Java Bytecode to Native Code Translation:
The Caffeine Prototype and Preliminary Results

Cheng-Hsueh A. Hsieh John C. Gyllenhaal Wen-mei W. Hwu
Center for Reliable and High-Performance Computing
University of lllinois
Urbana-Champaign, IL 61801
ada,gyllen, hwu@crhc.uiuc.edu

Abstract exists behind efforts to create such a software distribution
language. The progress, however, has been very slow due to

The Java bytecode language is emerging as a softwardegal and technical difficulties.
distribution standard. With major vendors coitied to On the legal side, many software vendors have been
porting the Java run-time environment to their platforms, skeptical about the ability of the proposed software distribution
programs in Java bytecode are expected to run withoutlanguages to protect their intellectual property. In practice,
modification on multiple platforms. These first generation run- such concern may have to be addressed empirically after a
time environments re|y on an interpreter to bndge the gap standard emerges. Although the pI’OteCtion Of inte"ectual
between the bytecode instructions and the native hardwareProperty in software distribution languages is an intriguing
This interpreter approach is fficient for specialized issue, it is not the topic addressed by this paper. For the
applications such as Internet browsers where application PUrpose of our work, we expect Java to be accepted by a
performance is often limited by network delays rather than sufficient number of software vendors in the near future to
processor speed. It is, however, not sufficient for executing™Make our work relevant.
general applications distributed in Java bytecode. This paper . On the technical side, the performance of programs
presents our initial prototyping experience with Caffeine, an distributed in a universal software dlstrll_:)utlo_n Ianguage has
optimizing translator from Java bytecode to native machine been a major concern. The problem lies in the mismatch

code. We discuss the major technical issues involved in staclgettv\{ﬁe? tr;e virtual rgatlﬁhlnet_ assumﬁq by ht.rt'e tsoftw_arLe
to register mapping, run-time memory structure mapping, and istribution fanguage and the native machine arcnitecture. €

exception handlers. Encouragingtial results based on our ?(leukrc(:ef Eggg'r;gfé?agi)pn I?nnl?w(iedrin?rri% dtlff(ljcult dby }Ee lr?jCkr C:f
X86 port are presented. stributea code order to

protect intellectual property. As a result, software interpreters
have been the main execution vehicles in the proposed
standards. The disadvantage of software interpreters is poor
performance. This disadvantage has been partially
) ] ] compensated for by the fast advance of microprocessor speed.
The software community has long desired a universal por gpplications such as Internet browser applets where overall
software distribution language. If such a language is Wide|yperf0rmance is often more limited by network delays than
supported across systems, software vendors can compile angrocessor speed, sacrificing processor performance in favor of
validate their software products once in this distribution reducing software cost has become acceptable. This is,
language, rather than repeating the process for multiplengwever, not true for general applications.
platforms. ~ Software complexity is rapidly increasing and  This paper presents our initial prototyping experience with

validation has become the deciding factor in software cost andcaffeine,an optimizing Java bytecode to native machine code
time to market. Therefore, substantial economic motivation ransjator.  Although our techniques are presented in the

context of handling Java, they are applicable to other software
distribution languages such as Visual Basic P-code. We are by

1. Introduction
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directly generated from a source representation such as the €Comparison between these approaches and native code
programming language. execution are presented in Section 7.

Due to space limitations, we will limit our discussion to Interpreters are the most widely understood approach to
three critical issues involved in the translation process. Theexecute Java bytecode programs. A software interpreter
first issue is the mapping of the stack computation model of theemulates the Java bytecode Virtual Machine by fetching,
bytecode Virtual Machine to the register computation model of decoding, and executing bytecode instructions. In the process,
modern processors. A performance enhancing algorithm thait faithfully maintains the contents of the computation stack,
takes advantage of the register computation model is presentedocal memory state, and structure memory. The Java interpreter
This algorithm requires analysis to identify the precise stackfrom SUN Microsystems is available to the public [2].
pointer contents at every point of the program. In addition,  Just-in-time compilerslo on-the-fly code generation and
most compilation infrastructures require that each virtual cache the native code sequences to speed up the processing of
register contains just one type of data, and that virtual registershe original bytecode sequences in the future. The current
do not overlap. We present a live-range-based register-generations of just-in-time compilers do not save the native
renaming algorithm that can resolve such inconsistencies incode sequences in external files for future invocations of the
non-pathological cases. The second issue is mapping th&ame program. Rather, they keep the native code sequence to
bytecode memory organization to the native architecture. Aspeed up the handling of the corresponding bytecode sequence
more efficient memory organization than the one used by theduring the same invocation of the program. Thus, they take
Java interpreter is introduced. The third issue is how toadvantage of iterative execution patterns such as loops and
translate the exception handling semantics of Java. Werecursion. At the time of this work, Borland [12] and Symantec
describe the preliminary method used@gffeineand some of [13] had both announced just-in-time compiler products, and
the issues involved. the Symantec JIT compiler is used in this paper. Due to the

A prototype ofCaffeinehas been developed based on the code generation overhead that occurs during program execution,
IMPACT compilation infrastructure [1]. The prototype is just-in-time compilers are still intrinsically slower than
sufficiently stable to handle Java bytecode programs of executing native code programs.
substantial size. This paper presents some initial experiments Optimizing native code translatotse compiler analysis to
comparing the real machine execution time of Java bytecoderanslate bytecode programs into native code programs off-line.
programs using the SUN Java interpreter 1.0.2, the Symantedhis is the least understood approach among the three
Java Just-in-time (JIT) compiler 1.0, and the IMPACT Java to alternatives. Without extensive analysis and transformation
X86 native code translator 1.0 running under Windows 95. capabilities, the native code generated may not be much better
Also included in the comparison is the execution time of than that cached in the just-in-time compilers. Therefore,
equivalent C programs directly compiled by the Microsoft optimizing native code translators must perform extensive
Visual C/C++ compiler 4.0 into X86 native code. Preliminary analysis and optimization in order to offer value beyond just-in-
results show that the optimizing translator is currently capabletime compilers. Such analysis and transformations tend to
of achieving, on average, 68% of the speed of the directlymake the translation process more expensive in time and space.
compiled native code. In general, only those applications that will be repeatedly

The remaining sections are organized as follows. Section 2invoked or those applications whose execution time is much
introduces different approaches to execute Java bytecoddonger than the translation time should be translated. Thus,
programs and an overview of our translation steps. Section 3optimizing native code translators will not eliminate the need
presents the stack computation model used by Java followed byor interpreters and just-in-time compilers.

a proposed stack to register mapping. An overview of the stack Figure 1 shows an overview of the steps in our prototype
analyses required to perform and validate this mapping isoptimizing native code translator. The Java class files [4]
introduced in Section 4. Section 5 discusses the run-timerequired to execute the program are identified and decoded into
memory model adopted by the SUN Java interpreter andsequences of bytecode operations, which are later used for
presents a more efficient organization. Complications due toconstruction of an internal representation (IR), called the Java
exception handling are discussed in Section 6. PreliminarylR, which is organized into functions and basic blocks. The
performance results are presented in Section 7. Section &onstruction of the Java IR is straightforward due to the
provides some concluding remarks and directions of futureabsence of indirect jumps, indirect calls, self-modified code,
work. embedded data, and branch target alignment “filler” code in
bytecode. Due to the nature of the Java Virtual Machine
specification [4] and the class file format, data recognition is
2. Background also straightforward. Thus, the information recovered from
Java bytecode ensures complete control flow graph

We will not cover the Java bytecode Virtual Machine model construction.
in this paper due to space limitations. Interested readers are The IMPACT low-level intermediate code (Lcode) serves as
referred to the Java web site [2] and a large collection of Javea machine-independent IR for our prototype translator.
literature [3-11]. We will instead introduce three competing Translation from the Java IR to an efficient Lcode IR requires
and sometimes complementary approaches to execute Javextensive analyses, as discussed in Section 4. The stack
bytecode programs: interpreters, just-in-time compilers, andcomputation model is mapped to a more efficient register
optimizing native code translators. A preliminary performance computation model. Bytecode operations which do not have

corresponding Lcode operations are translated into sequences of
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Figure 1. Java bytecode to

Stack operations  Translated code
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Figure 2. Translated intermediate code
example without stack to register mapping.

Lcode operations or into function calls to the emulation library.
After the Lcode IR is constructed, it is optimized by the X86
compilation path in the IMPACT compiler to generate assembly

code and then an executable which runs under Windows 95

The Lcode IR construction phase is generic and will be

retargeted to other code generation paths supported in IMPACT

compiler in the future.

3. Stack to Virtual Register Mapping

3.1 Stack Computation Model

Java bytecode Virtual Machine uses a stack computation
model to avoid making assumptions about the architectural

register file size available to the interpreter [4]. Source
operands are fetched from the top agferand stackand the

result is pushed back on. The instruction size in this model is
small since the operands are implicitly defined and require no

operand fields in the instruction encoding, which facilitates
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native code translation steps.

efficient object code distribution over the Internet. Beside the
operand stack, the Java Virtual Machine also provides a
memory array, called thiocal variable array for storage of
local variables.

No stack analysis is required if the translated native code
maintains a run-time operand stack in memory and manipulates
it in the same way that the interpreter does. This
straightforward approach is able to handle any situation that the
interpreter can handle. The run-time cost of this
straightforward approach, however, can be expensive due to the
unnecessary memory traffic caused by inefficient register
utilization.  In Figure 2, the stack operations and the
corresponding unoptimized translated intermediate code are
presented side-by-side for ad operation to illustrate this
approach. A load/store architecture is assumed in this example.
Note that the originahdd operation pops two operands off the
stack, adds them, and pushes the result back on.

Optimizations can be performed on the translated code to
eliminate some of the loads (pops) and stores (pushes).
However, many will still exist due to the use of stack
operations across basic blocks. Global removal of unnecessary
loads and stores requires an analysis equivalent to that
discussed in Section 4 and is not the focus of this paper.

3.2 Register Mapping: Global Stack Location
Register Mapping and Renaming

The performance of the translated code can be improved by
mapping the run-time stack to the virtual register file. The
approach used bgaffeineis to assign each stack location a
unique virtual register number. Register allocation is later used
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Figure 3. Translated intermediate code
example with stack to register mapping.

rl
8-byte double
2 stack
grows...
13 +&— 4-byte integer Figure 5. Stack balance analysis example.
4-byte float | .. v
neighboring register3. Because Java has moion and all
type conversions are made explicit, accesses to different types
should never alias. Bytecode generated from a valid Java
compiler should always have thgpe stateproperty [6] that
. ) ) guarantees neither type conflict nor aliasing problems should
Figure 4. Example of type or size mismatch occur. An algorithm presented in Section 4.2 is used to
and register aliasing problems. A 32-bit validate this assumption and to disambiguate virtual registers
architecture is assumed. which hold different types in this mapping scheme.

Second, parallelism may be lost for wide-issue machines
because different variables use the same stack location in the
to allocate the virtual registers to physical registers during theoriginal Java bytecode and get assigned to the same virtual
code generation phase. After this register mappimyshto register in this mapping scheme. This reuse of the virtual
the operand stack is translated tormeove to the register registers introduces artificial output and anti-dependencies.
assigned to the stack location pointed to by the current stackfThe same algorithm used to disambiguate virtual registers
pointer, and gop is translated to anovefrom the register  which hold different types can be applied to perform global
assigned to the stack location. This algorithm can only bevirtual register renaming to remove the artificial dependencies.
applied when a constant stack offset can be determined for
every push and pop at translation time. Algorithms to ]
determine when this transformation can be applied are4. Stack analysis
discussed in Section 4.1. The local variable array can be
mapped to virtual registers using the array indices. Figure 34.1 Stack balance analysis
shows the translated code using this approach for the addne
operation as Figure 2. The moves of operands to virtual For our register mapping scheme to function correctly, the
registersl andr2 beforeadd will be forward copy propagated position of the stack pointer must be a known constant for each
if possible. They are then removed as dead code if they are nabperation at translation time. Although bytecode generated
live out. from valid Java compilers should satisfy this property [6], we
There are two issues associated with this approach that needan not assume all loaded bytecode came from valid sources.
to be resolved. First, variables with different types or different A basic block may push more items on the stack than it
sizes may be pushed to the same stack location and thusonsumes, and vice versa. Tiesidueof each basic block,
assigned to the same virtual register, causing some virtuawhich is defined as the total number of pushes minus the total
registers to hold multiple types of operands or to alias with number of pops in the block, is computed first. The control
adjacent registers. In Figure 4, a push of 4-ifigat onto flow graph is then traversed depth-first and each node is
stack location 3 is translated to3" < float_valué in this marked “visited” along the path from the first block. The stack
register mapping scheme. At another point in the program, a 4pointer position upon entering a block is equal to the
byteinteger could be pushed to the same stack location and beaccumulated residue. If a marked basic block is revisited, the
translated to 3 € integer_valugé As a result, register3 accumulated residue is checked against the stack pointer
holds two different types, which is not allowed in many position in the revisited block. If they disagree, the stack to
compiler infrastructures. Another conflict arises if an 8-byte register mapping cannot be applied to this control flow graph.
double is pushed to stack location 2 and 3. The translatedin such casesCaffeine reverts to the stack model. The
statement 2 €< double_valuécauses register2 to alias with accumulated residue is also checked against zero whenever a
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Figure 6. Example of where stack based approach

must be used.
Figure 8. Run-time memory organization used by

Java interpreter.

possible, using the technique presented below. The live ranges
; P : of each register can be characterized by their def-use chains.
def: i | opl op3 | : | opS| ¢ Since the access of @ouble also takes the next contiguous
: P ' memory word, the normal reaching-definition analysis [16] is

slightly modified to take this effect into account. To be

Y Y Y specific, the definition of2 by an 8-bytedouble in Figure 4
use: . P also reaches the contiguous regisger
| op2 op4 | i | op6 For each registerx, the identified def-use chains are

grouped into non-overlapping live ranges. In Figure 7,
operations opl, op3, and op5 define the registerand
) ) . operations op2, op4, and op6 use the same registérhe def-
Figure 7. Def-use chains grouping. use chains for registex are B 2, 1> 4, 3> 4, and 5 6 as
shown. Each connected graph forms a non-overlapping live
) . range of registerx. As a result, opl, op2, op3, and op4 form a
leaf block (a_t block with no successor) is reached to ensure thaﬁve range (LR#1) while op5 and op6 form another (LR#2).
the stack is balanced in each control flow graph. — This pegisterx in each live range is renamed to a different register
algorithm runs in linear time in the number of basic blocks and id. If the type of registenx is not consistent inside a live range

control flow arcs. Figure 5 shows a control flow graph whose 4¢qr this renaming, the stack to register mapping cannot be

blocks are numbered in the order that they are visited by this;hjieq and the translation falls back to the stack computation
algorithm. In this example, we assume blocks 4 and 13 have

, _ dnodel.
residue of one, and blocks 9, 11, and 12 have a residue of

minus one. All paths from block 1 to block 10 are stack

balanced. The position of the stack pointer for each block is5 Run-time memory organization

also a known constant. Specifically, the stack pointer at the

entrance to blocks 5, 6, 7, 8, 9, 11, and 12 points to location  jay4 programs are name-binding rather than address-binding

one. Fgr the rest of the blocks, the stack pointer initially points 5nq thus allow flexibility in the run-time memory organization

to location zero. _ _ implemented by the interpreter. Dynamically allocated objects
An example of when register mapping cannot be currently i the heap can be roughly categorized iofmss objects and

applied is shown in Figure 6. Depending on the path traversedarray objects. Figure 8 illustrates the heap memory

the stack offset for the pop is either zero or one. For this Caseorganization used by the SUN Java interpreter. In this

the stack based method needs to be used. However, since Wgoanization, neither a class object nor an array object points

are using a valid Java compiler, the register-based approach Catfﬁrectly to its associated data. Rather, there is an 8Haytdle

always be used. in between. Accesses to battass instance datand array

bodyrequire two levels of indirection. Accesses to itiethod

block for method invocation need three levels of indirection.

Since these access events take place frequently during program
The mapping of stack locations and local variables to exefcutlon, sugh hlgdh I_evels of indirection can cause significant

registers could have type and size conflicts as discussed iperformance degradation.

Section 3.2. Variables of different types which reside in the _. The genhznced mhemory mod(fel_ p:jr_opos_ed ti)n thisbpa_per r(]in
same virtual register are separated into separate registers, Whéﬂgure ) reduces the amount of indirection by combining the

4.2 Live range disambiguation and register renaming

5
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Figure 9. Run-time memory organization
used by Java bytecode translator. Figure 10. Example of exception handing.

Otherwise incomplete flow analysis may lead to incorrect
class instance datblock and thenmethod tablénto oneobject optimizations.
block The reference tobject blocknow requires only one Third, during optimization and scheduling, an instruction
level of indirection. Since the class run-time type information inside the try-block cannot be moved outside its try-block
in our implementation is of constant size, the method block canwithout enlarging the try-block in general. However, if the try-
be accessed by a constant offset from a pointer to the clasblock has to be enlarged, to avoid changing the program
descriptor. Themethod_ptrin Figure 8 is thus eliminated, behavior, the added instructions should not cause exceptions
which reduces a method block reference to two indirection that can be captured by the try-block’s handler.
levels. The enhanced model also consumes less memory. Fourth, for maximum portability, exception handling
Changes made to the run-time library, which is source licensedsupport in the Java interpreter does not rely on the underlying
from SUN, to support this enhanced memory model are architecture or operating system.  Thus, the interpreter
minimal due to the library's heavy use of preprocessor macrosexplicitly checks for null references, array indexibds, divide
for handle-to-object dereferencing. by zero, etc. It is expensive and often unnecessary for the
translated code to do all of these explicit checkSaffeine
currently explicitly checks array index toods in the translated
6. Exception Handler Considerations code. This checking costs about 10% of the performance across
our benchmark programs. Optimization opportunities exist to
Exception handlers are sections of code that are reachedonduct analysis to eliminate unnecessary explicit checks.
when a run-time exception occurs. Thg-klock in Java is Previous work has shown that program analysis can be done to
designed to enclose statements which may cause run-timeletermine if it is possible for a load or store to ever have an
exceptions. Exceptions which occur within a try-block are address of zero or to ever access outside of its intended array,
captured by an associatedtchblock of the same exception etc., for the purpose of speculative code motion [20].
type. A Javamethod can have many exception handlers The benchmarks presented in Section 7 do not cause
cascaded together to guard ordinary code, or to guard otheexceptions and thus do not exercise the exception handler
handlers. In Figure 10, block 14 is an exception handler thatcapabilities of Java. AlthougiCaffeine does not currently
guards its try-block consisting of blocks 4 to 8. There are foursupport many of these cajplities, we believe that the
issues that must be addressed during translation. underlying hardware architectures can be used to support the
First, after exception handling, control may be transferred remaining exception-handling capabilities without affecting
back to the original program (e.g. in Figure 10, block—t4 performance of these benchmarks.
10). As a result, exception handlers need to be connected to
the control flow graph as shown in Figure 10.
Second, an exception handler might use local variables7. Benchmarks and Preliminary Results
defined before its associated try-block. In Figure 10, the
definition of local variable entryV[1] reaches the use in A suite of six integer programs was selected to evaluate our
exception handler block 14. A pseudo arc, shown as a dottegprototype translator. There were currently no standard Java
line, and a null block preceding the try-block are created tobenchmarks generally available at the time of this work. For
allow live variable information to be passed to the handler. each program, we hand translated the C source code into
equivalent Java source code. By equivalence we mean that the
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Figure 11. Experiment results on different approaches. All numbers are relative speed to the equivalent
C code compiled by Microsoft Visual C/C++ compiler with optimization level two.

algorithm, data structures, and operand types used in the Javaver the stack model. The finalaffeine model Reg.-
code and the C code are the same. Due to the fundament&nh.Mem) also uses the proposed memory organization
differences between C and Java with regard to the objectinstead of the interpreter’'s memory organization. This results
oriented concept, array accessing, array index bounds checkin@g a 7% performance improvement. This final model of our
and library routines, an exact correspondence is not alwaydrototype Java native code translatoaffeineis capable of
feasible. When this occurred, we modified the C program sogenerating code that runs on average at 68% of the speed of the
that it could be translated with close correspondence. The Javaquivalent C code, 4.7 times faster than the Symantec Java JIT
sources thus generated are then compiled into Java bytecode lmpmpiler, and more than 20 times faster than the Java
the SUN Java compiler. interpreter.  For these preliminary results, ti@affeine
Figure 11 shows preliminary results that compare the realtranslated code is optimized using classic C code optimization
machine execution time of Java bytecode programs using theechniques without profiling and inlining.
SUN Java interpreter, the Symantec Java Just-in-time compiler
(JIT), and different configurations of the IMPACT Java to X86
native code translatoCaffeine All of the programs are 8. Conclusion and Future Work
executed on an Intel Pentium processor running Windows 95.
Performance is shown in Figure 11 as a percentage of the In this paper, we presented our initial prototyping
benchmark performance for the equivalent C code compiled byexperience withCaffeine a Java-bytecode-to-native-machine-
the Microsoft Visual C/C++ compiler with optimization level code translator, to demonstrate the feasibility of efficient
two. The firstCaffeinemodel Stk.-Orig.Mem) uses the stack  universal software distribution languages. The preliminary
computation model and the interpreter's memory model. Theresults show that it is capable of achieving 68% of the speed of
performance is, on average, 2.8 times higher than the JITthe native code directly compiled from the equivalent C code.
compiler. This is because of the optimizations that removeBesides the fact that it removes the interpretation overhead,
unnecessary pushes and pops, and becauseitiad code- much of the performance gain over the SUN Java interpreter
generation is required. The seco@affeine model Reg.- comes from the stack to register mapping, which fully utilizes
Orig.Mem) uses the register computation model instead of thethe register computation model of modern processors. The
stack model. This results in 55% performance improvementrequirements and algorithms for the stack to register mapping
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