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Abstract: The usage of mobile equipment like PDAs, mobile phones, Tablet PCs
or laptops is already common in our current information society. Typically, mobile
information systems work in a context dependent (e.g. location dependent) manner.
Considering this characteristics, we present a cache which uses trie-based indexing for
the optimization of accessing data cached on the mobile devices.

1 Introduction and Motivation

On stationary computers managing large and complex data sets is often done by database
management systems. Due to the increasing complexity of mobile information systems,
DBMS-techniques on database servers as well as on mobile devices become more impor-
tant. Though mobile devices are quite powerful, compared to stationary computers they
are called “lightweight”. Nearly all available enterprise databases (e.g. Oracle, DB2) are
offered as functionally limited lite versions usable on lightweight devices.

Today’s mobile radio technologies are still slow and expensive. Therefore, time based
payment models are counterproductive considering a permanent connection. But also vol-
ume based payment models associated with large data sets cause high costs. Furthermore,
technical problems (net overload, electrostatic shield, etc.) can result in disconnections.
Thus, there is the need for storing necessary data directly on the mobile hosts.

In mobile information systems such data sets (replica sets) are requested by the user via the
mobile device from a database server and afterwards locally stored at the mobile device.
Therefore, locally available replica sets can be considered as cache. New queries should
reuse the cached data in order to minimize wireless (expensive and slow) communication.
Only locally unavailable data should be requested from the database server. Designing
such a cache comprises two central tasks: (1) Query Rewriting: Queries, which are ex-
ecuted on the mobile system, have to be rewritten in order to use the cache. If a query
is not completely answerable by the cache, it has to be decomposed into sub-queries in
such a manner that only a minimal subset of the complete result must be requested from
the database server. (2) Cache Replacement: If there is no more available memory on the
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mobile device, no more replica sets can be cached. Therefore, parts of the cache content
have to be deleted. The decision to remove a subset of the cached data must consider pos-
sible future queries. That means, that the remaining state of the cache must fit upcoming
queries as good as possible.

In this paper we present a cache which uses a trie-based indexing schema to provide an
efficient access to the cached replica sets. We take advantage of the special characteristics
of mobile database systems:

o In mobile environments queries are mostly executed in a context dependent! manner.
That means that queries in mobile information systems reflect the elements of the
context (e.g. location, time). For example, a person, who is visiting London and is
using a mobile information system offering information about cultural events, will,
in all likelihood, query current (time dependency) information of events performed
in London (location dependency). Such systems are often called “location depen-
dent services”. But the context of a user contains a lot of other elements [LHO1]
(e.g. used hardware, group membership, task to handle).

e Mobile information systems consider the high cost of wireless data transmission.
Therefore, a lot of “small” queries are used, which can be answered by a “small”
but exact result set. If the user needs more detailed information, additional refined
queries are issued.

We use these special characteristics of queries in mobile informations systems for indexing
the cache on a mobile device.

There are a lot of publications (e.g. [DFJT96], [GG99]) demonstrating that semantic
caches are more effcient than time or reference based caching approaches. In mobile
database systems the most important approach of semantic caching is the LDD-cache
[RDOO0] (based on [DK98]). In [RD99] a cluster extension of the LDD-cache is presented
which increases its performance.

The remainder of this paper is structured as follows: After presenting the index and cache
structure in Section 2, we discuss our query processing and query rewriting approach in
Section 3. We also compare our trie-based query-cache to the LDD-cache in Section 3.
Finally, we discuss different implementation variants in Section 4. Because of the given
space limitations we do not discuss any cache replacement strategy in this paper.

2 Query-Cache Structure

The main issue of a query-cache is the granularity of the cache entries. In contrast to
normal DBMS caches, which store logical pages, query-caches store query results (relation
resp. fragments of relations). Therefore, the queries must be used as access keys. Now it
is possible to check new queries, whether they can be answered from the cache. At this,
we distinguish between the following cases:

Ibased on the context of the user and/or the context of the mobile device



1. The same query has been performed already and its result is still stored in the cache.

2. A query, which results in a superset of the requested result, has been performed
already and its result is still stored in the cache. Therefore, the new query can be
locally answered by using additional operations (e.g. selection). Case (1) can be
considered as a special case of this case.

3. A cached query and a new query overlap, i.e., a subset of the result can be answered
by the cache. Only the non-overlapping subset must be requested from the database
server.

4. There is no compatible query in the cache.

Furthermore, we have to take into account, that a new query may be answered by a combi-
nation of cache-entries. Regarding to these requirements our cache-structure has to support
an efficient search for appropriate entries.

Based on this and on the special characteristics of mobile information systems we chose
the following cache structure: A cache entry always corresponds to a fragment of a relation
— thus to a set of tuples. The entries are indexed by a trie-structure which represents the
query. For that purpose we represent queries in a standardized calculus notation, i.e. in
conjunctive normal form. Predicates are ordered in a lexicographic manner: at first relation
predicates 7;, then the selection predicates p; (also lexicographically ordered). A query
Q= {riAra A~ Arm Ap1 Apa A--- A pp} can be represented as a sequence of
predicates (ri,72,...,7m,P1,D2,...,Pn), Where Vi, j € 1...n,i < j = p; <p; as well
asVi,j € 1...m,i < j = r;<dr; (Ameans “lexicographically smaller”’) holds. Obviously,
this query language is not strong relational complete, but is restricted to a subset of calculi
which is sufficient for the realization of context based, mobile information systems.

For a trie that means, that edges represent predicates and nodes represent links to the
caches fragments. A path P = ri7r9-- -7, p1p2 - - - Dy, in the trie (from the root to any
node) corresponds to the query Qp = {ri Ara A== A7y Apr Apa A+ A ppt. Thus,
the result of a query () p represented by the path P can be found in the cache as the entry
addressed by P.

This cache approach is not limited to exact query matches. We support also the other two
cases (see above) by following a path in the trie predicate by predicate. If a node linking
a fragment is reached and if there are more predicates in the new query, the new query
can be answered by running it on the linked fragment. Otherwise, if no node linking a
fragment is reached so far but all predicates of the new query were used, this new query
can be partially answered by combining all fragments linked by child notes of the current
one. Therefore, the query processor must generate a compensation query which request
the missing sub result and combines it with the cached sub result.

3 Cache-supported Query Processing

After the presentation of cache and index structures in the previous section we discuss the
cache-supported query processing in the following. The central point is the query rewriting



phase: the problem of splitting a query into two sub-queries in such a manner, that a local
sub query can be performed on the cache and a remote query (compensation query) can be
sent to the database server and performed there. The main focus is the minimization of the
amount of data retrieved from the database server and thus the minimization of transfer
costs.

Query rewriting is based on correspondence relations between queries. Following the four
cases presented in the previous section we can distinguish correspondence relations of a
query P and another query @ as follows. For simplification we assume for now, that P
and () contain the same relation predicates, i.e. only the selection predicates are taken into
account.

(A) P = @ means, that the query can be directly performed on the cache. Therefore,
obviously equivalence of all predicates must hold: (p1,...,pn) = (q1,...,qn) <
Vi=1l...n:p;=gq

(B) P C Q means, that ) can be answered by the cache, but an additional filter condition
filter(P, Q) is required. This case can be distinguished into the following sub cases:

(a) @Q consist of more predicates: (p1,...,Pm) C {(q1,.-.,qn) & m < n A
Vi =1...m : p; = ¢;. The corresponding filter condition is: filter(P, Q) =
<qm+1; ey Qn>

(b) @ consist of more restrictive predicates than P. A predicate g is more restrictive
than a predicate p (both defined on an attribute A) if ¢ holds for less tuples than
q whereas a domain wide equipartition of the attribute values is assumed. For
instance, a > 50 is more restrictive than ¢ > 10, written as ¢ > 50 < a > 10.
Operators used for comparison strongly depend on the involved attribute types
(coordinates, time, date, integer, etc.). In [HS] we present an approach, that uses
type dependent “distance” functions (so called ¢-functions). These functions can
also be used in order to compare the restrictivity of selection predicates.

D1y s Dm) Cq1y s qu) & Vi=1.. k<n:
pi=qAVji=k+1...n:q; <p;

Thus, the filter condition is the combination of the more restrictive predicates:
ﬁlter(Pv Q) = <Qk+1; SER) Qn>

(C) P O @ means, that ) consists of less predicates or Q is less restrictive than P. As
a result Q can be partially answered by the cache. For getting the whole result, a
compensation compensation(P, Q) must be performed on the database server. This
case can be distinguished into two sub-cases, too:

M (p1y--.pny T {1, qm) & m < nAVi = 1...m : p; = ¢; There-
fore, the result of a compensation query has to contain all tuples that are not
included in the result of P but belong to the result of Q: compensation(P, Q) =

(g1, @m;, "Pm+1, - 7Pn)



Q2) (p1y--y0n) TGty qn) & Vi=1...k<n:p=qAVj=k+1...n:
Pj = 4j
Thus, the compensation query is: compensation(P, Q) = {(q1, - - - Gn, "Pk+1, - - - ~Pn)
(D) P # (@ means, that there are no consensuses between the predicates of the queries.

Thus, the cache entries belonging to P are not usable for answering Q.
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Figure 1: Relations between a cached query () an a new query P

Considering this correspondence relations (see also Figure 1) we are able to modify a given
query in order to use the cache now. The idea is to collect the nodes, that link appropriate
cache entries, while passing the trie. The result of this procedure are candidate sets of
nodes corresponding to the cases mentioned above. Because we can consider case (A)
as case (B) with an empty filter condition, Algorithm 1 uses only two sets C'S4p and
CSc. If both sets are empty, case (D) is given. The trie is traversed by using the recursive
procedure find_candidate nodes shown as algorithm 2. The generation of the candidate
sets is followed by handling the cases. The function path used in the algorithm returns the
query which corresponds to the path from trie-root to a given node.

Algorithm 1: trie-based Rewriting

given:

query @
trie with root node

CSABIZ {}
CSc:={}



find_candidate nodes (0, root)
ifCSsp = {} ANCSc = {} then
perform () remotely
else if C'S4p # {} then
Node n € CSap
P := path(n)
Q' = filter(P, Q)
perform Q' on the cache-entry associated with n
else if C'Sc # {} then
n = min_cost(CS¢)
P := path(n)
Q' := compensation(P, Q)
do Q'U cache-entry associated with n
fi

Because there may exist more than one candidate node which could be used for answering
a query, the best node have to be detected (see below). Afterwards the filter and the
compensation query is computed and performed.

Algorithm 2 implements the traversing of the trie. Starting at the root-node all edges, i.e.
all predicates, will be checked. If a predicate p in the trie is equal to or less restrictive than
the corresponding predicate of the new query, all child nodes child,(n) are tested. But if
both predicates are contradictorily, the search will stop. If none of these alternatives hold?
then the predicate is ignored and the search continues with all child nodes.

If a checked node contains a link to a cache entry, the path and thus the query is recon-
structed first. Afterwards the correspondence relation between the query and the given new
query is computed incrementally. This is possible because the predicate has been checked
already while running the algorithm. For the simplification of the presentation we skip a
more detailed discussion of this aspect here. If a consensus is found, the actual node is
added to one of the two candidate sets C'S 45 or C'S¢, respectively. If P = @ holds, the
search stops immediately.

Algorithm 2: Traversing the trie

find_candidate nodes (level, node)
if cache-entry associated with node available then
P := path (node)

if P = Q then
CSap :={ node }
return

else if P C () then
CSap :={ node }
else if P 1 () then

2this case corresponds to P 71 Q



CSc :=CSc U { node }
fi

forall p € predicates(n) do
if p = qievel V Glevel = p then
find_candidate_nodes (level+1, child,(node))
else if —(p A Giever) then
/* unaccomplished condition */
return
else
/*ignore predicate p */
find_candidate_nodes (level+1, child,(node))
fi
od

A path is chosen cost dependently from the set of alternative paths. A complete estima-
tion of all costs (e.g. based on cardinalities or histograms) causes an essential additional
expense. Because of the light-weighty of mobile devices only the maximal size of cached
fragments is taken into account.

So far we have assumed that P = {rq Ara A~ - Arpy APt Apa A+ App}tand Q =
{ki ANka A+« ANky Aqu Aga A -+ A gy} differ only in selection predicates, i.e. m = u;
Viel...mr;=Fk,.

Based on the previous ideas, now we discuss shortly the consequences of allowing dif-
ferences between relation predicates. That means that queries can contain joins, too. We
assume that R is the set of relation predicates used by P and K is the set of relation
predicates used by ). Thus, this there exist four cases:

(E) RN K = (), means, that both queries use different relations. Q must be sent to the
database server.

(F) R = K, means, that both queries use the same relations. ) could be answered
locally by the cache but a detailed check of the selection predicates is required (see
above).

(G) R C K, means, that the new query uses () additional relations. A compensation
query must be generated in order to query the missed tuples from the database server.
The join can be computed on the mobile device.

(H) K C R, means, that the new query @ uses some of the relations used by R. @) could
be answered locally by the cache but a detailed check of the selection predicates is
required (see above).

For definitely extending the presented approach by allowing differences between relation
predicates we have to modify algorithm 1 accordingly.



Comparative Discussion:

In the following we compare our trie-based query cache to the classical online approach
without client-site caching and to a semantic caching approach for mobile environments.
Without caching all queries are submitted to the database server where they are performed.
Afterwards the results are sent back to the mobile device. For the comparison to semantic
caching we fall back on the LDD-cache [RDOO0] that uses a location based and time based
indexing of data which is stored as logical pages. Every index entry consist of the name of
the used relation?, the names of the queried attributes, the appropriate location from which
the query was started and a timestamp.

Algorithms for caching and retrieving data require additional computation power. Because
light-weighty is the central characteristic of mobile devices, the size of the cache is strictly
limited. Thus, we do not discuss an explicit derivation of all individual complexities.

A more important point is the efficiency of the cache. A cache which prevents the ex-
pensive and slow wireless data submission is more efficient than a cache which sends a
lot of queries to the database server. In the online approach without a cache obviously all
queries must be send to the database. Thus, it is inefficient. The LDD-cache as well as
our trie-base query-cache are more efficient. The difference between these two approaches
is the cache structure and the index structure and how they can be used. The LDD-cache
stores one separate segment per query. Our trie-based approach does it in the same way but
allows, based on its special index structure, an easy merging of semantically neighboring
or overlapping cache entries. Furthermore, we facilitate the splitting of join-operations in
order to handle relation spanning queries at least partially local. Thus, our approach is
more efficient considering the need for wireless communication.

Another advantage of our approach is the flexibility considering the context elements. The
LDD-cache is restricted to location dependency and can handle timestamps. Because of
using a trie for indexing cache entries we are able to reflect each context element directly
in our index and use it for retrieving adequate fragments in the cache.

4 Implementation Issues

Indexes on the cache of mobile devices are used to minimize the amount of data to be
transferred and the memory required. These targets can be derived directly from the spe-
cific requirements of mobile information systems, i.e. slow and expensive data transfer
and limited resources of the mobile devices.

Especially, to handle the case described in Section 2, where the cache already contains a
superset of the results of a new query, the client has to be able to process a query from
previously cached results. Therefore, the fragments are stored using a local DBMS. On
the leaf level the index structure links to the fragments providing an efficient access as
shown in Figure 1. In principal, the proposed approach can be realized in three different
ways: (1) Each fragment is stored as a separate relation, that is accessed using standard
interfaces like ODBC, JDBC etc. (2) All fragments are stored in one relation and are

3The approach can only use single-relation-queries



accessed using the previously mentioned interfaces. (3) Alternatively, the Oracle Object
Kernel API [Ora02a] can be used, allowing the storage of structured objects in an Oracle
9i lite DBMS.

For implementation purposes Oracle 9i lite is used as a DBMS on the mobile devices, as
it is available for all operating systems of mobile devices [Ora02b]. Unfortunately, JDBC
is not supported on all platforms, so it could not be used.

The following description of the implementation of the trie and the corresponding algo-
rithms focuses on the linkage of cache entries in the tree, and advantages and disadvantages
of the mentioned implementation alternatives.

Access via OKAPI Access via ODBC

N
ent

={ eniry3 |
cache

%

Figure 2: Cache entry referencing using OKAPI and ODBC

The major advantage of the two ODBC approaches is that an already specified and stan-
dardized query language (SQL) can be used. As shown in Figure 2, the access to the cache
entries is possible through the relation name. Hence, the trie edge referencing a cache en-
try contains a SQL query on the cached results. Unfortunately, this implies a performance
loss. All queries, even those that can be answered from the cache, have to be performed
via the ODBC interface. Furthermore, a separate transformation of the query given in cal-
culus notation to SQL is required. Though this can easily be implemented, and is required
for sending compensation queries to the server anyway, it implies an extra effort for local
filter queries or if the result is included as such in the cache. If in this case the fragment is
stored as a separate relation, the semantic context of the contained tuples is retained. If the
results are all stored in one single relation, additional concepts for the identification have
to be implemented to allow a fast filtering and retrieval of (partial) results*.

The third implementation alternative using the Object Kernel API of Oracle 9i lite works
on a level below the SQL interpreter. Tables known in SQL are addressed as a group
of objects in OKAPI. The function okFindGroup provides access to a group using its
name. Accordingly, a trie edge referencing a cached object, contains the path to the cache
entry, as shown in Figure 2. The actual access to the cached results is implemented using
an iterator object containing the search criteria. If the current query is equal to the cached
query no search criteria is necessary. Otherwise, the search criteria is used as a filter over
the cache fragment. The disadvantage of this approach is that the described additional
query functionally has to be implemented.

A combination of the OKAPI and ODBC access is possible, according to [Ora02a], but in
this application not necessary. The combination would become interesting, if there were
further applications accessing the cache, requiring the SQL support of Oracle 9i.

4A trivial inefficient case is for instance the processing of an already cached query on the cache.



5 Conclusion and outlook

In this paper we presented an approach for local caching in a mobile database system en-
vironment. By providing trie-based indexing on the cache entries it is optimal for context
based queries, which are typical in mobile information systems. We thoroughly discussed
the Trie-index structure, and how new queries are “moved through” the trie to retrieve
previously stored query results. In addition to these theoretical considerations and a com-
parison to related work, implementation alternatives based on Oracle 9i lite were described
and compared.

Based on the presented work and the described implementation of the LDD cache the
caching strategies introduced in Section 3 have to be evaluated and compared experimen-
tally. Furthermore, the influence of certain query predicates has to be analyzed. Especially,
the usage of cached data in join operations requires a more detailed specification and anal-
ysis. Based on the results the mobile cache will be integrated in the server infrastructure
for context-based information systems presented in [HS].
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