due to the relatively small spatial validity scope of
of my current location”, the result objects will have their TTL set the query results with respect to the query interval and the move-

to the system default. ment speed of the mobile client. Hence it is cost-effective if we
can detect such scenarios and avoid unnecessary placement.
2.2 Problem Statement and Important Parameters Another situation where early detection of unnecessary place-

ment is obviously beneficial is when the query results are valid

In mobile information delivery systems, ad-hoc cache place- only for a short period of time. A typical example of such sce-
ment suffers from a number of problems. In this section we first narios includes those in response to LDQs made over moving ob-
describe these problems and then discuss the set of parametejects. Thus, even if the very same query is made from the very



same location at a later time the cached results may no longer beache hit. On the other hand, if there is an indication that there
valid due to the query rate and the movement patterns of the querys no chance of overlapping in the near future it is better not to
result objects. For instance, consider a LDQ issued by a mobileplace the current query results into the cache. Thus, the expected
client: “Find all AAA vehicles moving on the road and within 10 overlapping serves as a measure of the likelihood that the query
miles of my current location”. Given that the AAA vehicles in result will generate a cache hit. To perform this test we first pre-
guestion are on the move, the query results might not be valid fordict where and when the next query is likely to be made based on
a long time. If the AAA vehicles in question are moving at 50 the client's movement pattern and query interval history. Then we
mph on average, the results will be invalid after 12 minutes. If perform the area overlapping test by considering a scenario that
the predicted query interval for the next query is 20 minutes, thenmaximizes the possibility of an overlapping. One such scenario
the query results will have expired quite some time ago. Hence would be when the immediate next query is for the same object
it will be prudent not to place such results into the cache and thustype. Query results that fail to pass the test will not be placed in
avoid both the cost of placement and the potential problem of re-the cache.
placement of a potentially more useful entry in the client cache. Formally, let two range queries lig¢; and Q-, let the query
Typically when the temporal validity period of the query results range of@); centered atd(x1,y;) with radiusr, and the range
is short with respect to the query interval, the placement decisionof Q> centered aB3(x2, y2) with radiusrs. Let the two points of
should be made with care. intersection betwee€; and@, denote byC andD as shown in

By closely examining scenarios like those in above examples,Figure[2. The area overlap function of two location quetias
we made two observations. First, ad-hoc placement is not alwaysndQ-, denoted byAO F(Q1, Q2), can be computed as follows:
beneficial in mobile environments. Second, the spatial relation-
ship between the two consecutive query ranges and the distancdaOF(Q1, Q2) 5
between the current and the next query locations are critical meawhere, /CBD = Qcos—l(%) and /CAD =
sures for determining the effectiveness of the cache placemeny Cosfl(rlinrABQf'rgQ)

i ; ; ; 2xr1 X AB
decision. More interestingly, the distance between the two con- The complutation of the area overlapping betw&grandQ,

secutive query locations depend; gregtly onthe query interval and o s that the bigger the overlapping area, the higher the likeli-
the movement speed of the mobile client. hood thatQ; s results will be reused to answ@s, thus the more
benefit we will gain by placement of the results@f into the
3 Adaptive Spatio-Temporal Cache Placement client cache.
Given that the location where the next query (i@g) will
In this section we first describe the concept of spatial areape jssued is typically unknown at the time when we determine
overlapping and the general metric for computing the overlap-\yhether to place the results of the current query (§ay into
ping cache benefit. We then present an in-depth analysis of thenhe client cache, one approach is to use the distance between the
adaptive placement model through the step-wise developmenfocation where the current quer§)() is issued and the expected
of three spatio-temporal placement (STP) schemes: Thresholdcation where the next query6) will be issued, denoted by,
based STP, Bound-based STP, and Speed-Interval adaptive STf approximate the overlapping effect. This leads us to introduce
Each of these three schemes shows one specific way of measuthe concept oDverlapping Cache Benefit
ing the overlapping cache benefit. We describe our experimentabyerlapping cache benefit: Let r; denote the radius of the
evaluation of the effectiveness of these schemes in Sédtion 4.  ¢yrrent queryQ; andd; denote the distance between the loca-
tion where the current queng; is issued and the expected lo-
3.1 Basic ConceptS and Threshold Based STP Scheme cation where the next quer@H_l will be issued. Letac de-
. . . nhote a system-defined constant ande the weight function that
In MOBICACHE we introduce two basic concepts: spatial p,jances the measurement of overlapping benefit through query-

area overlapping and overlapping cache benefit. The OVerIappianependent adaptation. We define @eerlapping Cache Benefit
cache benefit is defined in the spirit of spatial area overlapping,,, 4 given queny; as follows:

and is used as the core technique for developing adaptive

spatio-temporal placement schemes. OCB(Q;) = LA (1)
3 dl 1-rte

The intuition behind th®verlapping Cache Benefitrmula can

be illustrated through the discussion of the three variades;,

andw;. We first describe how to computg, the distance be-

C
‘k‘ tween the location where the current que€y;) is issued and
D

ro?(/CBD—sin(/CBD))+r1%(/CAD—sin(/CAD))

the expected location where the next quéry.; will be issued.
The distancel; can be computed as the Euclidean distance be-
tween the two center points of the two query ranges, using the
_ . formulad = /(c; — 1.)? + (¢y — I,,)?, Where ¢,,c,) denotes
Figure 2: Accurately measuring the Area of Overlap the location of the current quexg; and (.,l,) denotes the ex-
pected future location when the next query is likely to be made.
Area Overlapping Function: Recall example scenarios in Sec- The future locatior{l,, l,,) can be predicted using the current lo-
tion[d, we show that if there is a possibility that the next query cation (c,, ¢, ), the current velocity(v,,v,), and the expected
to be made might overlap with the current query range, then thequery intervalg; ., of the mobile client, i.e.l, = ¢, + vzqi+1
results should be placed in the cache since there is a potential foandl, = ¢, + vy¢;+1. The estimated query intervad;(1) is




determined based on the query history of the mobile client. Byitems should not be placed into the client cache.

replacing(,, ;) in the above formula for computing we have Threshold-based STP SchemeThreshold-based STP scheme

d = qi11,/v2 + v2. Lett; denote the time when the initial query implements the most basic spatio-temporal placement strategy.
Y In this scheme, the placement decision is made by analyzing two

issued by the mobile client antd be the next query issued by the orthogonal and yet complimentary factors: (1) the overlappin
same client. The expected query interval after the current query 9 Y P y ' bping

. ) : cache benefit measure to determine if the following spatial place-
Q;, denoted byy;, 1, can be estimated using an exponential aver- S .
. ment condition} < a. holds, and (2) the temporal cache benefit
aging schemegy =ty —t; andg; 1 = B(t; —ti—1) + (1 —B3)g

. . measure which uses the TTL of the target objects from the cur-

where i> 2 andty, o, t;, t;_1 represent the timestamps when the . ]

: N : ent query against the expected query interval of the next query
mobile client issued the first query, the second query, the curren . )

. : and testifTTL(Q;) > ¢;+1 holds. Only the data items that pass
query, and the previous query respectivelyandq; _, represent . :
) : the test of both overlapping cache benefit measure and the tem-

the query interval for the current quety; and the query interval

for the previous querg;_; respectively is a constant between poral cache benefit measure are placed in the client cache.
0 and 1p q i—11esp Y Setting o in MobiCache: In MoBICACHE, the spatial control

) . ] ] knob constanty, is typically set to a positive value greater than

Now we discuss the role of variabig in measuring the over- o 5 favoring placement of those query results that are likely to
Iapplng cache bene_f(t)CB_(Qi). For any two queries); with overlap with the next expected query. Naturally, the larger the
radiusr; and@; 1, with radiusr;, to overlap, the sumof; and ~ , yalue is, the higher degree of spatial overlapping is preferred
ri+1 should be larger than the distantebetween the two query  for cache placement. Thus choosing a slightly higher value for
centers. Namely; + ri;1 > d; holds. Given that attimé;  , would ensure that only the query results that are highly likely
when the current quer; is processed, it is not always obvious 4 gverlap with the next expected query would be placed in the
when and where the next que@, will be posed. One way to  cache. However, setting the value too high may cause too few
approximate the next query for the same query object type is bygery results to enter the cache, affecting hit ratio unfavorably.
assuming that it is similar to the current query (.= r;11). The Threshold based Spatio-Temporal Placemettieme is
Thus, the following condition_ holds:; /d; < 1/2. This implies_ non-adaptive because tti€ontrol Knob’ in the Overlapping
that the results of quer; will be placed in the cache only if  cache Benefit calculation remains fixed throughout the life time
ri/d; is higher than the specified threshold constannda.  of the cache. This motivates us to develop the Bound based STP
should be set greater thayi2. and the Speed and Query Interval (SQI) adaptive STP scheme.

Finally, we discuss the role af;;a. in measuring the over-
lapping cache benefita, is a system-defined parameter and is 3.2 Bound-based Spatio-Temporal Placement Scheme
typically set by a constant. The weight can be set as a query (Bound STP)
independent constant or a query dependent variable. The product
w; . Serves as th&€ontrol Knob'’ to enable the incorporation of
spatio-temporal placement to the cache placement decision WherE
ever the overlapping cache benélit’ B(Q);) is greater than zero.
For example, by setting;; = 1 anda,. = 10, the aboveOver-
lapping Cache Benefitomputation will be instantiated to the fol-
lowing threshold-based formula with. = 10.

One of the reasons that the threshold-based STP scheme im-
roves ad-hoc placement is the fact that the threshold-based STP
electively discards certain query results based on their overlap-
ping cache benefit measure and their temporal cache benefit mea-
sure. It is also observed that when the mobile client moves at
higher speeds the threshold-based STP drops much more items
i than when the mobile client travels at lower speeds. In order to
OCBihreshota(Qi) = g — ac maintain a reasonable hit ratio for the client cache, we need to

Clearly, keeping theControl Knob’ value very high can be  ayoid extremely high drop rate or extremely low drop rate dur-
riSky because |t Could result in eliminating most Of the da.ta itemS, |ng Cache p|acement When responding to Changing motion be_
while keeping a very low value of;c. (close to zero) would  hayior and changing query patterns. A simple and straightfor-
make the ad-hoc cache placement dominate the placement decjyard way to address this problem is to configure the system with
sion. Thus, an important challenge is to determine the setting of; |ower discard boungdenoted byl’; ..., and arupper discard
the weightw; and thus théControl Knob’ to meet the objective  phound denoted bYTpper- INStead of setting th&TP Control

of the chosen cache placement scheme. Knob as a fixed system-wide parameter, we devise an adaptive
Temporal Cache Benefit Measure: The Overlapping Cache approach. Whenever the percentage of discarded items (denoted
Benefit measure can be seen as a technique usedBIGACHE by Agiscarq) drops below the specified lower boufid, .., the

to capture the spatial locality of cached data items. Recall SecBound-based STP scheme will increase@uatrol Knob weight
tion[2.2, in mobile environments, location queries may be posedby a pre-configured constant. Similarly, when the percent-
over moving objects, when the expected query interval for theage of discarded items becomes greater than the specified upper
next query is much longer than the time-to-live (TTL) timestamp discard boundly .., the Bound STP scheme will be relaxed

of the moving objects returned by the current query, such queryby reducing theControl Knob weightby the pre-defined con-
results should not be placed in the client cache. One straightstanty.. The testing of\ p;scard 808INSU pper @ANATLower 1S
forward and yet effective way to model the temporal locality of performed at the end of each epoch, which is when the adap-
cached data items is to compare the TTL of the query results withtation happens. The goal of this placement scheme is to keep
the expected query interval of the next query. Only when the the amount of discarded items during the cache placement within
TTL of a data item is greater than the expected query interval,the upper and lower bound in each epoch. This is achieved by
the placement of such an item in the client cache can be granteccomparing the percentage of the discarded iteNag {..-¢) dur-
Thus, if the TTL of the query result items will expire much sooner ing the cache placement decision in the current epoch against the
than the expected query interval for the next query, then suchsystem-supplied lower and upper boufig, ... andTypper, and
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adapting the setting of the control knob weight (one . step In order to support dynamic adaptation of cache placement to
at a time) for the next epoch. If the percentage of discardedthe changing movement speed and changing query interval of the
items A\ piscarqa IN ONE epoch continues to be greater tHan ., mobile client, we develop the third spatio-temporal placement
(system-supplied parameter), then the weight for the next epoctscheme, called th8peed-Query Interval Adaptive SEPheme
will be further reduced by one, at the end of the current epoch. (SQI-Adaptive STP or simply SQI STP for short). In this scheme,
On the other hand if the percentage of discarded items is lessethe ‘STP Control Knob weightis determined based on both the
than Ty, the weight for the next epoch will be increased by query interval and the movement speed of the mobile client. In-
one~, at the end of the current epoch. Eventually, the percentageduitively, we observe that the higher the movement speed and the
of discarded items during the cache placement will fall into the longer the query interval a mobile client has, the lower the over-
range specified by the lower and upper bound and stabilize. Adap cache benefit will be. This is because at higher speeds or
expected, this Bound STP scheme offers better performance thahigher query intervals the query ranges of consecutive queries are
the Threshold-based STP scheme when the movement speed &firther apart and the chances of spatial overlapping are greatly re-
the mobile client changes more frequently. duced. Thus, instead of using the fixed upper and lower bound to
Now we formally describe the Bound-based STP scheme. Lettune the control knot weight and thus the cache placement qual-
w; andw;_; denote the weight to be set and the previous weight ity, the ‘'STP Control Knob weightshould be set to be inversely
respectively and.. denotes the constant increment or decrementproportional to the speed and the query interval for better cache
step, such a3%0 (a lower value ofy. would result in slower but  performance. Based on this rationale we define i@ Control
more stable adaptation while a higher value would result in fasterKnob weight'based on the movement speed of the mobile client
but potentially unstable adaptation). Leb;...-s denote the per-  at the time when th&h queryQ; was issued, denoted Byeed;,
centage of discarded entries for the current epd¢hp., and and the expected movement speed when the next gery is
Trower denote the upper discard bound and the lower discardexpected to be posed, denotedBypSpeed.
bound respectively. We can define the control knob weight

1
as follows: w; = (3)
. " EaxpSpeed; 1 X ¢it1
Wit =Y I Ndiscard > Tupper Wherei > 1, ¢, is the expected query interval when the next
w; = Wi—1 + Ve if )\discard < TLo’wer query will be posed and
wi_1 otherwise '
ExpSpeeds = speed;y 4)

Thus theOverlapping Cache Benefibr a query with radius
r; and the expected distance &ffrom the center of the current  EupSpeed; | = ((speed; — speed;_1) + (1 — ¢)ExpSpeed;

query ;) to the center of the next quer®(,,) is defined as (5)
follows: . g2 =t — 1y (6)
OCBbound(Qi) == - W;Qc. (2)

di Qi1 = Bt — ti1) + (1 = Ba; 7
In the Bound-based STP, the control knob weightis deter-  \wherei < 2, t;, t;_, represent timestamps for the mobile client
mined at the end of each epoch based on the weight, the per- g ask the current query and the previous query respectiggly,
centage of discarded ittM$;scqrq, and the pre-defined system-  andg, , denote the current query interval and the previous query
wide parameterse, Typper, @NdTLower- IN MOBICACHE the interval respectively, and is a constant between 0 and 1, and

lifetime of the client cache is divided into epochs of equal du- ysuyally set t@).5 in our experiments.

ration. Adaptations happen only at the end of each epoch. By |n the Speed-Query Interval Adaptive STP scheme Qfrer-
introducing epochs, the system adapts only when there is a conpping Cache Benefiheasure for a quer; with radiusr; and
sistent drop or increase in the percentage of items discarded.  expected distance of from the center of the current query to the

] next query is defined as follows:
3.3 Speed and Query Interval Adaptive STP Scheme

(SQI STP)

T 1
OCBSQIadapt(Qi) - CZ - (ExpSpeedHl < qi+1> % (8)

The Bound STPoffers better performance in comparison to
threshold-based ST most cases. On one hand, bound STP is wherea.. is set by the system default (recall the discussion in
able to adapt the STP control knob weight periodically through Sectiorf 3.1L).
increasing or decreasing the weight by a constarat the end
of each epoch. By maintaining the percentage of discarded itemg} Experimental Evaluation
(Apiscard) during the cache placement within the specified up-
per and lower bound, one can avoid making over pessimistic In this section we conduct the experimental evaluation on the
or over-optimistic placement decision. On the other hand, theproposed three spatio-temporal placement schemes and compare
threshold STP uses a fixed threshold throughout the lifetime ofthem with the popular ad-hoc placement scheme used in most of
a client cache, which severely limits the flexibility of the place- existing mobile cache systems [10J 16/ b, 4,[13[11, 5, 12]. The
ment scheme to adapt to changing movement pattern and quergxperiments are divided into two sets. One set of experiments is
interval of the mobile client. However, the flexibility of adapta- designed to study the impact of different characteristics of mobile
tion supported by the Bound STP scheme is limited by the pre-clients on cache performance in terms of hit ratio. Another set of
defined lower and upper bound on the percentage of discarde@xperiments is designed to study the impact of different charac-
items, T ower ANATpper- teristics of location-dependent queries on cache performance. We



show that spatio-temporal placement schemes can significantlyPlay module simply ‘plays’ the location-dependent queries gen-
improve the cache hit ratio (between 5% to 10% improvement). erated by the input module under different cache placement and
Among the three STP schemes, the SQI adaptive placement ofreplacement policies and different cache sizes. The play mod-
fers the highest hit ratio and at the same time is highly robust inule consists of implementations of various placement, invalida-
responding to changes in speed and query interval of the mobildion and replacement policies. This module simulates the mobile
client. We also show that the proposed STP placement schemeslient. It estimates the query interval, the movement speed and
work well with both temporal replacement policy like LRU and other parameter of the mobile client at run time and uses them in
spatial replacement policy like FAR10]. The combination of our the spatio-temporal placement algorithms described in S¢dtion 3.
SQIl-adaptive STP with FAR offers higher hit ratio than any other The advantage of separating the input generator module from the
combination of placement and replacement strategies, be it adplay module is to enable the exact same set of queries at the ex-
hoc and FAR, ad-hoc and LRU, Bound and FAR, threshold-basedact same set of locations to be replayed under different placement
STP and FAR, or SQI-adaptive placement and LRU replacementand replacement policies and different cache sizes, allowing us to
In the rest of this section we first describe the mobility simulation conduct an in-depth study of these parameters and their impacts
model used for our experiments, including the input generatoron cache performance.

and the play module. Then we report our experimental results in  The key parameters used in the experiments reported in this

detail. paper are summarized in Table 1. The number of location queries
) ] used in the experiments is 30,000. For the constants, we.4et
4.1 Simulation Model 10, 810 0.5,7, 10 10, ¢ t0 0.8, Typper 10 60%, Trower 10 50%

and epoch size to 100 . All the simulations were run on a Linux

server with 4 3GHz processors and a total memory of 4GB. The

results are reproducible on any other machine, since the mobile
tclient specific information is implemented as a part of the play
module.

We use a variant of the popul&andom Walk Mod€R] for
simulation of client mobility and motion behavior of moving ob-
jects. The client starts at location (0,0) with an initial velocity
(vg, vy). v andu, represent the x component and y componen
of the velocity vector. A positive value indicates that the move-
ment of the client is along the positive axis while a negative value

o . . P t R Default
indicates the movement along the negative axis. Thus, the ve- i S B¢ i
locit | t both d d di ti Th lient i Replacement Policy LRU/FAR LRU
ocity values represent both speed and direction. e client is Tvalidation Scheme Tazy Tazy
modeled to move with a given velocity for some time (movement Number of Objects 50 - 10000 5000
interval), then wait for a duration at the new destination (pause Cache Size 4 MB to 20 MB 10 MB
interval) and then change its velocity randomly (speed and direc- Query Interval 0.1t0 11 hrs 0.2 hrs

. . . . Movement Interval 0.1 to 11 hrs 2 hr
tion). This process repeats over time. The client makes a large Pars :

X . X i ause Interval 0.1 to 11 hrs 1 hr
number of queries based on the given query intervals while on Minimum Speed 10 to 100 mph 30 mph
the move. By varying the input parameters for the model, such Maximum Speed 25 to 115 mph 30 mph
as the movement interval, pause interval, query interval, several .1’(-‘?“-‘“*'*154“ of moving ob- | 0 to 100% 10%
different work loads can be generated. For instance, having a Joct queres
very large movement interval would force the client to travel in a Table 1: Simulation Parameters

straight line for longer durations (e.g., simulating a vehicle such

as truck traveling from city to city on the highway), while hav-

ing a small movement interval would allow a mobile clientmov- 4.2  Experimental results

ing along a straight line only for a short duration (e.g., simulating

tourists traveling within a city or a tourist attraction). Our simula- ~ We first report the experimental evaluation of the effectiveness
tion model consists of two components - (a) Input Generator andof our spatio-temporal placement schemes by studying the impact
(b) Play moduleThe input generator takes parameters, such as of the characteristics of mobile client, such as changes in cache
client velocity, static or moving objects, per object query radius size, query interval, movement interval and movement speed on
distribution, query interval, movement interval, and generates ahit ratio. Then we report the experimental results on the impact
sequence of location dependent queries, each of such queries &f different query characteristics on cache hit ratio, including the
associated with the time when the query was made, the size opercentage of queries over moving objects and the number of ob-
the result, and the TTL of the result. The TTL for queries on jects returned by queries. Finally we report the study on the effect
moving objects is calculated using the radius of the query rangeof using different replacement policies on the performance of our
and the speed of the moving target object, which is randomly setspatio-temporal cache placement schemes in terms of hit ratio.
between 30 to 60 mph. Null values are used for query results

that are still objects such as resta_urants, gas stations, and so fortgf._z_1 Mobile Client Characteristics on Cache Hit Ratio

Queries were generated and assigned random values of rdhge (

using a normal distribution oR. For example, if the object type Impact of Cache Size on Hit Ratio: Figure[3(leftmost) shows

(O) is ‘restaurant’ and the rang® is 10 miles then the queries the impact of cache size on hit ratio on cache sizes of the mobile
with restaurant as the object type would set the radius followingdevices. The spatial placement refers to using only the Over-
a normal distribution around 10 miles. The object types used inlapping cache benefit measure to make the placement decision,
the queries are generated based on a zipf distribution, namely ahereas the temporal placement refers to using only the temporal
few object types are queried very often while most of other objectcache benefit measure (TTL against query interval) to make the
types are queried once in a while. This module is representativeplacement decision. This experiment shows that both spatial and
of the real-world query scenarios in mobile environments. The temporal placement strategies perform better compared to the ad
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Figure 3: Effect of Characteristics of Mobile Client on Cache Hit Ratio

hoc placement. By combining spatial and temporal cache benefiSTP scheme offer the best performance.
measures together as the Threshold-based STP, the cache perfor-

mance is even better. It is important to note that, inftheeshold-
based STBcheme, th&TP Control Knobs fixed withw; = 1
anda,. = 10. However, in theBound STPthe overlap benefit
factor varies depending on the percentage of discarded items it
each epoch, the system-supplied bound paramétggs,.,. and
Tupper, and the system-defined increment/decrement congtant
Similarly, in theSpeed-Query Interval adaptive SEEheme, the §0.13
overlapping cache benefit measure rises and falls depending 0%
the movement speeds and query intervals of the mobile clients

4.2.2 Query Characteristics on Mobile Cache Performance

Effect of queries on moving targets Effect of Number of Query Object Types

0.4 =Adhoc =Spatial
§  +Temporal #Threshold STP
0.3 *Bound STP ®SQl STP

Hit Ratio
o
[N]

<Adhoc ESpatial ~—s
*«Temporal ®Threshold STP
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T

Hence, the adaptive STP schemes offer better overall cache pe : 0 50 100 ° 0 s000
formance than threshold-based or ad-hoc placement approaches, ~ enedefaueriesonmovng targets Number Of Objects
Impact of Query Interval on Hit Ratio: Figure[3(center-left) Figure 4: Effect of Query Characteristic on Hit Ratio

shows the variation of hit ratio with changes in query interval.
When the client frequently poses queries, the hit ratios for all the

placement strategies (including the Ad hoc placement) are high. o2t Effect of Replacement Algorithm

This is intuitive because the client is not likely to have traveled

far away between the queries. With an increase in query interval, 021 1

the hit ratio drops for all the placement schemes (except for Spa-

tial and Threshold STP initially). The deviation for spatial and %0'17 2 rusadhos
threshold STP schemes for smaller query intervals is because they %‘013 “LRyThreshold
have fixed overlapping benefit factors and hence cannot adapt to SLRUSQISTR

the changes in query interval. oo ~FAR-Bomd
Impact of Client Movement Interval on Hit Ratio: Figure 0.05 : ; SPARTSAIST
[B(center-right) shows the variation of hit ratio with changes in 0 ° Cacnesize(nt) »
movement interval. Movement interval is defined as the average

time interval between stops when the client is on the move. At Figure 5: Effect of Replacement Algorithm

the end of every movement interval the client pauses for a fixed

amount of time (pause interval). As the movement interval in- Percentage of Queries for Moving Objects on Hit Ratio: In
creases, the probability of the mobile client changing its velocity the MosICACHE system, clients can make queries for both static
is small, and thus the chance of overlapping with previous queriespbjects and other moving objects. Queries over moving objects
is smaller (since the client would turn around less often). In all are important to study because they represent results which have
the three STP schemes tB&P Control Knob weighis chosen  very low TTLs since the target objects may soon move out of
to maximize the overlapping cache benefit. As a result, with in- the area of interest and hence the query results may quickly be-
crease in movement interval (taking a longer time for velocity come invalid. FigurgJ4(left) shows that when the percentage of
changes), the hit ratio for spatial placement and hence all STRyueries on moving objects is extremely low (close to 0%), the
schemes but bound STP increases. However, this improvement igain because of temporal placement is close to zero. This is sim-
limited to the beginning stage of the adaptation to$fi® Control  ply because all queries are over static objects such as gas stations,
Knob weight restaurants, and the query results will only expire when the mo-
Impact of Client Movement Speed on Hit Ratio: Figure bile client moves out of the current query range. However, when
[B(rightmost) shows the variation of the hit ratio as the movementthe percent of queries on moving objects increases, the hit ratio
speed of the mobile client changes. In the experiments the radiuslrops irrespective of which STP strategy is used.

of spatial range of the queries is set between 1 to 100 miles withNumber of Query Object Types on Hit Ratio: Figure[4(right)

90% of the objects having the radius range less than 10 milesshows how the varying number of query object types impacts the
The gain in hit ratio due to spatio-temporal placement is higher hit ratio. Clearly, with the increase in the number of object types,
at lower speeds. At higher speeds like 50 mph to 100 mph, thethe hit ratio drops irrespective of which cache placement scheme
hit ratio reduces for all placement schemes. Not surprisingly, inone uses. This is because, with increase in object types, the prob-
all cases the Bound scheme or speed and query interval adaptivability of overlapping will drop and so does the hit ratio.



4.3 Effect of replacement algorithm the cache of a mobile client is made by combining both the spa-

. ) . . tial validity and temporal validity of query results and the motion
From the grapl|5 it can be seen that irrespective of which behavior and query patterns of the mobile client.
cache replacement algorithm we use, either purely temporal like

LRU or spatial like FAR [[10], the spatio-temporal placement f
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