Towards Performance Measurements for

the Java Virtual Machine’s invokedynamic

Chanwit Kaewkasi
School of Computer Engineering
Suranaree University of Technology
Nakhon Ratchasima, Thailand 30000

chanwit@sut.ac.th

ABSTRACT

This paper presents a study of a Java Virtual Mechiototype
from the Da Vinci Machine project, defined by JSB22 It
describes binary translation techniques to prepanehmarks to
run on theinvokedynamic  mode of the prototype, resulting
in the invokedynamic  version of the SciMark 2.0 suite.
Benchmark preparation techniques presented inpaper are
proven to be useful as thmvokedynamic version of
benchmark programs successfully identified straspevness
behavior of theinvokedynamic  mode of the server virtual
machine.

Surprisingly, benchmarking results show that theoke-
dynamic mode with direct method handles on the server
virtual machine is just 2-5 times slower than natiJava
invocations, except the Monte Carlo benchmark. tBig mode

on the client virtual machine still requires funth@erformance
tuning.

Categoriesand Subject Descriptors

C.4 |Measurement Techniques|; D.3.3 [Programming
Languages]: Language Contructs and Features; D.3.4
Optimization, Code generation.

General Terms
Measurement, Performance, Languages

Keywords

Bytecode, invokedynamic, method invocation, benakma

1. INTRODUCTION

Java Virtual Machine Language (JVML) is an interiaésl
language defined by the Java Virtual Machine Sptibn [9].
JVML has been designed to be statically verifialded
symbolically linkable as its class file format caims type
information enough to do so. Classes, methods @&idsfin
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JVML are strongly typed. Every symbol is linked def
executing a referencing instruction [15]. In theMMhere are
four instructions for invoking different kinds ofva method
calls. These instructions serve Java programs girfdut not
that well for other languages that use the JVMhasir truntime
systems [4], [5], [8], [11], [12].

The Da Vinci Machine project [3], also known as tHeilti-
Language Virtual Machine (MLVM), is an effort toviestigate
and develop prototypes that support a new byteowiriction,
invokedynamic  [15], to extend the Java Virtual Machine
(JVM) to other languages, beside the Java languitsgi.
Recently, several language implementers have adiaipeeJVM
as a runtime system for their languages, which uihel
JavaScript [11], JRuby [12], Scala [13], Groovy, [8]ojure [4]
and Jython [5]. Dynamically typed languages amdragr have
been trying to simulate dynamic invocation using #xisting
infrastructure provided by the JVM, and resulting several
magnitudes of performance degradation (see Chapter[6]).
After years of drafting the Java Specification RexjJSR) 292
by its Expert Group, the referential implementatiaf
invokedynamic  has now been a part of the early access
builds of Java Development Kit (JDK) and OpenJDKwhijle
the Da Vinci Machine project has continued to impdat
several advanced features separately.

Reported by members in the development mailing &6t
MLVM, the performance of dynamic invocation in ratéuilds

of OpenJDK has been around 10 times faster thaocation
through Java’s reflection APIs [1]. Thus, it is Womeasuring
the performance of thinvokedynamic  mode of the JVM,
even in the early stage of its development, to hedmtifying
possible  bottlenecks in both JDK and OpenJDK
implementations.

Following one of the design principles of JSR 282t tfocuses
on performance characteristics of the new bytedd®g this
paper aims at finding translation techniques fgrlaeing all
traditional Java invocations by equivalentokedynamic
instructions in available benchmark programs in eordo
measure performance of this new execution modes phper
chose the SciMark 2.0 benchmark suite [14] as impagrams
for the translation process because of 1) its saitpl 2) all
benchmarks are CPU-bound, and 3) these benchmakdym
contain primitive operations, thus refactoring thesy method
calls and replacing them hipvokedynamic  can represent
how well MLVM performs execution and optimizatiororf
trivial final methods.



One of the problems this paper addresses is tmehbearks for

a new runtime, like thenvokedynamic  mode, have not been
widely implemented at this early stage, as the rteldgy is
relatively new and its adoption is just started otkrer problem

is that invokedynamic ’'s target users are language
implementers. Implementing benchmarks in varionglages is
difficult to directly compare the performance of
invokedynamic  with native Java invocations. Other factors
in these languages, such as target method selagonithms,
may affect the measurement.

The main contribution of this paper is to presém tesults of
performance measurements for the JVNfisokedynamic
using the refactored version of the SciMark 2.0dbemark suite
[14]. The hypothesis is that the performance info-
kedynamic should not be too slow compared with native Java
invocations. Other contributions are 1) a binagnslator for
compiling normal Java programs into equivalénvoke-
dynamic programs, 2) an identification of a potential
bottleneck in the server (C2) virtual machine (VMhd 3) a
limitation of the bytecode verifier when takinigvoke-
dynamic into account.

This paper is organized as follows. Section 2 mgsighe
invokedynamic mode and its components. Section 3
describes a mapping from other invocation instoudi to
invokedynamic . Section 4 discusses benchmarks prepa-
ration, experiments and results. Section 5 consinws
discussion about important implementation issuespaty, the
use offindSpecial and bytecode verification when taking
invokedynamic  into account. Section 6 discusses related
work, and then this paper ends with conclusion paosdsible
future work in Section 7.

2. REVIEW i nvokedynam c

This section reviews thiavokedynamic  mode of the JVM.
It consists of a newly defined bytecod®sokedynamic , and

other key components, such as the bootstrap metand,
method handles. However, adapter method handlesnare
discussed here as they are beyond the scope q@iapés.

2.1 Bytecode

An invokedynamic  is a 5-byte instruction. It has no scope
type, because it is designed to be a replacemenalfamther
invocation instructions. It symbolic reference @lled name-
and-type, where one can specify the name of tHesitalas well
as parameter and return types. When referringdgnamic call
site, it is an instance of dnvokedynamic instruction in a
method body [15].

This instruction is linked for the first time whehe call site is
executed. The JVM will obtain a call site object fbe current
call site by calling the local bootstrap method.

2.2 Bootstrap Method

A bootstrap method is responsible to create asii@lobject, of
type java.dyn.CallSite , upon request by the JVM. The
JVM passes static information of the executing dyicecall site
to this method. A compiler that generaiasokedynamic
instructions is also required to generate this owtfor each
class. For example, a binary translator presemniethis paper
generates a bootstrap method and registering tiheaJVM in

the class initializer [15]. Recently, JSR 292 abospecifying a
bootstrap method per call site, rather than hawndy one
bootstrap method per class [16].

Before the bootstrap method returning a call siteet, the call
site’s target must be assigned an instance of haddtandle.

2.3 Method Handle

A method handle is a lightweight structure that Hmeen
designed to invoke a JVM method [15]. There aresshkinds
of method handles defined by JSR 292. However, phiser
uses only the simplest one, which is called theaiimethod
handle, to minimize runtime overheads that may caffihe
experiments. A direct method handle can be obtabedsing
an instance ofMethodHandles.Lookup , which provides
finder methods for each kind of JVM calls, for exzden

e findStatic for static methods,

o findSpecial for inherited methods (super calls),

e findConstructor for constructors, and

e findVirtual for normal and interface calls.

3. TRANSLATION TO i nvokedynami c

From Section 2, finder methods are reviewed to stioat
different categories of method handles can be oéthifrom
different kinds of them. This section discussesas#ins when
mapping from traditional invocation instructions equivalent
invokedynamic instructions using these finder methods.
Semi-formal rules in Figure 1 are used to impleneriinary
translator that compiles class files into theokedynamic
version.

Static Method Call:

h=findStatic(C m,D,typeE ))
invokestaticC mg )D— invokedynamid(he P

Constructor Call:

c:C h=findConstructorC ,type¢ ))
invokespecialC ,<init>¢s€ )V— invokedynamid(h;8: C
Inherited M ethod Call:

h=findSpecialC m D ,type¢ )E )
invokespecialC me )D— invokedynamid(hje, I

Special super () andt his() Call:

this:E h=findSpecialC ,<init>Y ,typeé )E )
invokespecialC ,<init>,thise Y— invokedynaniil, hthise):V
Virtual M ethod Call:

c:C h=findVirtual( C, m Dtype(e))
invokevirtualC m & e):D— invokedynamic( h ¢ e )C
Interface M ethod Call:

c:C h=findVirtual( C, m Dtype(e))
invokeinterfaceC m ¢-'e )D—» invokedynamid(h,e, e B

Figure 1. Trandation Rules.
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Figure 2. Normalized results of the refactored version (white bars) and the invokedynamic version (black barswith numbers)
against the original version of SciMark 2.0 (gray bars).

According to JSR 292 [16], a dynamic call site, evhis an
instance ofinvokedynamic instruction, must contain name-
and-type information. Its associated target methaddle must
also conform this type information; otherwise tixe@ution will
fail during runtime.

The rules described in Figure 1 u3geD, E to represent classes,
while | representsjava.dyn.InvokeDynamic and V
representsoid . They use, this as an objectn as a method
name<init> is the constructor name, ahds a direct method
handle. An expression is denoteddyandé means a sequence
of expressionsg, ... €. A dot notation means sequence
concatenation. An arrow means translation. Findethods
have the similar semantics to those in JSR 292. [AGkiliary
function type()  returns a sequence of types of expressions.
Writing invoke<*>(...) : D means this instruction returns an
object of typeD, and of course writingg C meanse is an
expression or an object of tyge

One may notice that semantics infokedynamic  in these
rules use a method handle as a parameter instesanud-and-
type. This is intended to express their relateddinmethods. It
also allows omitting semantics of bootstrap metffimin the
translation rules.

4. BENCHMARKS

The SciMark 2.0 benchmark suite is a set of miodnmarks
for scientific and numerical computing [14]. Besithe original

version of SciMark 2.0, there are two versions bese
benchmarks used in this paper. The first one isréfectored
version of SciMark 2.0, and the second one is ittt éne re-
compiled by a binary translator according to rudescribed in
Section 3.

Table 1. Experimental results.

Benchmark score (Mflops)

Configuration| Compo-

site FFT | sor | Monte | Sparse |,

Carlo | matmul

Score
Client /
Unmodified | 547.08 | 436.59 | 634.91 | 98.65 | 627.85 | 937.41
Client /
Refactored 557.48 | 471.93 | 641.89 | 96.79 | 637.05 | 939.72
Client /
MLVM 28.47 9.98 37.13 25.52 33.00 36.71
Server /
Unmodified | 895.33 | 618.17 | 909.51 | 342.32 | 741.64 | 1865.00
Server /
Refactored 893.68 | 603.63 | 906.24 | 346.29 | 732.64 | 1879.62
Server /
MLVM 208.52 | 134.15 | 407.03 | 15.28 | 230.69 | 255.44

The main reason of choosing SciMark 2.0 is tha #imple, so
that it can be manually refactored. Beside its $oitp, this




benchmark suite is fit for measuring performance of
invokedynamic because it is CPU-bound, i.e. there is no
benchmark program in this suite that performs ifquiput
operations. More importantly, using this benchmatkte to
measureinvokedynamic  reflects how well this new mode
can execute and optimize trivial final methods ttatain only

a simple primitive operation.

The original version of SciMark 2.0 cannot be usedorrectly
measuragnvokedynamic ~ because its benchmarks mainly use
primitive operations. Thus, refactoring all primaéi operations
to method calls is required. In fact, there are tmajor reasons
why refactoring is required for existing benchmamiograms
before invokedynamic translation can be applied First,
converting all primitive operations to be methodlscen order to
make benchmark applicable forvokedynamic . Secondly,
avoiding limitations of the current build of MLVMybmanually
changing every unsupported method signature. Faryev
method to be called througlinvokedynamic , internal
mechanism of MLVM requires reordering its primitive
parameters to be after reference parameters fdorpance
reasons. For examplegid m1(int, String) is invalid to
dispatch, whilevoid m2(String, int) is a valid method
signature. However, the automatic reordering atgorihas not
been implemented in MLVM vyet, at the time of wrdirthis
paper. A manual process is still needed to do so.

After refactoring, the first suite of benchmark grams is re-
compiled with the binary translator to be the setenite. All
invocation instructions are replaced ligvokedynamic
Each benchmark class is also enhanced by addirapisttap
method. Required method handles are obtained duraah
class initializer.

The experiments were conducted on an AMD64 machine
running 32-bit Ubuntu 10.4 with Linux 2.6.32-24-geic. A
custom version of MLVM was built using JDK 1.7-b188 the
imported runtime. MLVM’s source code was tweakecdaliow
using Lookup.findSpecial on <init> methods. This
maodification will be discussed in Section 5.

Then original, refactored anthvokedynamic  versions of
SciMark were run on two VM configurations, therefathere
were six different configurations, namely, Cliemfdodified,
Server/Unmodified, Client/Refactored, Client/MLVMserver/
Refactored and Server/MLVM, in the experiments. The
Client/Refactored is the client VM running the wttaed
benchmark programs, while the Client/MLVM configtioa is
the client VM running theinvokedynamic version of
benchmark programs. The Server/Refactored and the
Server/MLVM configurations are similar to those vt using
the server VM rather than the client VM. Two copfiations
for the original version of SciMark benchmarks denoted by
Client/Unmodified and Server/Unmodified, respediive

All configuration runs with—-noverify ~ switch because the
bytecode verifier rejects th@vokedynamic  version of the
benchmark programs, while it is perfectly valid an. This

limitation will also be discussed in Section 5.

Benchmarks ran ten times for each configurationo Blowest
and two fastest results were removed. Then ren@siiresults
were averaged. Note that standard derivations of sid

configurations are insignificantly small. SciMarkO2contains
five benchmark programs. Performance is measurddfiops

unit. The first column, namely Composite Scorearsaverage
of remaining five columns. Experimental results ah®wn in
Table 1.

Performance results afvokedynamic  on the server VM
from FFT, SOR and Sparse matrix multiplication faser than
expected. They are about 22-44% of native Javacatians.
The invokedynamic  mode on the server VM performed
strangely with the Monte Carlo benchmark as itésdy slower
than the client VM, while this benchmark on themal server
VM ran faster than that on the normal client VMgiiie 2
illustrates the normalized benchmark results of alk
configurations against the original version of Saik12.0.

For theinvokedynamic ~ mode of the client VM, it is clearly
that its performance is not that good due to thgirtméng of its
implementation. Note that the MLVM development tehas
firstly implementedinvokedynamic  for the server VM, and
then ported it to the client VM later.

5. IMPLEMENTATION NOTES

There are two additional issues found during thelémentation
of the binary translator for compiling benchmarkogmams.
Firstly, the finder methodindSpecial should be able to
obtain method handles afnit> methods. Secondly, bytecode
verification should be takinmvokedynamic  into account.

5.1 Finding Special Method Handles

The current design decision of JSR 292 [16] doets allow
using methodLookup.findSpecial to retrieve method
handles of constructors, nametinit> . They are allowed to
obtain via Lookup.findConstructor only. Method
findSpecial are used for obtaining handles of super class
methods. Programs in Figure 3 and Figure 4 denmtesthis
issues using pseudo JVML codes.

abstract class A{}
class B extends A {}

Figure 3. Declaration of abstract class A, and sub-class B.

.class B extends A
.method <init>()V

aload 0

invokespecial A.<init>()V
return

.method end

Figure 4. Pseudo JVML codes for classB.

However, this situation requires a progevokedynamic

call, which links to<init> . The reason is that the default
constructor of class B compiled by a standaxéhic compiler
always contain aninvokespecial instruction that calls
<init>  of class A. To chain object initialization corrgcta
method handle used here is required to obtain foatting
Lookup.findSpecial with <init> , and not Look-
up.findConstructor . But putting an instance dfvo-



kedynamic as the first outmost call in a constructor leauls t
another verification problem, described next.

5.2 Bytecode Verification Problem

According to the JVM specification [9], the firstitonost call in
a constructor of a class must be iamokespecial call to
another constructor of super class or the clas#.itdowever,
replacing it withinvokedynamic  that lately binds with a
target method handle obtained fronhookup.find-
Special gives exactly the same semantic.

Although, the bytecode verifier rejects such cldag, it runs
fine with —noverify switch, as demonstrated by the
invokedynamic  version of SciMark 2.0 in Section 4.

This could be an open question for the specificatiof
invokedynamic . Should the verifier be relaxed to accept
such class? To motivate this relaxation, one ofriigortant and
interesting use cases of puttimyokedynamic  there is that

it allows to have dynamic call join points, in terrof aspect-
oriented programming (AOP) [7], fwuper() andthis()

for free. If there were aimvokedynamic  version of an AOP
system, it could advise these join points of a<laspossibly
change semantics afuper() and this() at runtime, for
example.

.class B extends A

.method <init>()V {

aload 0

invokedynamic InvokeDynamic.”0"()V
return

.method end

.method static <clinit>()V

aload lookup

invokevirtual Lookup.findSpecial(
A.class, "<init>",
type(void.class) , B.class

)

aastore mh[0]

.method end

.method bootstrap(...)CallSite;

aaload mh[0]

new CallSite

dup

invokespecial <init>(MethodHandle;)V
areturn

.method end

Figure 5. An invokedynamic version of classB.

6. RELATED WORK

There are several benchmark suites, such as Jarad&f10],
SPECjvm [17], and DaCapo [2] that can be modifiad ased
for measuring performance dfivokedynamic . However,
there is currently no benchmark suite that has tmpmcially
designed for it. Thénvokedynamic  version of SciMark 2.0
developed by the work presented in this paper sderbg the
first one that is publicly available

Performance measurement ioffokedynamic  can also be
done from the perspective of language implementé&ia:
example, JRuby [12] is a language adopted and slitp
invokedynamic . It comes with its own set of benchmarks
with can run against other Ruby implementationspfeviously
mentioned, its sets of benchmarks cannot directbasure
performance ofinvokedynamic  and be compared side-by-
side to the Java’s native invocations. However,XReby team
reported that they could substantially improve JRaib
performance using this new execution mode.

7. CONCLUSION AND FUTURE WORK

This paper has presented the results from running a
invokedynamic version compared to the original and
refactored versions of SciMark 2.0 on a recentdboil the Da
Vinci Machine project, a branch of JDK 1.7 that pofis the
new invokedynamic bytecode. The experimental results
show that the new execution mode with direct methaddles
on the server VM is just 2-5 times slower than veatdava
invocations, except that Monte Carlo benchmark queréd
strangely on this configuration. Also from the fésuthis mode
on the client VM still requires further performartoaing.

The invokedynamic  version of the SciMark 2.0 suite has
demonstrated that it can be used to directly measqer-
formance of this new execution mode. One of itschemark
programs can identify the slowness behavior ofswer VM,
as discussed in Section 4.

Another contribution of this paper is an impleméiota of the

binary translator for compiling normal Java progsarnmto

equivalent invokedynamic programs, in Section 3. In
addition, this paper also identified a limitatiohthe bytecode
verifier as the current verifier fails to acceptn® valid

invokedynamic  programs.

The development of thievokedynamic ~ mode is moving fast
to its final stage. During this development, robssites of
benchmarks are required to tackle performance ssSieereflect
performance ofnvokedynamic  in real world scenarios, the
binary translator used in this paper is being inptbto be able
to compile the whole the DaCapo benchmarks sujte [2
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