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Abstract. Many contemporary object-oriented programming languagegort
first-class queries or comprehensions. These languagesexts make it easier
for programmers to write queries, but are generally implete@ no more effi-
ciently than the code using collections, iterators, ang$abat they replace. Cru-
cially, whenever a query is re-executed, it is typicallyomputed from scratch.
We describe a general approach to optimising queries ovebiauobjects: query
results are cached, and those caches are incrementallyamaih whenever the
collections and objects underlying those queries are epdad/e hope that the
performance benefits of our optimisations may encourage igemeral adoption
of first-class queries by object-oriented programmers.

1 Introduction

First-class constructs for querying lists, sets, coltediand databases are making their
way from research systems into practical object-orientedjliages. Language level
queries have their roots in tlset comprehensioradlist comprehensiongriginating

in the 1960s in SETL [36], and named in the 1970s in NPL [5]. Melile, object-
oriented languages have made do with external iteratodagia and &-+) or internal
iterators (Smalltalk) to query their collection librarigg. More recent research lan-
guages such asiJ?2], and general-purpose languages such Python or LINQ fand
Visual Basic [28] have included queries as first-class lagguconstructs.

Explicit, first class query constructs have several adgggaver expressing queries
implicitly using collection APIs and external or interngiiators. Explicit queries can
be more compact and readable than open-coding queries atfirg APls. Queries
(especially in LINQ) can be made polymorphic across diffiémllection implementa-
tions, using the same query syntax for XML and relationahdet well as objects. By
making programmers’ intentions to query collections eipln their code, first-class
query constructs enable numerous automatic optimisatidten drawing on database
techniques [40].

The problem we address in this paper is that existing langneged query con-
structs do not really take mutable state into account. lndtset comprehensions were
introduced in functional languages, where neither theectibns being queried nor the
data contained in those collections were mutable, thus tiestipns of how queries
should best perform when their underlying data was updated dot arise. Relational
databases do support updates to their underlying tabledphbuot support object iden-
tity and generally assume relatively few updates to smatispaf large, external file



structures. In contrast, in object-oriented programmargglages, collections of ob-
jects are routinely mutated: objects are added to and retrfoym collections between
queries, as part of the general run of a program. Objectsgtles are also mutable:
an object’s fields can be assigned to new values by any cotigoestmission to write to
those fields. Changing the collections underlying a quargljtering the objects within
those collections can certainly change the set of objeats@sult from the query. This
ensures that exactly the same query code, executed at tfeoedif instants during a
program’s run, may produce very different results.

In this paper, we present a general technique for cachingimrémentalising
queries in object-oriented languages in the presence dafbifeustate. In previous work
[40] we have presented JQL, the Java Query Language, whislides explicit queries
for Java and uses a range of techniques — primarily join arder to optimise
queries. Unfortunately, the previous version of JQL has eonary for the queries it
calculates: every query is re-evaluated from scratch.ijghper we describe how we
have extended JQL in two important ways to optimise resuitess multiple queries.
First, JQL now caches query results: if the same query isbragted, JQL reuses
the cached result. Second, JQL incrementally updates ttaedees to take account of
changes in objects and collections between queries. Thizi@al because Java is an
imperative, object-oriented language: the objects anécbns used in queries can be
updated by the rest of the program in between query exeautinaremental updating
means that JQL can rely on its caches, and can avoid re-éxgcuteries from scratch,
even when their underlying objects have been updated. Qfepsuch caching costs
both time (the incremental updates) and space (to stor@uisextended caching JQL
includes mechanisms to decide which queries to cache, aiuth whta to store for those
queries.

This paper makes the following contributions:

— We present a general approach to optimising repeated fass-queries in object-
oriented programs, by caching results and updating theesaahthe programs run.

— We detail an implementation of our approach for the Java Puanguage, using
AspectJ to maintain and incrementalise cached query gsesult

— We present experimental data demonstrating that our imgiéstion performs ef-
ficiently.

— We describe a inspection study of the use of loops in prognahish suggests
that many loops could be converted to queries and would tleeefit from our
approach.

While our design and implementation are based on the JaveyQarguage (JQL),
we expect our techniques will apply to queries and set cohgmrsions in any program-
ming language.

2 Queries, Caching and Incrementalisation

To illustrate our approach, we present an example based ealavorld application
calledRobocod¢31]. This simple Java game pits user-created simulateatsapainst
each other in a 2D arena. The game has a serious side as itdragdsal to develop and



teach ideas from Atrtificial Intelligence [13, 16, 32]. A Ralnale Battle object maintains
a private list of Robots, with an accessor method that retalirRobots in the battle:

class Battle {
private List<Robot> robots;

public List<Robot> getRobots() { return robots; }

}
Then, each Robot can scan the battle arena to find other Riobattsck:

class Robot {

public int state = STATE_ACTIVE;

public boolean isDead() { return state == STATE_DEAD; }
public void die() { state = STATE_DEAD; }

private void scan() { // Scan field-of-view to find robots | can see.
for(Robot r : battle.getRobots()) {
if(r'=null && r!=this && 'r.isDead() && r.intersects(...)) {

W

In a language with first-class queries, such as JQL or LINQyaeld rewrite the above
for-loop into something like this:

doAll(Robot r : battle.getRobots() | r'=null && rl=this && !r.isDead()
&& intersects(...)) { ... }

ThedoAll statement executes its body for each element matching ke gonditions
(i.e. those after theg”) in the collection returned bpattle.getRobots(). We refer to this
sub-collection as the query’ssult set Writing a JQL or LINQ query, or a set or list
comprehension, is generally simpler than writing equivat®de using explicit loops
and branches — this is why languages are now adopting laeg@atstructs to support
queries and comprehensions directly. Our previous work ML demonstrates an-
other important benefit of representing queries explicidtabase style optimisations
can greatly improve query performance, especially for ncoraplex queries involving
multiple collections [40].

Our existing optimisation techniques only go so far with Inoets likescan(), how-
ever. The main problem with thezan() method is that it is called in the inner loop of
the Robocode application, run once for every Robot at evarylation step. While we
can optimise each individual query, existing languagestiagiery systems like JQL or
LINQ treat every query execution as an separate event: thayotluse the previous
execution of a query to assist in subsequent executiongafubry.

2.1 Query Caching

To optimise programs like Robocode, programmers focus ahas like scan() that

are called repeatedly. A common and effective approach tisnagging methods per-
forming queries is to cache intermediate results whicthimdase, are the sub-collection(s)
being frequently traversed. For example, the programmeghtkinow that, on average,



there are a large number of dead robots. Therefore, to agpetitively and needlessly
iterating many dead robots in tlean() method, he/she might maintain a cache — a
list of just the “alive” robots — within the Battle class:

class Battle {
private List<Robot> robots; /I master list of all robots
private List<Robot> aliveRobots; // cached list of alive robots

public List<Robot> getRobots() { return robots; }
public List<Robot> getAliveRobots() { return aliveRobots; }

}

Then, in the scan method, the Robots class can iterate thithedist of alive robots,
and doesn’'t need to test whether each Robot is alive or dqaitiédy:

class Robot {

private void scan() { // Scan robot’s field-of-view to find robots it can see.
for(Robot r : battle.getAliveRobots()) {
if(r'=null && r'=this && r.intersects(...)) { ... }

1}

Here, the collectioraliveRobots contains the sub-collection ebots containing only
those whereisDead() holds. In this way, the for-loop iscan() no longer needlessly
iterates over dead robots. Since (after the game has beeimguior a while) there are
generally more dead Robots than alive Robots, this redheatsne taken for the loop
at the cost of extra memory for the cache.

Explicitly maintaining extra collections has several dbagks. It can be difficult to
introduce caches when the interface of the providing olfjecBattle) is fixed (e.qg. it's
part of a third-party library, and/or the source is not afalié, etc). Furthermore, the
optimisation reduces readability and maintainabilitytzes $ource becomes more clut-
tered. Maintaining cached collections is also rather tesliand repetitive, since they
will need to be updated whenever the underlying collectiotihe objects in those col-
lections are updated — whenever a new Robot “spawns” intgainge, or whenever an
alive Robot dies. Finally, code to maintain these optimisaitections must be written
anew for each collection. For example, Roboco@atle class also maintains a list of
Bullets and employs a loop similar tecan() for collision detection. Programmers can
introduce a sub-collection to cache the live bullets, by by duplicating much of the
code necessary to store the sub-collection of live Robots.

To address these issues, we have developed an extensioh tbatQutomatically
caches the result set of a querien this would be beneficidpecifically, our system
caches a query’s result set so it can be quickly recalled whanquery is evaluated
again. Our system employs heuristics to decide when it wbaltheneficial to cache
a query’s result set. In this way, the advantages of caclmpitant sub-collections
are obtained without the disadvantages of performing sptim@sations by hand. The
pragmatic effect of this is that programmers can write caglegiqueries directly over
underlying collections — exactly the same JQL or LINQ-stytale as the straightfor-
warddoAll query version obcan from p.3, but the program performs as if specialised



sub-collections were hand-coded to store just the infadonaequired for particular
queries.

2.2 Cache Incrementalisation

When the source collection(s) of a query are updated (e.gdding or removing ele-
ments), any cached result sets may become invalidatedtidreadly, encapsulation is
used to prevent this situation from arising, by requiringualdates go via a controlled
interface. Thus, updates to a collection can be interceptethsure any cached result
sets are updated appropriately. To illustrate, considémple addRobot() method for
adding a new robot to the arena, where a cache is being nregdtakplicitly:

class Battle {
private List<Robot> robots, aliveRobots;

public List<Robot> getRobots() { return robots; }
public List<Robot> getAliveRobots() { return aliveRobots; }

public void addRobot(Robot r) {
robots.add(r);
if(fr.isDead()) { aliveRobots.add(r); }

1

Here we see that, when a robot is addedaddRobot(), the aliveRobots list is incre-
mentally updatedb ensure it remains consistent with tteeots collection.

To deal with an object update that invalidates a cachedtrsstil our system in-
crementally updates that result set. To do this, we intér@egrations which may alter
the result set of given query — that is where evaluating tineesquery again, with the
same input collections, would yield a different result 3étere are basically two kinds
of operations in programs we must consider: those that addmove objects to the
underlying collections (like thaddRobot() method) or those that change the state of
objects in those collections (e.g. thie() method on Robot, or any other assignments
to Robot’sdead field).

An important issue in this respect is thaery/update ratidor a particular query.
This arises because there is a cost associated with incteliyenaintaining a cached
result set. Thus, when the number of update operationstaffea result set is high,
compared with how often it is actually used, it becomes unenucal to cache that
result set. To deal with this, our system monitors the quegate ratio and dynamically
determines when to begin, and when to stop caching the resulQueries that are
not repeated, or that occur infrequently, are not cacheithereare queries where the
underlying data changes often between queries. Where itherdy a relatively small
change to the data between each query over that data, thesystem can effectively
cache and optimise those queries.

2.3 Discussion

We believe that our approach frees the programmer fromusdiad repetitive optimi-
sations; from the burden of working around fixed interfaeest, finally, that it opens up



the door for more sophisticated optimisation strategies ekample, we could employ
a cache replacement polidhat saves memory by discarding infrequently used result
sets.

One might argue, however, that our approach will furtheitlitne ability of pro-
grammers to make important “performance tweaks”. Suchraegs have been made
before about similar “losses of control” (e.g. assemblysusrhigh-level languages,
garbage collection, etc); and yet, in the long run, these pasven successful. Further-
more, JQL must retain the original looping constructs obJawd, hence, the program-
mer may retake control if absolutely necessary, by writoapk and filters explicitly.

The central tenet of this paper then, is that we can providexaremely flexible
interface (namely first-class queries, which are roughlyiedent to set comprehen-
sions), whilst at the same time yielding the performancec(ose to) of hand-coded
implementations. The key to making this work is a mechanisntéching and incre-
mentalisation of our queries. We choose the Java Query lagggas a test-bed for
exploring this, but the ideas should apply more generally. é&xample, Python'’s list
comprehensions, orfG LINQ would be excellent candidates for our approach.

3 Implementation

TheJava Query Language (JQL3 a prototype extension to the Java language which
introduces a first-class query construct [40]. Queryingdijoled through theelectAll
anddoAll primitives. For example, the following query usesedectAll:

List<String> words = new ArrayList<String>();
List<Integer> lengths = new ArrayList<Integer>();
words.add("Hello"); words.add("Worlds"); words.add("blah”);
lengths.add(4); lengths.add(5);

List<Object[]> r = selectAll(String words, Integer y:lengths | x.length().equals(y) &&
x.length() > 1);

This returns all pairs ofvords andlengths matching the condition So, for the above
example, theelectAll query returng ["Hello”,5], ['Blah”,4]}.

JQL employs optimisations from the database literaturekvban significantly im-
prove upon the obvious nested-loop implementation of aygderprocess a query, the
JQL evaluator pushes tuples through a staged pipeline. §age, known agin in
the language of databases, corresponds to a condition gutrg. Figure 1 shows the
query pipeline for the above query. The ordering of joinghi@ pipeline, as well as the
join type can greatly effect performance. JQL uses heuasisti select good join orders,
and supports several join types, includimgsh-join sort-join andnested-loop joinin
fact, many more strategies and approaches have been pdopbis could be used to
further improve performance (see e.g. [29, 38,12, 37]).

! The JQL notation has changed somewhat since [40] to bringfermline with Haskell and
Python.
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3.1 Adding Caching to JQL

We have implemented a caching system in the JQL prototype.cébhe stores eval-
uation statistics for each query evaluated in the progrard,wses a caching policy
to determine which queries should be cached. The cachernsnmentally updated to
ensure that results stored in the cache are consistentheitstate of the program.

The incrementalised caching scheme we have added to JQLhisotted by the
cache managemwhich keeps statistics for all queries, and determineskvhueries to
cache. Whenever a cached query is evaluated, the cache enamagcepts the evalua-
tion call and supplies its cached results back. When nohezhqueries are evaluated,
the cache manager may decide to begin caching that querpighwase it will build
a cache out of the results of that query. The decision of wh@acthe a query is deter-
mined by a programmer- specifiedching policy

The first task of the cache manager is to match a submitteq uarcached result
set. Static program position, for example, is insufficidiotsee why, consider:

selectAll(Student s : students | s == jim);

The result set of this query will depend upon the actual \abfehestudents andjim
variables at the time the query is executed. A cached resugenerated from a prior
evaluation of this query can only be reused in an evaluatioere the values for these
variables matchTherefore, the cache manager maintains a map, callezhttfee map
from concrete queries (i.e. those whose variables have aidestituted for their actual
values) to their result sets. Whenever a query is submitted;ache manager searches
this map to determine if it contains any matching resultse#fults are available they
will be returned as the result of the query — here we rely onrtbeemental updating
to ensure they are correct even if the underlying objectobiections have changed.
If the results are not available, the query is executed,dBelts are returned, and then
the cache manage consults the caching policy to determiethe@hthe query should be
cached. If so, the result set is entered into the cache magchrediuled for incremental
updating.

For efficiency, the cache manager usesaahMap to implement the cache map.
For this to work, a hash code must be computed for a concregey quhich is not



affected by state changes occurring in the objects reféoregt variables in the query.
For example, in an evaluation of the above query, the vagddldents andjim will
refer to particular objects. If the query is re-evaluatethvihe same values for those
variables, then it should map to the same result set. Fumibrgy, if, in the meantime,
say the object referred to bym is updated, then the concrete query must still map
to the same result set. This, in turn, must have been incrathenpdated to ensure
consistency.

3.2 Incremental Cache Maintenance

Once cached results are in place, it is essential that theey aely reflect the state of the
program being queried. That is, the cached results retumest be identical to those
that would be returned by a non-cached evaluation of theyquirdates to objects
in the program may render cached result sets inconsistethtwa must incrementally
update them by adding and removing new tuples as necessame @re two types of
update that can occur which may affect cache consisteneyadidition or removal of

objects from the source collections; and, the alteratioobpécts already in the source
collections:

Object Addition/RemovalThe results returned from a query may change if an object is
added to one of its source collections. In fact, this maydase the size of the result set,
although it will not decrease it because the evaluation ofi¢aple is independent from
other tuples. Thus, updating a cached query after an oljeti@n requires generating
the new tuples (if any), and adding them to the result sete@img these tuples is
simple, and uses the existing query pipeline. The cache geaaaluates a simplified
version of the query, with the new object substituted in @latthe domain variable.
The strategy for dealing with object removal from a sourd&ction is similar, but not
identical — the result set may decrease in size, but canoase. We must determine
which of the existing tuples are no longer valid, so we itetatough the cached result
set and delete any tuples involving the removed object.

To determine when an addition or removal operation has oeduour prototype
uses AspectJ to instrument collection operations, suclolection.add(Object). When
such an operation is invoked, the cache manager first cheakssure the addition or
removal proceeded correctly (i.e., that the call returned) and, if so, updates the
cache accordingly. Note, the choice to use AspectJ hereéhypfor convenience, since
it eliminates the need to write a custom bytecode manimratiechanism; however,
replacing our use of AspectJ with such a mechanism wouldylideld some perfor-
mance improvements.

Object UpdatesCache consistency can also be affected when an object wittonrce

collection changes state, since it may now fail a conditluat it previously passed,
and vice versa. Thus, we need to know when the fields of anycbbjeany of the

source collections are changed. With AspectJ, we can ipeffeeld write operations
to determine this. Ideally we would intercept only assigntado fields of objects that
participate in queries, however this would require a stesrgjatic program analysis
than currently supported by AspectJ. In our prototype imm@etation, we require the



programmer annotate fields witCachable to indicate which fields to monitor. For
safety, queries involving fields which are not annotag@dachable are not cached,
since we could not guarantee cache consistency. If a progesrknows a particular
field is used in a time-sensitive query, we assume they wilb&ate it accordingly. The
use of@Cachable is a stop-gap measure which we hope to eliminate in futureees
of JQL — although this may require VM support to be effective.

The use of method calls in a query represents another prabldetermining when
an object is updated. For example, ifiet() method call is used to access a field from
within a query, rather than a direct access, the cache maocageot detect that updates
to that field may invalidate the cache. To deal with this, outqtype does not cache
queries containing method calls. A program analyses camgputethod effects could
remove this restriction, but again, the focus of our work lis paper is the design of
the underlying caching mechanism, not such program arslyse

Finally, our incrementalised JQL prototype assumes that-sigspplied collections
adhere to th€ollection interface. For example, it would be simple to create a class i
plementingCollection that broke our incrementalisation by providing adu() method
that returnedrue, but actually did nothing at all. However, those which do exdhto
the Collection interface, such as those in the standaotlections library and sensibly
derived extensions, will function correctly.

3.3 Caching Policy

Cached result sets must be incrementally updated wheneveperation which may
affect them is performed. Such operations incur a nonalreswerhead when they result
in a cached result set being incrementally updated. The fregaently a cached result
set must be incrementally updated, the greater the costeyikeg it. Likewise, the
more frequently its originating query is evaluated, theatgethebenefitfrom keeping
it. On the other hand, queries whose result sets are not dath@ot incur the cost
of incremental updates. Hence, re-evaluating a query frenaitch each time may be
cheaper when the query/update ratio is low and, hence, trerrental maintenance
cost is high.

Caching policy dictates when a query warrants caching, amehveached queries
should no longer be cached. An intelligent caching policgriical to obtaining the
best performance possible from our incrementalised cgdtheme. This is a difficult
challenge to tackle, however. In the absence of updatedweaiaic invalidate the cache,
there is no overhead from incrementalisation, and so cgdkimlways an improve-
ment. In the presence of updates, however, it becomes @egeadalance the cost of
incrementalising a cached result set versus the benefigdéiom keeping it.

Obtaining a perfect caching policy is impossible since duiees future knowledge
of the query/update ratio. Therefore, any caching policsihemnploy heuristics to de-
termine when it is beneficial to cache a result set. We haveistly implemented two
simple policies as part of our incremental caching scherhes@ are:

— Always On. This policy begins caching a query the first time it is eveddaand
never stops (unless the cached result set is forceablyeevittte to memory con-
straints).



— Query/Update Ratia This policy records how often a query has been evaluated, as
well as the number of update operations affecting its socotlections and/or the
objects they contain. Caching the result set of a query lsagiren the query/update
ratio reaches a certain threshold (we use a default value6ffor this) and ceases
when it drops below.

A subtle aspect of the Query/Update Ratio policy is that wetrmaintain information
on our queriegven when their result sets are not being cachithout this, we could
tell when the query/update ratio for a given query crossedtmeshold and it became
beneficial to cache. Therefore, we maintain a record for eanhrete query expression
encountered. This incurs additional overhead, espedfallg consider that there are a
potentially infinite number of such expressions. To deahutiiis, the cache manager
must “garbage collect” records for queries which becometive.

4 Evaluation

Query caching can yield a large performance benefit in progr&owever, it does in-
troduce overhead — the cache must be built, and from then at Ineukept consistent
with changes in program state. We present the results of jperaments investigat-
ing performance: the first examines the performance of Rod®avith and without
incrementalised caching enabled; the second investiatdsade-off of incrementally
maintaining a cached result set, versus recomputing it Boratch every time. Finally,
we report on a study into the number of loops which can be tlimte cachable queries
across a small corpus of Java applications.

In all experiments which follow, the experimental machinasvan Intel Pentium
IV 3.2GHz, with 1.5GB RAM running NetBSD v3.99.11. In eachseaSun’s Java
1.5.0 (J2SE 5.0) Runtime Environment and Aspect/J versii8 vere used. Timing
was performed using the standaystem.currentTimeMillis() method, which provides
millisecond resolution (on NetBSD). The source code fordiQe system and the query
and caching benchmarks used below can be obtainedHti/www.mcs.vuw.
ac.nz/~djp/IQL/

4.1 Study 1: Robocode

The purpose of this study was to investigate the performbeeefit obtainable from
incrementalised query caching on a real-world benchmaakyety Robocode [31].
Here, software “Robots” are pitted against each other irranaa The robots can move
around, swivel their turret to adjust their field-of-viewddfire bullets. There are several
tunable parameters to a game, including the number of rabatsize of the arena.
We profiled every loop in the Robocode application and foumlg six were heavily
executed. Of these, four could be easily converted into d@All() queries. These all
had a form similar to this:

for(Robot r : battle.getRobots()) {
if(r'=null && r'=this && !r.isDead() && r.intersects(...)) {

}}....
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We translated each of these four loops into a #QAll() statement such as:

doAll(Robot r : battle.getRobots() | r'=null && r.state = STATE_.DEAD) {
if(r'=this && r.intersects(...)) {

}}....

There are several interesting observations to make abotriamslation: firstly, we have
inlined theisDead() method call so it can be included in the query without prevent
ing it from being cached (se$3.2 for more on this), although we could not inline
theintersects(...) call; secondly, we have explicitly chosen not to includec¢badition
ri=this in the query itself. To understand why, it's important to sioler that each robot
executes this query during a turn of the game. Thus, inctudithis in the query means
its result set would differ by exactly one element for eadbotpwiththis robot omitted

in each case. This would cause many near identical resslt@sdie cached, with each
requiring an incremental update for each change tadhets collection. In contrast,
omitting ther!=this comparison ensures the result set is the same for each nothot a
hence, that only one cached result set is required, thugitogvthe cost.

Experimental Setugror this experiment, we measured the time for a one round t@mme
complete, whilst varying the number of robots and the aré®a 4 single ramp up run
was used, followed by five proper runs from which the average tvas taken. These
parameters were sufficient to generate data with a variafticent < 0.2 indicating
low variance between runs.

Discussion.Figure 2 presents the results of the Robocode experimemésnigin ob-
servation is that, on the two larger arenas, the effects®ié using incrementalised
query caching becomes apparent as the number of robotagesdn the largest arena
(size 4096x4096), with a large number of robots, we find adpeef around one third.
This is quite a significant result, especially as this sppadciudes the cost of detecting
changes, incrementally updating caches, and the undggpectJ dynamic weaver.
The reason for this is that the length of the game and, mosbiitaptly, the amount
of time a robot will be in the dead state increases with thelmenof robots. Thus, the
caching scheme becomes effective when there are more rebnais there will be many
dead robots that it avoids iterating, unlike the uncachgqaémentation.

For a small arena (size 1024x1024) or few robots, little athge is seen from
incrementalised query caching. The reason for this is thatsmaller arena containing
the same number of robots, those robots will be pushed moselgl together. Thus,
they destroy each other at a much higher rate, which lowerggtlery/update ratio
and decreases the length of the game. We can see that, wheratbdew robots and
the arena size is small, the non-caching implementatighttyi wins out overall. We
would expect that, if the arena size decreased further diffsrence would become
more pronounced at the lower end. Likewise, we would expgett &is the arena size
increased further, thedvantagesf incrementalised query caching would become more
pronounced.
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Fig. 2. Experimental results comparing the performance of the Rot® application with and
without our incrementalised caching scheme.

4.2 Study 2: Cache Incrementalisation

Caching query result sets can greatly improve performaDoee a query’s result set
has been cached, it must then be incrementally updated whieamges occur which
may affect the cached results. Therefore, we have condegfetiments exploring the
trade-off of querying performance against the overhead@timental updates and we
now report on these.

There are two ways that query results can be altered betwednagions: either
objects can be added to or removed from one of the satwtections for a query; or,
the value of an object field used in the query can be change&ither case, the process
for dealing with the change is the same: the affected objgrs$sed through the existing
query pipeline to ascertain whether it should be added oovenh from the cached
result set. We have constructed a benchmark which variestiosof query evaluations
to updates to explore the trade-offs involved. The benckmanstructs three initial
collections containing: Students, n Courses andn Attends objects respectively. The
benchmark performs 5000 operations consisting of eith&laguery or the random
addition and removal of asttends object from its collection (which is a source for the
JQL query). The size of thattends collection is kept constant as this would otherwise
interfere with the experiment, since the cost of a queryuatadn depends upon the size
of theAttends collection. Finally, we considered (in isolation) thraeeges of differing
length to explore the effect of query size on performance.thiee queries are detailed
in Table 1.
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Name Details

One Source selectAll(Attends a:attends | a.course == COMP101);
This query has a single join, and a single domain variableM@@01 is a
constant value for a Course object). Updates to this quepyirieag checking
an affected object’s course field against COMP101.

Two Sources  selectAll(Attends a:attends, Student s:students

| a.course == COMP101 && a.student == s);
This benchmark requires three pipeline stages and has twwidovari-

ables. Updates to this query require checking an affecttbjeourse against
COMP101, and comparing the object’s student field agaihstuadent objects
in students.
Three Sources selectAll(Attends a:attends, Student s:students,
Course c:courses | a.course == COMP101 &&

a.student == s && a.course = c);
This benchmark requires three pipeline stages, and has tumain vari-

ables. Updates to this query require comparing an updatgzttolith all
students, and then comparing those results with all courses

Table 1. Details of the three benchmark queries

Experimental Setupfor each query in Table 1, we measured the time to perform 5000
operations whilst varying the ratio of evaluations to updafAs discussed above, each
operation was either a random addition and random remowal theAttends collec-

tion, or an evaluation of the query being considered. Thsmepeated 50 times with the
average being taken. These parameters were sufficient esajerdata with a variation
coefficient of< 0.15 — indicating low variance between runs.

Discussion.Figure 3 presents the data for each of the queries in TableelreTare sev-
eral observations which can be made from these plots. finstrementalised caching
is not optimal when the ratio of queries to updates is lowsTreflects the fact that,
when the number of evaluations is low, the pay off from caglarresult set is small
compared with the cost of maintaining it. As the ratio inses3 however, the advan-
tages of caching quickly become apparent. Foréti® caching policy, we can clearly
see the point at which it begins to cache the query result $h&splots highlight both
the advantages and disadvantages of this heuristic: wieequibry/update ratio is low,
it can outperform thalways-onpolicy by not caching result sets; unfortunately, how-
ever, the point at which it decides to cache result sets isl fared, hence, it does not
necessarily obtain the best performance on offer.

Another interesting observation from the plots is that tbmplexity of the query
affects the point at which it becomes favourable to cacheltrests. This is because
the cost of an update operation is directly affected by thalwer of source collections
in the query. If there is just one source collection, thenheagdate corresponds to
simply passing the affected object through the pipelineyéwer, if there is more than
one source collection then, roughly speaking, we musttietee product of those not
containing the affected object. Clearly, this quickly bees expensive and can easily
outweigh the gains from incrementally maintaining cachesiilt sets.
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One Source Benchmark, #0ps=5000, Collection Size=1000
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Fig. 3. Experimental results comparing the evaluation time withoaching, withalways-on
caching and withratio caching.

4.3 Study 3: Understanding Program Loops

Queries represent a general mechanism for replacing loggollections. This raises
the question of how many loops found in typical programs d¢arfact, be replaced
by queries. To understand this, we inspected every loopard#va programs listed in
Table 2. We found that the majority of loops can be classifigd a small number of
categories, most of which can be replaced by queries. Fauitposes of this paper, we
are also interested in which loops can potentially beneadfinfcaching and incremen-
talisation.

| Name | Version [ LOC |
Robocode (Game) 1.21A | 23K
RSSOwI (RSS Reader) 123 46K
ZK (AJAX Framework) 2.2.0 45K
Chungles (File Transfer) 0.3 4K
Freemind (Diagram Tool) 0.8 70K
SoapUl (WebService Testing) 1.7b2 68K

Table 2.Java Programs Inspected for Study 3
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Taxonomy of Loop CategorieQur inspection used the following categories of loops in
programs: Unfiltered, Level-1 Filters, Level-2+ FilteredRice, and Other — for loops
which did not fit in to one of the other categories.

Unfiltered. Loops in this category take a collection of objects and applye function
to every element. This roughly corresponds to tiep function found in languages
such as Haskell and Python and is the simplest category p$§ltiat can be expressed
as queries. An example from Robocode is the following:

for(Robot r : robots) { r.out.close();}

These loops do not stand to gain from caching and incremsatiain since they already
operate over whole collections — thus, there is nothing thea

Level-1 Filters. These loops iterate a collection and apply some functiondoteset
of its elements. We've discussed how the Robocode gamedraigioperates on every
alive robot, by selecting from the main robot list:

for(Robot r : battle.getRobots()) {
if(r'=null && r'=this && 'r.isDead() && r.intersects(...)) { ... }}

We have already seen how this loop can be turned irtoAdl() JQL query. The key
point is that, in our system, the list of &bbots which are not dead can be cached and
incrementally maintained. This prevents us from iteratingryRobot every time the
query is evaluated (as is done in the original code). Hemig ctass of loops stand to
benefit from caching and incrementalisation.

Level-2+ Filters. This category is a logical continuation from the previousept that
it identifies nested loops, rather than simple loops, whiglrate on a subset of the
product of the source collections. A simple example is thiefong code for operating
on students who are also teachers:

for(Student s : students) {
for(Teacher t : teachers) {
if(s.name.equals(t.name)) { ... }}}

This would be translated into the following JQL query:
doAll(Student s:students, Teacher t:teachers | s.name.equals(t.name)) { ... }

The greater the level of nesting, the greater the poterditl af such a loop is. But, at
the same time, the greater the potential gain from the opiirmiquery evaluator used
by JQL. Intelligent join ordering strategies and increnadineéd query caching can all
greatly speed up such nested loop operations.

In our categorisation, we distinguish level-1 from level-fiters for several rea-
sons: firstly, level-1 filters are by far the most common in banchmark programs;
secondly, they stand to gain from the incrementalised cactdchnique presented in
this paper, but not from the join ordering strategies oetlim our earlier work [40].

Reduce.The Reduce category consists of operations which reduce a collecjatio(
either a single value or a very small set of values. Summiagtbéments of a collection
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is perhaps the most common example of this. Concatenatioliggton into one large
string is another. These operations cannot be expressegdsgin our query language
and, hence, do not stand to benefit from incrementalised/@qaehing. However, with
a sufficiently expressive query language it is possible tontaan them incrementally,
although this requires more complex techniques than weargiadering here (see [24]
for more on this).

Other. The majority of loops classified undether are related to I/O (e.g. reading until
the end of a file, etc.). The remainder are mostly loops orectitins which either: de-
pend on or change the position of elements in the collectiea Section 5.1 for more on
this); or operate on more than one element of the collectiartine.Collections.sort(),
for example, cannot easily be expressed as a query sindeegt tgon the ordering of
elements. LikewiseCollections.reverse() is also not expressible as a query.

Results and DiscussiorlJsing this taxonomy we examined, by hand, the set of open
source Java programs listed in Table 2. The results of ouysieaare presented in
Figure 4. Roughly two-thirds of the loops we encounteredenexpressible as JQL
queries and, of these, roughly half would stand to benefinfaur incrementalised
caching approach. Unfiltered is the most commonly occuatggory of loops, which
seems unfortunate as these cannot gain from incrememwtalesehing. An interest-
ing observation, however, is that many of the “Unfiltereddps may, in fact, already
be operating on manually maintained query results. To wtded this, consider the
Battle.getAliveRobots() method fron2.1 and corresponding loop Robot.scan(). Since
this iterates the entire collection returnedisttle.getAliveRobots(), it would be clas-
sified as “Unfiltered”. However, this loop would not even éxisa system making use
of cached, incrementalised queries! A deeper analysiseo$titucture of programs is
needed to prove this hypothesis, however.

Another observation from Figure 4 is that there are relbtifev “level-2+ Filter”
loops. Such operations are, almost certainly, activelyida by programmers since
they represent fairly expensive operations. The high ptegpoof “other” loops found
in the Freemind benchmark may also seem somewhat surprigivgever, upon closer
examination of the code, it became apparent that the mgajofithese came from an
automatically generated XML parser.

Finally, it is important to realise that, although our arsédyof these programs indi-
cates many of their loops could be transformed into quert@shwcould benefit from
incrementalised query cachirthjs does not mean they necessarily willmany cases,
for example, the loops in question may operate over cotiastivhich are small and,
hence, the potential gain from incremental caching woultirbied. Nevertheless we
argue that, even if performance is not improved, the redilabnd understandability
of the code will be.

5 Discussion

In this section we discuss some further issues related toygqaehing and incremen-
talisation.
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Operation Expressible BenefjtRobocode RSSOwl ZK | Chungleg Freemind SoapUl
as Query? from C/I
Unfiltered Yes No 38 117|140 24 211 372
L1 Filter Yes Yes 92 109|124 18 160 154
L2+ Filter Yes Yes 8 2 4 0 2 1
Reduce No No 21 34| 14 6 30 39
Other No No 66 67| 62 31 696 126
Total I 225]  329|344] 79] 1099 692
Robocode RSSOwI .
Unﬂltered;-""':f P --;_i_Tgnf|ltered
Reduce g Level 1 Reduce

Filter

Other Level 1
AR : Filter
Level 2+ Filter Level 2+ Filter
ZK - Chungles -
= -:‘-,Unﬂltered "c__,o)-‘. --u_‘Umﬂltered
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Level 2+ Other
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Reduce - s &._.._._pnfi ltered

" \Unfiltered padyce A

Other
Other

Level 1
Level 2+ |:i|ter':'|ter Level 2+ Filter Level 1 Filter

Fig. 4. Categorisations of loop operations in Java programs. NGt&, stands for “Caching and
Incrementalisation”. Hence, “L(evel-)1 Filter” and “L(el)2+ Filter” are the two loop classes

which can benefit from the incrementalised query cache agproutlined in this paper.
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5.1 Ordering

Certain kinds of loops are not amenable to being rewrittequasies. In particular,
those where the ordering of elements is important preserttdgm. A typical example
is a “zip” operation, which corresponds to the following:

int[] arrayAdd(double[] as, double[] bs) {
int len=Math.min(as.length,bs.length);
double[] cs = new double[len];

for(int i=0;il=len;++i) { cs[i] = as[i] + bs][i]; }

}
In this loop, elements are combined only if they are at theesposition; hence, element
order is important and must be preserved by any query intetweeplace this loop.
Since our query constructs have no notion of order, we caomaoently rewrite this
loop as a query. However, by viewing an arbdy as a set ofX,int) pairs, where the
second component is the array index, it becomes possible titisl Expressed as a set
comprehension, the query is:

{(c,i) | (a,i) € as A (b,j) Ebs Ai=jAc=a+b}

This cannot be expressed in JQL, although we believe it wbaldiseful to support
such queries. Interestingly, however, it can be express&ytihon, but only wheas
andbs are already lists of pairs. For example, we can write th@¥alhg in Python:

listl = [(5,1), (5,2), (5,3)]
list2 = [(5,1), (5,2), (5,3)]

print [x+y for (x,i) in listl for (y,)) in list2 if i==j]

> [10,10,10]

However, this does not correspond with our original quengasithe order information
has been encoded explicitly. This is necessary as Pythanrdaieallow one to treat a
list as a set of pairs. Thus, although lists in Python maintag¢ order of their elements,
this information is not accessible as part of a list compnsian.

5.2 Transitive Closures

One category of loops which cannot be replaced with querieshese which involve
operations such as transitive closure. To understand,tbessider the following simple
Java loop:

Vector<Pair<Integer,Integer) src = ...;
Set<Pair<Integer,Integer) out=new HashSet..;

for(Pair<Integer,Integer> x : src) {

for(Pair<Integer,Integer>y : src) {
if(x.second() == y.first()) {
out.add(new Pair(x.first(),y.second()));

133
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This performs a “one-level” transitive closure and it canteghly expressed as a JQL
query like so:

selectAll(Pair<Integer,Integer> x:src, Pair<Integer,Integer> y:src | x.second() == y.first());

The difficulty then is that we cannot express a general ti@asilosure without resort-
ing to some kind of loop. For example, we might try somethikg this:

selectAll(x:src, y:src | isPath(x.second(),y.first()));

But this still requires a loop inside thsPath() method since this predicate cannot be
expressed as a query. Some relational languages, incluegtiegt versions of SQL, and
the Alloy model checker assertion language have expligipsu for transitive closures
in the language, and we plan to experiment with that in JQL.

5.3 Designing for Querying

Optimised, first-class queries supported in programminguages should change the
way programs are designed. To canvas these issues, cam&deliowing interface for
aGraph:

interface Graph {

boolean addEdge(Edge e);
boolean removeEdge(Edge e);
Set<Edge> edges(Object n);

}

This provides a fixed set of common operations for manipulpgiraphsaddEdge(e),
removeEdge(e) andedges(n) (this returns the set of edges involving some ohj¢cthe
add/remove operations avpdateswhilst theedges() accessor is guery But, what
does it query over? In an abstract sense, a graph is simptyoésairs &/; theedges(n)
operation is then a query over this set and can be formulatadsat comprehension:

edges(n) = {(z,y) € E|z=nVy=n}

Thus, it becomes apparent that @kraph ADT fixes the set of possible queries when,
in fact, many more are possible. For example, we might likelttain the set of edges
involving a noden, whilst excluding loops (i.e. edges to/from the same node):

without loops(n) = {(z,y) € E|(x =nVy=n)Az #y}

Since this operation is not part of o@raph ADT, a user wanting this functionality must
obtain it manually. This is not hard to do; one simply itesab@eredges(n) and uses a
conditional to narrow it down appropriately. However, tlisumbersome and, we ar-
gue, most programmers expend considerable time writing kaps needlessly. First-
class queries, on the other hand, provide a much cleaner angl general interface.
The challenge, however, lies in making them competitivéwiainual implementations
of such ADTSs, which are typically optimised for the querieeyt support. By caching
query results, and then updating caches to compensatedageh in the program, we
believe our incrementalised query caching represents partiant step in this direction.
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We hope it may allow programmers to write less optimised ABplementations, with
more general APIs, and then rely on queries to provide movarexed operations that
the ADT'’s clients require.

To see how incrementalised query caching can affect prodesign, compare two
sketches of implementations of theaph ADT. First, an adjacency list design provides
an efficientedges(n) operation (iteration is linear itedges(n)|), storing a set of edges
for each node:

class AdjacencyList implements Graph {
HashMap<Object,HashSet<Edge) edges = ...;

boolean addEdge(Edge e) {
edges(e.head()).add(e);
return edges(e.tail()).add(e);

}
boolean removeEdge(Edge €) { ... }

Set<Edge> edges(Object n) {
HashSet<Edge> rs = edges.get(n);
if(rs == null) {
rs = new HashSet<Edge>();
edges.put(n,rs);

return rs;
3

A simpler, somewhat naive, implementation can maintagesds a single set:

class CompactGraph implements Graph {
HashSet<Edge> edges = ...;

boolean addEdge(Edge €) { edges.add(e); }
boolean removeEdge(Edge €) { ... }

Set<Edge> edges(Object n) {
HashSet<Edge> rs = new HashSet<Edge>();
forall(Edge e : edges) {

if(e.to() ==n || e.from() ==n) {

rs.add(e);

1}

return rs;
1

In the simpler design, answering théges(n) query requires traversing the entire edge
set whilst building up the result set. The advantage, howésea reduced memory
footprint and faster add/remove operations (since theydadwath HashMap lookups).
Such trade-offs in ADT implementations are, of course, wetlerstood.

The advantage of incremental querying incorporated intiognamming language
is thatsuppliersof ADTs can choose not to make these design tradeoffs: thepica
duce a straightforward design, and then rely on incremeatzies to improve the per-
formanceof those queries that are actually executed by particulartiprogramslf,
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for example, a graph is updated often bages(n) is called relatively infrequently, then
the time and space costs to maintain the hash set, not toaneht additional pro-
grammer effort required to implement the more sophistitatgplementation, are all
unnecessary.

So we can view thélashMap in AdjacencyList as precisely the kind of incremental
cache that we discuss in this paper. If the ADT queries arbatde, even our limited
prototype will cache the result etiges(n) in CompactGraph, and prevent its recompu-
tation if edges(n) is called again for the same Of course, if the graph changes due
to an update operation, JQL's cache will become out of symd s@ will be incremen-
tally updated them to reflect the new graph. So, JQL's cachiésavrespond almost
exactly to theAdjacencyList implementation — except that the work is done automat-
ically within the caching system, rather than manually by pihogrammer. Over time,
we expect that programmers will be able to design simplerraate straightforward
programs, and rely upon incrementalised caching to praatdeptable performance.

6 Related Work

Language queries and set comprehensions — generally withohing or incremental-
isation — have been provided in many languages from SETL486]NPL [5] through
Haskell and Python up to«C[2], and LINQ in Gt and VB [28].

Regarding optimisation of queries, an important work ig tfd.iu et al.[24] who
regard all programs as a series of queries and updates. Evejoged an automatic
system for transforming programs in an object-orientedjlage extended with set
comprehensions; this operates at compile time, adding tekeplicitly cache and in-
crementalise set comprehensions. Thus, their increniggdataches are hard-coded
into the program, which contrasts with our more dynamic apph. They demonstrate,
for several Python list comprehensions, that the code pediby their system is sig-
nificantly faster than the base implementation. This apgre@ems interesting since it
takes the programmer closer to the goal of specifying commperations, rather than
implementing them laboriously by hand. In other work, leiual. consider efficiently
evaluating Datalog rules using incrementally maintairetd £3] and, elsewhere, have
demonstrated the value of this in the context of type infeed 7]. They have also con-
sidered incrementalisation of more general computatimejding array aggregation
(essentially multi-dimensional reduce) [25] and recle$iinctions [26]. More recently,
Acaret al. have design a general incrementalisation framework ast@mgion to ML,
and prove that incremental computations have the same gsuabn nonincremental
computations with the same inputs [1].

The problem of incrementally evaluating database quekiesyn as theriew main-
tenance problepnhas received some considerable attention in the pas{8eld, 9, 30,
18]). This problem differs somewhat from ours in several svdirstly, it is usually
assumed that the choice to incrementally maintain a tabteade by the database ad-
ministrator; secondly, certain operations (in particutaduce) are not relevant in this
setting. Nevertheless, it is useful to consider what has beee here. Gupta and Mu-
mick examined the view maintenance problem in a traditiatzhbase setting [10].
They discuss a number of optimisations and algorithms fonrlle literature. For ex-
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ample, some algorithms operate when the source tables grpantially available and
this limits the situations where incrementalisation caisdfely performed; others (e.qg.
[11]) use something akin to reference counting to make delpérations more efficient.
By counting the number of ways a tuple can enter the resu(kaetvn asderivations,
these systems can avoid re-examining the whole source damhain a tuple is deleted.
Another interesting work is that of Nakamura, who considetes incremental view
problem in the context of Object-Oriented Databases [3B]s Betting is considered
more challenging than for traditional databases as OODBs handle more complex
data structures and, presumably, queries.

Another relevant work is that of Lenceviciatal,, who developed a series Query-
Based Debugger®1, 19] to address theause-effect gaf6]. The effect of a bug (er-
roneous output, crash, etc) often occurs some time aftestfiement causing it was
executed, making it hard to identify the real culprit. Levicaus et al. observed that
typical debuggers provide only limited support for thislire form of breakpoints that
trigger when simple invariants are broken. They extendedit allowing queries on
the object graph to trigger breakpoints — thereby providingechanism for identi-
fying when complex invariants are broken. They also considi¢he problem of in-
crementally maintaining cached query result sets [20,PRgir system always chose
to incrementalise queries, rather than trying to be seleebout this as we are. Nev-
ertheless, they observed speed ups of several orders ofimdgmhen caching and
incrementalisation were used.

Several other systems have used querying to aid debuggthagtthough none of
these support caching or incrementalisation, it seemlylikey could benefit from it.
The Fox [33, 34] operates on program heap dumps to checkircestanership con-
straints are properly maintained. The Program Trace Quanguage (PTQL) permits
relational queries over program traces with a specific facuthe relationship between
program events [8]. The Program Query Language (PQL) is dasisystem which
allows the programmer to express queries capturing ercenieehaviour over the pro-
gram trace [27]. Hobatr and Malloy [14, 15] present a queagdadl debugger for C++
that uses the OpenC++ Meta-Object Protocol [4] and the @KJenstraint Language
(OCL) [39]. This system consists of a frontend for compil®GL queries to C++, and
a backend that uses OpenC++ to generate the instrumentatiemecessary for evalu-
ating the queries. Our JQL system was originally inspireth@ge debugging systems,
but was extended to support a range of join optimisations single queries [40]. This
paper describes how we extended JQL to cache results betyveeies, and then in-
crementally to update those caches to account for changles program as it executes
between queries.

Finally, Ramalingam and Reps have produced a categoribéiddraphy of incre-
mentally computation, which covers the diverse ways in Whncrementalisation has
been applied in computer science [35].

7 Conclusion

In this paper we have presented the design and implememtzstepsystem for caching
and incrementalisation in the Java Query Language. Thisawgs the performance
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of object queries which are frequently executed, by cachjungries’ results and then
updating their caches as the program runs. This means thsgguent queries can ben-
efit from the work performed by earlier queries, even whike ¢hjects and collections
underlying the queries are updated between of each quecyae.

An important aspect of our design is the choice of when toementalise a query.
This is a challenge because incrementalisation is not f®: finstrumentation is re-
quired to track updates to objects and to determine how th#set the cached result
sets, and memory is required to store the caches. We haviéiededa experimental
study looking at different ratios of queries to updates ineffort to understand the
trade-offs here. Furthermore, although we considered mgtively simple caching
policies in this paper, it seems likely that many interegtireuristics could be devel-
oped to address this problem. We have also presented a sisylycting loops in Java
programs, which indicates that many loops could be rewrittgh queries and would
stand to benefit from caching and incrementalisation.

The complete source for our prototype implementation islabvie for download
from http://www.mcs.vuw.ac.nz/~djp/JQL/ . We hope that it will motivate
further study of object querying as a first-class languagesiract.
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