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Abstract mented in software. Computer architects have developed a
wealth of techniques to exploit parallelism among machine-
The popularity of Java has resulted in a flurry of engi- level instructions—nstruction-level parallelisnor ILP—in
neering and research activity to improve performance of hardware instruction-execution engines, namely CPUs.
Java Virtual Machine (JVM) implementations. This paper = We have conducted a preliminary study of whether Java
explores the concept diytecode-level parallelisiBLP): bytecode programs exhibit fine-grainbegitecode-level par-
data- and control- independent bytecodes that can be ex-allelism (BLP), analogous to ILP. If a program exhibits
ecuted concurrently, just as conventional machine instruc- BLP, then applying ILP techniques to bytecode execution—
tions are executed concurrently to exploit instruction-level in other words, exploiting BLP rather than ILP—would
parallelism (ILP). Quantifying the degree of BLP available yield substantial benefits.
is an important first step in finding ways to exploit it. This In the SPECjvm98 programs [23], we find that the av-
paper presents measurements for the SPECjvm98 suite thagrage degree of BLP can be as high as 10.9 independent
show levels of BLP are high even within basic blocks—with bytecodes and averages 5.6 (see Section 2). These mea-
an average BLP degree of 5.6—and that levels of BLP aresurements are conservative, only measuring BLP within ba-
very large—19.8—when speculating past control flow. This sic blocks. If the VM is allowed to speculate past control
suggests that techniques designed to exploit BLP can yieldflow to discover additional independent bytecodes, levels of
substantial speedups in the performance of a JVM and otherBLP rise to an average level of 19.8 independent bytecodes.
interpreters. If these independent bytecodes can indeed be executed in
parallel, a JVM system that exploits BLP could potentially
achieve a speedup factor of 5.6 or—with software branch
1. Introduction prediction in the JVM—even 19.8. The key, of course,
would be to minimize overhead associated with BLP exe-
Bytecode representations are portable formats that al-cution.
low programs—whether small “applets” or large desktop  Recent research has focused on improving the perfor-
applications—to run on many platforms. No source code mance of bytecode interpreters by using JITs [1, 3, 9,
modification or recompilation is necessary. Many web- 13] or dynamic compilation environments [22]. Unfortu-
based applications are already distributed this way, andnately, despite improvements likereadingthe interpreter’s
bytecode representations could soon become a standarfktch engine [7] (unrelated to program or processor multi-
medium for distributing almost all applications. Unfortu- threading), current interpreters lacking native code gener-
nately, current bytecode execution environments often ex-ation capabilities still serialize bytecode execution. This
hibit poor performance, even on small applets. This poor means, for example, that memory-reference delays entirely
performance is perhaps the greatest technical impedimengtall the interpreter and that bytecodes are never executed in
to widespread use of bytecode representations. parallel. JITs also suffer some drawbacks. They can usu-
One problem is that most bytecode execution environ- ally only perform limited optimizations because time for
ments, like implementations of the Java Virtual Machine more sophisticated analysis is not available. Furthermore,
(JVM), do not exploit parallelism in bytecode programs. An JIT systems often optimize only selected sections of code,
interpreter is really an instruction-execution engine imple- leaving many segments to continue executing in the inter-

‘ preter. Finally, JITs are sufficiently large and complex that
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code interpreter may be a better use of effort, and such apwithin or across the basic blocks executed by the JVM. This
proaches may also lead to synergies with advances in JITapproach differs frondaba which Radhakrishnan, Rubio,
technology. and John developed and used to characterize the instruction-

Regardless of how often the JIT is engaged, program-level characteristics of Java applications [15]. Jaba per-
mers may wish to disable it while developing or debugging forms offline analysis of a bytecode trace that has been gen-
code, just as C programmers typically turn off compiler op- erated by instrumenting the Sun JDK’s JVM. The Jaba sys-
timization under these circumstances. Unfortunately, thistem is particularly attractive in that it can characterize not
removes all optimization, and performance reverts to that of only the bytecode operations from Java programs, but the
a basic, interpreted JVM. Yet speedups are beneficial evemative processor instructions executed by the JVM.
when debugging, because some bugs can take a substantial BAT measures BLP by accumulating renamed and re-
amount of time to manifest. Furthermore, some users maysolved bytecodes in a “BLP buffer” and then scanning the
never enable the JIT under any circumstances, just as someuffer for independent bytecodes. After each pass, the av-
C programmers never enable optimization. In such casesgrage BLP is updated, “executed” bytecodes are removed
the presence of the JIT offers no benefit. This is anotherfrom the buffer, and dependences are updated in prepara-
reason to improve the performance of the bytecode inter-tion for the next pass. Our experiments used a BLP buffer
preter. of 1024 entries.

Romeret al. [18] argue that interpreter performance is Measurements have been obtained for all the
chiefly a characteristic of the interpreter itself and not of SPECjvm98 [23] benchmarksntrt® We were not
the interpreted application, but they do not explore concur-able to run the programs to completion (exceptdbeck
rent execution of multiple application instructions. While andlinpack), because our current algorithm for performing
the interpreter’s structure is unquestionably important evenstack renaming never frees any memory allocated for that
for a BLP-capable organization, we expect that different purpose. As a result, BAT eventually exhausts available
programs would attain different benefits depending on thememory and terminates. Our results appear in Table 1,
amount of BLP they contain. We first introduced the no- and report average BLP for the portion of execution that
tion of BLP in [19]. The only other work of which we are  BAT is able to capture before terminating. We report two
aware that considers the idea of BLP or concurrent executypes of BLP measurements—BLP within a basic block,
tion of multiple bytecodes is that of Radhakrishnan, Talla, and BLP across basic block boundaries with perfect branch
and John [16], where the authors propose to improve theprediction.
performance of the SUN picoJava-Il processor [12] with in-
order, dual-issue bytecode execution, a fill unit, and stack

disambiguation. That work does not, however, consider out-| Benchmark gyte(‘iogeds BLP BLP
of-order bytecode execution, which would naturally exploit Imulated | (basic block) | (perfect BP)
a greater degree of BLP. check 0.6M 4.1 11.5
This paper characterizes the limits of BLP in the | COMPress 447TM 8.1 11.5
SPECjvm98 workload that would be available for extract- | JESS 279M 3.8 27.8
ing speedups; the next section presents these BLP measurefaytrace 222M 3.5 42.8
ments. Our goal here is not to evaluate new JVM architec-| db 447M 3.5 18.3
tures, but Section 3 describes one possible way that a JvM Javac 279M 4.7 15.6
might exploit BLP. Section 4 then concludes the paper. mpegaudio 253M 10.9 12.2
jack 209 M 3.9 18.4

- . Arithmetic

2. BLP Characterization mean 5.6 19.8

Measurements have been obtained with a td8RF— _
which we have built on top of the x86-Linux port of the ~ Table 1. BLP for all the SPECjvm98 bench-
Kaffe [10] JVM. Kaffe is an open-source JVM with amod- ~ Mmarks. BLP is reported as an average across
ular JIT compiler that can be deactivated as needed. Kaffe the number of bytecodes executed.
consists of about 110,000 lines of C code, and has been
ported to a dozen or so platforms. ) o
With the JIT disabled, Kaffe implements the JVM using From these numbers, we conclude that there is a signifi-
a pure bytecode interpreter. BAT modifies this bytecode in- €a@nt amount of BLP present even in non-numeric, control-
terpreter to perform renaming: stack-relative operands are 1Due to an unusually small (512MB) data segment size on our simu-

mapped onto virtual registers, and memory addresses argyion hostmtrt exhausts available memory before meaningful data can be
fully resolved. BAT can be configured to measure BLP collected. This is unfortunate, sinogtrtis dual-threaded.




bound codes such as compilejav@ad and parser genera- Bytecodes

tors fack). Even higher levels of BLP are found in loop-
bound codes likeompressndmpegaudio

The high levels of BLP within basic blocks are espe-
cially encouraging, because they do not include BLP that

can be exposed by speculating across basic bloekg ( { Branch Prediction

via software branch prediction in the JVM). This means

that a JVM architecture that exploits BLP should realize Car;]tigol _
substantial speedups even if it entirely omits the branch- Stack Renaming
prediction unit and only exploits BLP within basic blocks. T

But hardware dynamic branch prediction in microproces- ¢ ¢

sors has dramatic effects on the degree of ILP exposed in to-
day’s superscalar microprocessors [20, 24], and we expecta

software branch prediction system in the JVM to have sim- ‘ ¢ ¢
ilarly powerful effects on exposing BLP and boosting the
speedups realized by a system that exploits BLP. The BLP ‘ Execute ‘ Execute ‘ Execute

available when speculating past control flow can be as high
as 43 independent instructiongytrace with an average

of 19.8). Even ifraytraceis removed from consideration Figure 1. JVM-BLP Organization
because of its unusually large BLP, the average is still an
impressive 16.5.

tions to virtual registers using the stack renaming unit.
) For example a JVMiadd operation might get translated
3. JVM-BLP Architecture to vry + iadd(vri,vre). This means thatadd now gets
its operands from virtual registers; andvry and pro-

The preceding results suggest that Java programs exduces a result inr,. This step is crucial since there is
hibit substantial BLP. As mentioned in the introduction, an very little parallelism if bytecodes are forced to commu-
interpreter is really an instruction-execution engine imple- nicate operands to one another strictly through the operand
mented in software. Computer architects have already de-stack.
veloped a wealth of techniques to exploit parallelism among  The stack renaming unit keeps track of the next avail-
machine-level instructions (instruction-level parallelism or able virtual destination register. No virtual destination reg-
ILP). This section briefly describes one way in which a ister is written twice. This eliminates register WAW and
multi-threaded JVM might exploit BLP. The proposed soft- WAR hazards. The stack renaming unit also maintains a
ware architecture—JVM-BLP—can be implemented in a stack of virtual registers that are the sources of bytecodes
hardware-independent fashion, but best performance willnotyet processed. In thiedd example, theenaming stack
come on platforms that can exploit thread-level parallelism would be popped twice to get the virtual source registers,
and particularly on platforms that suppaimultaneous v, andvry. The destination registerr,, would be pushed
multithreading(SMT) [11]. This is because SMT can ex- onto the renaming stack.
ecute multiple threads simultaneously, each and every pro-  |f the bytecode being read by the control unit may change

cessor clock cycle (see next section for more detail). the flow of control of the program, then theanch predic-
_ tion unit is consulted. If the branch predictor indicates a
3.1. JVM-BLP Architecture taken branch, the control unit would begin executing along

the new flow of control. We expect that the branch pre-

Figure 1 shows a diagram of a possible JVM-BLP ar- diction unit would be similar to those employed in modern
chitecture. The principal ideas are similar to those per- CPUs. As in ILP processors, branch mispredictions require
vading computer architecture research. The software re-squashing mis-speculated work. The control unit tracks
quired to implement JVM-BLP therefore bears a great the program order of bytecodes, and commits or squashes
deal of similarity to microarchitectural simulators like Sim- their results as appropriate once the outcome of preceding
pleScalar [2]—indeed, some software, like the software branches has been verified. In-order commit also maintains
branch predictor mentioned below, could be taken directly precise exceptions.
from such simulation toolkits. It is important to note that JVM-BLP should realize

The diagram shows a&ontrol unit that reads byte- substantial speedups even if it entirely omits the branch-
codes from the currently-executing method. When pro- prediction unit and only exploits BLP within basic blocks,
cessing a new bytecode, the control unit maps stack locabecause the SPECjvm98 [23] programs exhibit an average



level of BLP of 5.6 just within basic blocks. But specula- processor [5]. We expect that the JVM-BLP system would
tive execution is likely to yield substantial benefits, espe- also perform well on other multi-threaded systems that have
cially if organized to ensure the ability to perform specula- the ability to concurrently execute multiple threads. For ex-
tive method execution to accommodate the frequent methodample, JVM-BLP can also take advantageloip multipro-
calls in typical Java programs. Together with software cessindl14]that Sun’'s MAJC processor architecture [8] and
branch prediction, this makes the full BLP of 19.8 available IBM's Power4 Processor [6] support. Chip multiprocess-
for possible speedups. ing runs threads on separate processor cores that share the
The control unit next schedules independent bytecodessame die and usually share the same second-level cache.
for execution by one of thexecution units Figure 1 shows  The threads are therefore not as closely coupled as in an
three execution units, but there may be more or less. Byte-SMT processor, and the multi-threading and synchroniza-
codes are placed into the execution queues so that load ision overhead rises compared to SMT. Whether SMT, CMP,
distributed evenly among execution units. The control unit or some other hardware organization, some form of close
will perform address calculations itself in order to detect coupling is necessary; otherwise, memory coherence will
and properly handle dependences carried through memorybecome too expensive.
The control unit might also perform bytecode folding [4], in
which multiple stack-based instructions are coalesced into3.3. Discussion
a single operation. Finally, note that the control unit must
also account for garbage collection; a compacting garbage Several requirements must be met in order for the JVM-
collector may move objects in memory. BLP to realize these speedups. The control unit must pro-
The control unit and execution units are presumably im- ceed fast enough so that it is not outpaced by the execution
plemented as threads. The control unit should be organizedinits, and the bytecodes being processed must exhibit sub-
to minimize the JVM state that must be accessed by otherstantial BLP. Furthermore, the overhead of stack renaming,

threads and guarded with synchronization operations. of identifying independent bytecodes, of assigning byte-
codes to threads, and of maintaining the precise exception
3.2. Hardware Support model must be kept low enough to avoid overwhelming

the benefits of parallelized execution. Because the JVM-
In order for this JVM architecture to be effective, the BLP structures just described bear so much similarity to the

implementation hardware must have support for thread- Structures usgd in conventional .ILP processors, it would be
level parallelism. An ideal candidate is a simultaneous- beneficial to find some way to directly use these structures.

multithreading (SMT) architecture [11]. SMT allows mul- Examples include the hardware branch predictor and the na

tiple threads to be active at once within the same proces-UVe Processor registers. These are all areas which will re-
quire significant study.

sor core, reducing the need for context switching among N h h oIt BLP i
threads and reducing the cost of inter-thread synchroniza- ote that another way to exploit IS to use a conven-

tion. The fine-grained nature of SMT’s multi-threading al- tonal, superscalar, out-of-order processor, because the out-
lows one thread to use cycles during which other threads areOf'dOrder executlon'perrln'lts speculatlr\]/e execut|q|r|1 of byte-
stalled. Furthermore, in every processor cycle SMT i:~:sue$g0 es.dA con'\/?lntlor?a;] mterpretz:lr% owever, wi exegltjte
instructions from multiple threads. This means that not only Pytecodes serially, without regard for BLP. New compila-
is each clock cycle used to accomplish work, each issuetion techniques that permit even conventional processors to
slot within a clock cycle is used to accomplish work: if any €XPlOit BLPl ire ar;]other prbom|smg aveinue of research. .
thread has fewer instructions ready to issue than the proces- ©OUr 9oal here has not been to evaluate new JVM archi-

sor has issue capacity, the remaining issue slots are filled inteCtLlI'ES. Instead, we wish to disseminate our measurements

with instructions from other runnable threads. This means showing that JVM programs exhibit substantial degrees of

that multiple JVM-BLP execution units can make progress BLP, because we feel these results motivate a variety of re-
simultaneously search. The JVM-BLP architecture just described outlines

No SMT processors are commercially available at the how a JVM might use multi-threading and an SMT or CMP

time, so experiments on this proposed architecture must beto exploit BLP, but other techniques for exploiting BLP are

carried out using a simulator. At least two simulators are certainly possible.
available: Tullsen’s SMTSIM [21] (Tullsen was part of the
research group that first proposed SMT), and an SMT ver-4. Conclusions and Future Work
sion [17] of SimpleScalar'sim-outordersimulator [2].

What makes SMT a particularly attractive target for In summary, this paper shows that Java bytecode pro-
JVM-BLP is the fact that Compaq has announced that thegrams exhibit substantial degrees of BLP. The average de-
Alpha 21464, to be introduced in 2003, will be an SMT gree of BLP just within basic blocks for the SPECjvm98



benchmarks is 5.6 independent bytecodes, and can be ag6]
high as 10.9. These are actually pessimistic measures, as
they do not examine BLP beyond control-flow instructions.
When executing past basic-block boundaries, BLP levels (g
rise to an average of 19.8, with a highest observed value
of 42.8.

Microprocessor designers already employ a wealth of ef-
fective techniques to expose parallelism among machine-
level instructions and to exploit this to speed up program
execution. The extremely high observed levels of BLP 1
suggest large potential benefits can be realized by exe-[ll
cuting bytecodes concurrently. We briefly outlined one
JVM architecture that uses multi-threading to adapt these
microprocessor-based techniques to the bytecode-execution
engine of a JVM. Speeding up a JVM interpreter allows [12]
users to realize substantially better Java performance, with-
out the need for a JIT, for code that the JIT cannot optimize, [13]
and under circumstances in which the JIT must be disabled.
Note that the proposed JVM architecture can easily be ex-
tended to other interpreted environments. 14]

In addition to substantially improving the performance
of interpreters, exposing BLP opens new opportunities for
research in compilers and computer architecture. In the area
of compilers, for example, just as a conventional program [15]
can be optimized to expose greater degrees of ILP, a system
that exploits BLP creates the need for new bytecode opti-
mizations that exploit greater degrees of BLP. Furthermore,[16]
because JITs typically compile only selected segments of a
bytecode program, exploiting BLP offers the opportunity to
look for synergies between BLP execution and JIT compi-
lation techniques. Finally, in the area of computer architec- [17]
ture, BLP creates the opportunity to apply ILP techniques to
native execution of bytecodes, as well as new opportunities
to explore microarchitectural support for JVMs.

(9]

[18]
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