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Abstract. Manta is a highly optimizing compiler that translates Jauarse code
to binary executables. In this paper, we discuss four JagaHic code optimiza-
tions and their impact on application performance. We asthesexecution time
of three application kernels, comparing Manta with the 1BV 1.3.0, and with
C-versions of the codes, compiled with GCC. With all thremkés, Manta gen-
erates faster code than the IBM JIT. With two kernels, the tslarersions are
even faster than their C counterparts.

1 Introduction

Java has become increasingly popular as a general-pummzgamming language. Key
to Java’'s success is its intermediate “byte code” reprasientthat can be exchanged
and executed by Java Virtual Machines (JVMs) on almost amypeding platform.
Along with Java’s widespread use, the need for a more efti@gacution mode has
become apparent. A common approach is to compile byte coéadoutable code.
Modern JVMs come with a just-in-time compiler (JIT) that doimes Java’s platform
independence with improved application speed [4]. A modéced approach is to com-
pletely avoid byte-code interpretation by statically cadling byte code to executable
programs [1, 7, 12]. Combinations of JIT and static comjuitaaire also possible [11].

A disadvantage of byte-code compilation, however, is thematational model of
the byte code which implements a stack machine [14]. Mapftigy (virtual) stack
machine on existing CPUs (that are register based) is hahder directly generat-
ing register-oriented code. Our Manta compiler thus folawdifferent approach and
translates Javsource cod¢o executable programs. Manta performs code optimizations
across the boundaries of Java classes and source files lgyausimporary database of
the intermediate code of all classes of an application pmogiVith this large base of
information, the Manta compiler can generate very efficeatte. In addition to gener-
ating efficient sequential code, a source-level compilena us to add slight language
extensions, like new special interfaces, for purposes @lighcomputing [8, 13].

Until recently, many scientific codes have been implemeineithe C language,
mainly for reasons of efficiency. From a software-develophpeint-of-view, it is de-
sirable to use Java instead of C, allowing to use featurestlikeads, objects, excep-
tions, runtime type checks, and array bounds checks in ¢odEase programming and



debugging. Unfortunately, several of these features dhice performance overheads,
making it diffcult to obtain the same sequential speed feades for C. In this paper, we
discuss to what extent these Java-specific overheads catibezed away. We imple-
mented a range of existing compiler optimizations for Jawa, study their performance
impact on application kernels.

2 The Manta Compiler

The Manta compiler is part of the Manta high-performanceJasstem. Intended for
parallel computing, Manta also provides highly-efficieatranunication mechanisms
like remote method invocation (RMI) [9] and object replicat[8]. Figure 1 illustrates
the compilation process. Manta directly translates Jauacgocode to executables for
the Intel x86 platform. The supported operating systemrigiki For extensive program
analysis and optimization, the Manta compiler relies omitsrmediate code data base.
The availability of intermediate code for all classes of pplication allows optimiza-
tions across the borders of classes and source files. Maftizient RMI mechanism
comes with a compatibility mode to Sun’s RMI, allowing Maptagrams to communi-
cate with other JVMs. For this purpose, the exchange of bytie ¢s necessary. Manta
usesjavacto generate byte code which is also stored in the executabram for
the sole purpose of sending it to a JVM along with an RMI. Faengng byte code,
Manta executable programs contain a just-in-time comfiler compiles and dynami-
cally links new classes into running programs. The treatroéhyte code is described
in [9]. In this paper, we focus on the generation and optitioreof sequential programs
by the Manta compiler.

The Manta compiler implements several standard code apiion techniques
like common-subexpression elimination and loop unrol[it®]. The intermediate-code
data base (see Figure 1) allows extensive, inter-procedoadyses, even across sev-
eral classes of a Java application. In the following, weulisdour code optimization
techniques (object inlining, method inlining, escape gsial and bounds-check elim-
ination) and two programmer assertions (closed-worldragsion and bounds-check
deactivation) that are related to Java’s language featiManta allows its optimiza-
tions and assertions to be turned on and off individuallyc@mmand-line options.

2.1 Closed-world Assumption

Many compiler optimizations require knowledge about theplete set of Java classes
that are part of an application. Java’s polymorphism, inlsimation with dynamic class
loading, however, prevents such optimizations. In thigctge programmer has to ex-
plicitly annotate methods dmal in order to enable a large set of optimizations.
However, thefinal declaration has only limited applicability as it selechvdis-
ables polymorphism. Its use for improving application perfance furthermore con-
tradicts its original intention as a means for class-hi@radesign. Fortunately, many
(scientific) high-performance applications consist of &dixet of classes and do not
use dynamic class loading at all. Such applications can b#pited under aclosed-
world assumptionall classes are available at compile time. The Manta canpis a
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Fig. 1. The Manta compilation process.

command line option by which the programmer can assert oy ttenvalidity of the
closed-world assumption.

2.2 Object Inlining

Java’s object model leads to many small objects with refeeno other objects. For
improving application performance it is desirable to aggte several small objects to
alarger one, similar to C’s struct mechanism. Such an aggjregis callecbbject inlin-
ing [6]. Performance is improved by reducing overheads froredtireation, garbage
collection, and pointer dereferencing. The following cdidgment shows an example
of object inlining. When Manta can derive (via propieral declarations or the closed-
world assumption) that the arrayis never reassigned in objects of clas¢left), then
the array can be statically inlined into objects of clalséright). Note that the shown
optimization can not be implemented manually because daka h corresponding syn-
tactical construct for arrays. In order to allow proper wgects are inlined along with
their header information, including, for example, vtaliteamethod dispatch. For feasi-
bility of the analysis, Manta inlines only objects creatéeckly in field initializations.

class A { class A {
int [] a=newint[10]; } int a[10]; }
original classA with separate array object A with inlined array

2.3 Method Inlining

In C-like languages, function inlining is a well-known apization for avoiding the

costs of function invocation. In object-oriented progratris common to have many,
small methods, making method inlining desirable for Jaea.dny object, the methods
of its most-specific class have to be invoked, even afteingasin object reference to
a less specific class. These program semantics, which dre ebte of object-oriented
programming, prevent efficient method inlining. Only profieal declarations or the

closed-world assumption enable efficient method inlinkhgwever, in the presence of



polymorphism and dynamic class loading, methods can béysaleed if they are
either declared astatic or if the compiler can statically infer the object type. Ireth
following example, the methothc would be an ideal candidate for inlining due to
its small size. It can be inlined if the compiler can safelyiekethat there exists no
subclass ofd that replaces the implementationin€. Manta does not inline methods in
the presence dfy/catchblocks. Also, methods are only inlined if they do not exceed
200 assembly instructions or 20 recursively inlined meghod

class A { int a
void inc() { a++; }
void other() {inc(); } }

2.4 Escape Analysis

Escape analysis considers the objects created by a givérodi, 5]. When the com-
piler can derive that such an object can nee@rapehe scope of its creating thread (for
example, by assignment to a static variable), then the bbggomes unreachable after
the method has terminated. In this case, object allocatidrgarbage collection can be
avoided altogether by creating the object on the stack ofitheing thread rather than
via the general-purpose (heap) memory. In the case of oreati the stack, method-
local objects can be as efficient as function-local varisbieC.

One problem with stack allocation of objects is the limitéalck size. To resolve
this, Manta maintains separagscape stackthat can grow independently of the call
stack, while keeping the local objects apart from the gdradlacation and garbage-
collection mechanism. To further minimize the size of theage stacks, Manta detects
repetitive creation of temporary objects in loop iterai@mnd re-uses escape stack en-
tries if possible. In general, Manta implements escapeyaisalising backward inter-
procedural data-flow analysis combined with heap analysis.

2.5 Array Bounds-check Deactivation and Elimination

The violation of array boundaries is a frequently occuringgpamming mistake with
C-like languages. To avoid these mistakes, Java requirag lbounds to be checked at
runtime, possibly causing runtime exceptions [3]. Thisitioldal safety comes at the
price of a performance penalty. A simple-minded, but unepfenization is to suppress
the code generation for array-bounds checks altogetheridga is that boundary vio-
lations will not occur after some successful, initial pragrtesting with bounds checks
activated. Completely deactivating array-bounds cheuks gives the unsafety of C at
the speed of C. Manta has a command-line switch by which thgrammer can assert
that array-bounds checks can be completely deactivated.

A safe alternative to bounds-check deactivation is impleedin the Manta com-
piler. Inside the code of a method, Manta can safely elineittadse bounds checks that
are known to repeat already successfully passed checkexborple, if a method ac-
cesses[i] in more than one statement, then only the first access nearmabcheck.
For all other accesses, the checks can safely be omittechgsalo Manta can derive
from the code that neither the array baseor the index; have been changed in the



meantime. For this purpose, Manta performs a data-flow aislkeeping track of the

array bases and related sets of index identifiers for whieimts checks have already
been issued [10]. The current implementation, howevels do¢yet perform this data-

flow analysis across method boundaries. Currently, metheacation between array

accesses empties the affected sets of already-checkgdderdifiers but does propa-

gate this information to the called methods.

3 Application Kernel Performance

We investigated the performance of the code generated byavesing three applica-
tion kernels. For each kernel, we used two versions, onéanrit Java and one written
in C. Both versions were made as similar to each other astgesBor each application,
we compare the runtimes of the Manta-compiled code (witasdertions and optimiza-
tions turned on) with the same code run by the IBM JIT 1.3.0witld the C version,
compiled by GCC 2.95.2 with optimization level “-O3". We thaompare Manta with
the (Linux) standard C compiler and the most competitive Wliifortunately, perfor-
mance numbers for other static Java compilers were notdnlaito us.

Manta’s best application speeds have been obtained aggtré closed-world as-
sumption, enabling object inlining, method inlining, arstape analysis, while deacti-
vating array-bounds checks. For evaluating the impactefritlividual optimizations,
we also provide runtimes with one optimization disabledigrkéeping all others turned
on. Because the closed-world assumption has a strong irpatte other optimiza-
tions, we present runtimes for the other optimizations waith and without closed-
world assumption. For array-bounds checks, we preseritmaatcomparing deactiva-
tion (included in the best times) with elimination, and geheactivation. All runtimes
presented have been measured on a Pentium Ill, running a#B@Qusing the Linux
operating system (RedHat 7.0).

3.1 Iterative Deepening A* (IDA*)

Iterative Deepening A* (IDA¥) is a combinatorial search atghm. We use IDA* to
solve random instances of the 15-puzzle (the sliding-tiezte). The search algorithm
maintains a large stack of objects describing possible sthat have to be searched
and evaluated. While doing so, many objects are createchdgady. Table 1 lists the
runtimes for IDA*. The code generated by Manta, with all asses and optimiza-
tions turned on, needs about 8.3 seconds, compared to 1&&dsewith the IBM
JIT. For IDA*, we actually implemented two C versions. Onesien keeps all data
in static arrays and completes in 4 seconds. A second vezsintates the behavior of
the Java version by eagerly usintplloc andfree to dynamically allocate the search
data structures. This version needs 15.6 seconds, almizgt &8 long as the Manta
version. The comparison of the two C versions shows thaiegijdns written without
object-oriented structure can be much faster than a Jesaxdirsion of the same code.
However, with similar behavior of the application versipdava programs can run as
fast as C, or even faster.



As can also be seen from Table 1, the most efficient optinaindtir IDA* is object
inlining which drastically reduces the number of dynaniicateated objects. Under
the closed-world assumption, the other optimizations Hearely any impact, except
for deactivating array bounds checking. The versions inctvtd@rray bounds are ei-
ther active or partially eliminated need 0.5 seconds lorlgan the best version that
completely deactivates all array-bounds checks. Withmeittosed-world assumption,
object inlining is not effective, so the runtimes are in tame order as with completely
disabling object inlining.

Table 1.1DA* (15-puzzle), application runtimes in seconds

Manta, optimizations turned off individually
compiler best time] closed world no closed world
IBMJIT 1.3.0 19.524|| no object inlining 26.486 26.516
Manta, best 8.271| no method inlining 8.935 26.661
GCC 2.95.2-03 3.959| no escape analysis 8.915 26.561
GCC, malloc/free  15.591| bounds-check elimination 8.717 26.458

bounds-check activation 8.850 26.631

3.2 Traveling Salesperson Problem (TSP)

TSP computes the shortest path for a salesperson to visitiali in a given set exactly
once, starting in one specific city. We use a branch-and-thalgorithm which prunes
a large part of the search space by ignoring partial routgsatte already longer than
the current best solution. We run TSP with a 17-cities proble

The compute-intensive part of the application is very snitadbnsists of two nested
loops that iterate over an array containing the visited pafts can be seen from Ta-
ble 2, method inlining is the most effective optimization,iblining the method calls
inside the nested loops. The elimination of array boundslchproduces code that is
as fast as the unsafe version with deactivated bounds chéok&ver, keeping all (un-
necessary) bounds checks active, adds more than one sectireldompletion time.
With its optimizations, the Manta-generated code needg 45l seconds, compared to
4.7 seconds of the C version and 6.3 seconds with the JIT. BReekample shows that
Java programs can be optimized to run at a speed that is citingptt C.

3.3 Successive Overrelaxation (SOR)

Red/black SOR is an iterative method for solving discretizaplace equations on a
grid. We run SOR with 10091000 grid points. The compute-intensive part of the code
runs a fixed number of array convolutions with floating-pa@nthmetic. As Table 3
shows, the most effective optimization is (safe) elimioatof array-bounds checks.
All other optimizations have hardly any impact on the ovespeed. Manta’s code
completes after 1.5 seconds, slightly faster than the Goressith 1.7 seconds, and
substantially faster than the JIT version, which needsecdrds for the same problem.



Table 2. TSP (17 cities), application runtimes in seconds

Manta, optimizations turned off individually
compiler best time closed world no closed world
IBMJIT 1.3.0 6.307|| no object inlining 4513 4.530
Manta, best 4.511] no method inlining 7.158 7.181
GCC2.95.2-03 4.696| no escape analysis 4.567 4.530

bounds-check elimination 4511 4.525
bounds-check activation 5.612 5.612

Table 3.SOR (10061000 grid points), application runtimes in seconds

Manta, optimizations turned off individually
compiler best time closed world no closed world
IBMJIT 1.3.0 4.387|| no object inlining 1.583 1.542
Manta, best 1.541| no method inlining 1.547 1.548
GCC2.95.2-03 1.768| no escape analysis 1.579 1.541

bounds-check elimination 1.569 1.548
bounds-check activation 2.380 2.379

4 Conclusions

The Java language has several properties that make effésieatition more challeng-
ing than for C. Java programs typically use many small, dyinally created objects
and short methods, resulting in high overheads. Also, Jasasafe language and thus
requires array-bounds checking. In this paper, we invatijto what extent these over-
heads can be eliminated using compiler optimizations. Waemented four existing
optimizations in the same compiler framework (Manta, aveasiource-to-binary com-
piler). We studied the impact of the optimizations on threelization kernels. The
results show that, with all optimizations switched on, tvidhe three applications run
faster than C. Object inlining and method inlining each hddgh impact on one ap-
plication. Array bounds-check elimination saved about 3%#the third application.
This safe elimination leads to code which is almost as efft@s unsafe bounds-check
deactivation for all three applications. Escape analysis l@ss effective. Allowing the
compiler to use a closed-world assumption (i.e., disallgwadnic class loading) was
shown to be essential for certain optimizations like objeliting. To summarize, the
performance of application programs is typically domidalbg a “bottleneck” which
differs from program to program, and which has to be addoebgea specific opti-
mization. In general, to execute Java programs at the sprddrsto C versions, many
optimizations, both standard techniques and Java-spepifimizations, have to be pro-
vided by a compiler.

Interesting future work will assess larger benchmarkse (tike SCIMARK suite).
Further tests will evaluate elements of Manta’s runtimeesydike the thread package
and the garbage collector.
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