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Abstract—

Jauhﬂltﬂﬁlﬂmpnpuhrprﬂgrtmlm'nglnnguagcs.
Various methods to run Java instructions (called Java
bytecodes) have been developed, but each has its drawback.
Therefore, we propose the concept of a Java/ARM dual-mode
processor, which offers a better alternation to run Java and is
still compatible with ARM for existing C applications. When
executing the Java applets/applications, the bytecode
instructions can be executed by the dual-mode processor on-
the-fly. This is achieved by the proposed Java-to-ARM
hardware code translator which is built inbetween the
instruction fetcher and the instruction decoder. In the Java
execution mode, the translator converts each bytecode into one
or more ARM instructions on-the-fly. Besides, an ARM
instructions folding technique is proposed to enhance the
performance by combining the trunslated but not decode
ARM instructions. Simulation results show that up to 15%
performance gain can be achieved comparing to the original
translator without folding.

Keywords— Java bytecode, ARM processor, dual-mode
execution, binary translation

L INTRODUCTION

The widespread use of Internet and network computing
makes Java apopular language in developing network-
related applications. With its portability, compact code size,
object-oriented and multi-threaded natures, Java is suitable
for network computer processors, PDAs, Internet TVs, or
other consumer and embedded products [RICK 98].

Although Java has many advantages for developing
embedded applications, current execution environment for
Java makes embedded system developers hang back. This
sitvation can be observed cleady by analyzing th
following four major methods for executing Java:

* Interpreter: Interpreter is the most common and is
traditionally used to execute Java. The interpreter
itself is composed of a big time-consuming loop to
map each Java bytecode instruction into native code
sequences, which affects run-time performance
significantly.

* JIT (Just-In-Time) compiler: JIT compiler compiles
the Java bytecodes when the bytecodes are neve
run before. JIT compiler stores the compiled codes
because that the codes may be run again directl

instcad of compiling them redundandy. JIT
compiler improves a large amount of performance
as opposed to the interpreter. However, JIT
compiler requires a large amount of memory (o
store the JIT itself and the compiled codes. Stud

shows that compiled native code size is 25 times
larger than the original Javabyiecodes [JIMT 97].
This may not be acceptablein the embedded
systems.

=  Off-line compiler: Off-line compiler compiles the

Java applications or applets before running as
opposed to the run-time JIT compiler. Code
optimizations are heavily used to exploit more
parallelism in Java bytecodes. However, off-line
compiler suffers from the same code explosion
problem like the JIT compiler.

= Java processor: This is the first concept unveiled b

Sun Microsystems to execute Javabytecodes
directly by hardware [O’'CO 97][SUN 99]. Java
processor has no performance and memory size
problems, but still suffers from the complete
supporting of system software. Moreover, the
requirements Lo execute existing applications based
on Cor C++ are not what a Java processor can
offer [JIMD 98].

Therefore, we propose the concept of a Java/ARM dual-
mode processor, which offers a better alternation to run
Java and still compatible with ARM for existing C or C-++
applications. Unlike the Java ILP machine [KEM 97] or the
Caffeine prototype [HSI96], the proposed Java-to-ARM
translator is @ hardware code translator built in between the
ARM instruction fetcher and the instruction decoder. In
Java execution mode, the fetched instructions are of
bytecodes. The translator is enabled to translate each of the
fetched bytecodes to one or more ARM instructions. The
translated ARM instructions are then sent to the ARM
instruction decoder to finish their instruction cycles. In
ARM execution mode, the fetched instructions are of ARM
instructions and thus do not need to run through the
translator but to the ARM instruction decoder directly.

The rest of the paper is organized as follows. In section
II, we will survey the currentstatus for dual-mode
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execution. In section I, we will introduce the simulation
environment and benchmarks used in this study. The
proposed Java stack to ARM register mapping mechanism
to generate operand fields among the ARM instructions 15
given, In section 1V, the translator architecture is described.
Simulation results are analyzed for the translator design. In
section V, the translator architecture is further enhanced to
provide better performance by adopting ARM instruction
folding. Related architecture design and simulation result
are given also. Finally, section VI summarizes and
discusses the future works.

I INTRODUCTION TO DUAL-MODE EXECUTION

A, x86/IA-64 Merced Processor

In approximately five years ago, Intel and HP announce
their next generation 64-bit core architecture named 1A-64
[PET 96][LIN 97] [CHR 97][RON 98]. This novel
architecture adopts some parallel processing and compiling
techniques but still faces the problem of lacking supporting
software applications. Intel conguers this by combining
both x86 and IA-64 execution coreinto the same chip

named Merced [PET 96][LIN 97]. In the US patent [GRA
97] issued by Intel, the possible architecture for Merced is
consisted of one IA-64 execution unit for both x86 and IA-
64. The register file can be designed as a shared one or
separated two files for IA-64 and x86 respectively. Th
common instruction fetcher fetches instructions from the
instruction cache and checks the imernal mode flagto
decide that the instructions are either sent to the x86 or (o
IA-64 translator. Then the common instruction decode
decodes the [A-64 instructions sent from the instruction
fetcher or translator. The execution mode switching is
accomplished by adding eight new instructions for IA-64
and one new and one modified instruction for x86. When
interrupt occurs, Merced will switch to x86 mode to
activate the interrupt handler regardless of the current mode

of IA-64 or x86.
B. Proposed Java/ARM Dual-Mode Processor

When designing the Java/ARM dual-mode processor,
we target the design goal as direct hardware execution fo
both Java and ARM instructions to enhance the execution
performance of Java with the compatibility of executing the
original ARM applications. This design is based onan
ARM7 processor core [ARM 95], including an instruction
decoder, an execution unit and a register file. As shown in
Fig. 1, the instruction fetcher is modified slightly to matc
the unaligned access behavior of Java execution mode.
Furthermore, a sizer unit and a Java-to-ARM (ranslator are
added in between the instruction fetcher and the instruction
decoder. The demultiplexer sends instructions from the

instruction fetcher to the sizer or the ARM instruction

decoder according to the mode selection bit in Cpg
(Current Program Status Register).

[ Java/ARM Instruction Fetcher |

m_————

Java-lo-ARM
Translator

| ARM Instruction Decoder |

Y

ARM
Hag?sler - ARM
File Execution Unit
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Fig. 1 Overview of the Java/ARM Dual-Mode Processor

C. Mode Switching for Java/ARM Dual-Mode Processor

Hardware support for switching between Java and ARM
execution modes is accomplished by modifying one
reserved bit in ARM's CPSR as the Java/ARM mode bit. As
shown in Fig. 2, the bit 8 of the CPSR is one of twenly
reserved bits in the ARM processor. We define this bit as
the J bit (Java mode bit). If the J bit is 1, it means thatth
Java/ARM dual-mode processor is in the Java execubion
mode. The fetched instructions are of Java bytecodes and
they are sent o the translator prior to the ARM instruction
decoder. Otherwise, the Java/ARM dual-mode processor

acts like a traditional ARM processor.

Condition Code Reseived Conpol

| Flig | ' s 1 T Bita |

B I mTTTiE

Fig. 2 Modified CPSR with Newly Defined Bit 8 -- JBit

In the Java execution mode, mode switching can be
achieved by translating complex Java bytecode instruction:
to the SWI (Software Interrupt) instructions for ARM
decoder to force the ARM core entering the supervi
operating mode. In this mode, the interrupt handler ¢
modify the o bit to 0 to enter the ARM execution mode. ¢
the other hand, if the current execution mode is in AR
mode and the operating mode for ARM is not of user mod
the mode switching can be accomplished by modifying ¥
CPSR directly. If the ARM's operating mode is of the U



mode, the instructions for switching to the non-user mode
must be run first to get enough priority to modify the CPSR.

ML  SIMULATION ENVIRONMENT AND PRELIMINARY
RESULTS ANALYSIS

A Simulation Environment and Benchmarks

In this study, we developed a trace-driven simulator to
simulate the proposed translator. The traces are generated
by the trace generator. By modifying the "interpreter.c” of
Sun JDK 1.0.2, the trace generator provides the opcode,
operands, program counter and branch information, etc. fo
the simulator.

The benchmark programs consist of seven single-
threaded Java application programs. The first benchmark i
the famous Linpack benchmark written in Java. The other
six benchmarks, designed to expose the capabilities of a
system’s CPU, FPU, and memory system, are part of BYTE
Magazine's BY TEmark benchmark suite. The properties of
these benchmarks are summarized in Table 1.

TABLE 1
Propertics of Selected Java Benchmarks

e = -k T P, T T
Linpack 8.019.462
Assignment (Assign) 10.002.219
Bit Operations (BitOps) 6,395,978
IDEA 2976.197
Lu 11.757.031
Numeric Sort (NS) 8.036.966
String Sort (S5) 4.297.097

B. Stack to Register Mapping Mechanism (SRMM)

In the Java/ARM dual-mode processor, the available
number of registersis onlysixicen. Ouly the control
registers (CR), operand stack (OS) and local variables (LV)
in the activated method frame will be mapped during the
translation process. For simplicity, the SRMM uses fixed
mapping for both OS and LV as opposed to the dynamic
allocating.

If the number of mapped LV register is N, then the
mapped register indices are arranged from Oto N - 1. If the
Java bytecode instruction’s LV index is smaller than N, the
translator will translate the ARM instruction which is of
register data processing group. If the LV index is greater o
equal to N, memory data transfer instructions are translated
for accessing the LV in memory. Consequently, more LV
entries are mapped into ARM's register file, highe
performance can be achieved.

To access the OS, the TOSR (Top of Stack Register) is
used as an index to the first element in OS. If the number of
mapped OS is M, then the mapped register indices are
arranged from N to N +M - 1. Every time when a bytecode
instruction is executed, the TOSR is updated. If the required

stack entry is not in between Nto N+ M - 1, OS overflo
or underflow occurs. Related control registers are defined
below for overflow and underflow processing.

Defipition: Operand Page (OP) -  When
overflow/underflow occurs, operand stack enirics are
swapped out/in to/from memory. These swapped operand
stack entries form an operand page. The number of operand
stack entries, annotated as sizeaf (OP), is fixed for design
simplicity.

Definition: Operand Page Pointer (OPP) -- This register
contains the memory address to store the new operand page.

Definition: Operand Page Counter (OPC) - This
register contains the number of operand pages stored in
memory.

When the TOSR is greater than N + M - 1, OS overflo
occurs, The overflow handling mechanism is described
below:

1. Swap the OP starting from register N to memory
address indicated by OPP.

2. Move the remaining registers indexed from N
sizeof (OP) - 1 to N + M - 1 to the registers indexed
from N to N + M - sizeof (OP) - 1.

3. OPP = OPP + sizeof (OP) * 4.

4. OPC=0PC + 1.

5. TOSR = TOSR - sizeof (OP).

When OPC is greater then 0 and TOSR is less than N +
M - sizeof (OP) - 1, OS underflow occurs. The underflow
handling mechanism is described below:

1. Move the registers indexed from N to N + M - sizeof
(OP) - 1 to the registers indexed from N + sizeof (OP)
-TtoN+M-1.

2. OPP = OPP - sizeof (OP) * 4.

3. Swap the OP addressed by OPP to the registers
indexed from N to N + sizeof (OP) - 1.

4. OPC=0PC - 1.

5. TOSR = TOSR + sizeof (OP).

Except that parts of the LV and OS are mapped into
ARM registers, five frequently used control registers (CR
are also mapped into ARM registers for accelerating Java
execution mode, as described below:

= Program Counter (PC): This register indicates the
address of the next bytecode to be executed.

*  Operand Page Pointer (OPP): As described above.

» Local Variable Base Pointer (LVBP): This register
contains the base memory address of the LV of the
currently activating method frame.
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Fig. 3 Overhead Cycles for Various Combinations of LV
and OS Mapping

Iv. JavA-TO-ARM TRANSLATOR

The ARM core architecture is apipelined RISC
machine. At most one instruction can be executed each
cycle. In contrast, Java bytecode instructions are of CISC
type. In other words, a simple Java bytecode instruction can
be mapped into one ARM instruction but a complex Java
bytecode instruction requires more than one AR
instructions. Consequently, the basic Java-to-ARM
translator model can translate one Java bytecode instruction
to one or more ARM instructions, and send each translated
ARM instruction to the ARM decoder sequentially.

A. Bytecode to ARM Code Mapping

When designing the translator, we need to know how
much ARM instructions are required for translating eac
p}rlecnd_c instruction, Simulation shows that most bytecode
instructions can be mapped into four or less ARM
instructions. Complex and floating point bytecode
instructions like invokevirtua and ddi need a long
sequence of ARM instructions to emulate the function
These hyu?cndr: instructions will be ftranslated to thej
software interrupt  (SWI) instructions and trap to the
corresponding interrupt  handler. Consequently, the
F;autsmcgn ranslate one bytecode instruction to };’t most
; WM Instructions, As shown in Fi
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766 bytecode instructions are trape

in average- 1 : : lateq
in a +g SWI instruction to switch to the ARM = lo e

head. Furthermore, another SWi inslmc;?"hl

cycles OVEr e
ired in the
:::qo;; This leads to a total overhead of 6 cycles 5

: i h untranslated b Uiy

w1 instruction for each untrar Yiee 4
ﬂ;{:u?rﬁd number of SWI instructions in the LU a“duﬁ?;l'ﬂh
rw?-,chma:ks is higher than otherf because both f lhemmck
ﬂua[i,ngpninl oriented but ARM's ISA Supports f; K&ﬂ?{.?t
m

only.

nterrupt handler to switch back ¢, :'n i

100%

R e LS
Fig. 4 Percentage of Bytecode to ARM Instruction Mapping

B. Translator Core Design

As shown in Fig. 5, the basic translator is consisted of
two units - lookup table and ARM instruction generato,
The lookup table contains the required translafioy
information for each bytecode. The number of required
entries of the lookup table is 2° * 4, where 2° is because thy
the size of opcode for each bytecode is 8 bits, and 4 mean
that at most 4 ARM instructions can be translated for each
bytecode. The size for each entry is 38 bits, including 5-bi
for ARM opcode index, 2-bit for TOSR maintenance, 3(-
bit for generating ARM operand fields, and 1-bit fo
indicating the end of bytecode translation.

Bylecode's Disable Bytecode's
Opcode Felchar Operands
Laokup Table
Addtess |
Ganeralor
| Transiation | |
Addar T ~H
L (e
: Oparands Generalion Information
o Lookup TOSH Malnienance
Table | Upcods Index
]
ARM Instruclion Generatol

ARM Tosa ARM
Opcode Operands
Tably oGe Genarator

AHM AHM
Instruction Instruction
Opeode Oparands

Fig. 5 Block Diagram of the Java-to-ARM Hardwar
Translator
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There are two special conditions for bytecode to ARM
code translation as described below

=« Wide condition: In bytecode definition of the JVM,
the wide instruction is used to double the width of
the operand fields of the succeeding bytecode
which is one out of iload, floa , aload,
i1load, dloa , ister , fstore, astore,
istore, dstor , re , and iin , In our
translator design, the sizer unit will generate a
WIDE bit to indicate whether the wide condition is
met or not. If the WIDE bit is 1, the translation
information is generated using a special designed
table indexed by the succeeding byte of the wide
instruction instead of the original lookup table.

« Selective translation condition: The translation for
some bytecode instructions will depend not only
the opcode but also the operand value. For example,
the succeeding byte of th iload instruction
indicates that which LV entry will be loaded. If thi
entry is already mapped into one ARM's register,
the translated ARM code is MOV instead of
accessing the memory using LDR. This condition
can be resolved by adding one small table like the
wide condition. In facts, both conditions are
considered together and designed 1o share the same
table for simplicity.

The major works for the ARM instruction generator are
described below:

= Opcode generation: In our translator design, onl
28 different ARM instructions are used during
ranslation. Consequently, we do not store the
translated ARM instructions for each bytecode in
lookup table. Instead, these ARM instructions are
stored in a small ARM opcode table and the lookup
1able contains the indices only. This design reduces
the required die size and hardware cost.

= Operands generation: In ARM instructions format,
bit 0 to bit 19 are of operands. The operands can be
further divided into different fields and the
definition for each field varies from instruction to
instructions, The smallest width of each field is 4
bits. Therefore, we divide the 20-bit operands into
five 4-bit groups. According to the ARM's opcode,
the operands generation unit resembles these
groups and fits them into proper locations.

= Java operand stack pointer maintenance: This unit
is used to maintain the TOSR and operand stack
overflow/underflow as described in section IILB.

V. ARM INsTRUCTIONS FOLDING

The stack-based architecture of the JVM uses a large
amount of data move instructions between operand stack
and local variables. This also indicates that many register
move instructions will be translated and execuled by the
ARM core. In this section, we will propose an ARM
instructions folding technique with a translated queue to
detect whether the translated register move instructions can
be co!'nbincd into instructions that truly operate in
execution unit.

A.  An Example for ARM Instructions Folding

As shown in Fig. 6, three data move bytecode
instructions ( iload , iload 0 and istore 2) are
translated into ARM's register move instructions. The ARM
instructions folding mechanism checks the true data
dependency among the translated ARM instructions. If the
dependency is found between register move instructions
and ALU type instruction (add), the ARM instructions
folding is applied to remove the register move instructions
and adjusts the source/destination register for the ALU type
instruction.

Bylecodes ARM instruciions L ARM instiaciion
{1)0iload_3 Traailpiinn {1)Cmovlieh, £l Faldang
(210iload O {2 Dmavlle? , =0 J———'—‘,,_v) -
(3} 0iadd () Caddlirs, r7,c8 addlis2, <0, £3
(4)0istore 2 (4)Omovliz2, o6

Fig. 6 An Example for ARM Instructions Folding

B. ARM Instructions Folding Mechanism

As listed in table 2, the translated ARM instructions are
classified into three types for folding check. The folding
occurs when one or two conlinuous P instructions are
followed by an E instruction, or an E instruction is followed
by a P instruction.

TABLEII
Classification of Translated ARM Instructions for Folding
Check
"T---—i i !T;,'_-:‘: . ,_.,_ﬁ-mg !-I-!'!
Primary (P) ALU operations
Erasable (E) register data move
memory load/store, branch and
Independent (1) software interrupts

To implement the mechanism, we use a translated queue
(TQ) to store the translated instructions. The folding check
is performed before the newly translated instructions are
written into the TQ. As described in section IV.A, one
bytecode instruction may be translated into one or more
ARM instructions. If more than one ARM instructions are
wranslated, only the first translated ARM instruction will be
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checked with the latest instructions among TQ, as depic
in Fig. 7.
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Translated Quene Translated Quene

Fig. 7 Folding among Translated Queue and Newly
Translated Instructions

C. Simulation Results

Fig. 8 shows the relationship between the number of TQ
entries and the folding speedup. Simulation result show
that only 4 entries are enough for TQ design. Consequently,
using a fully associative orginazation for the TQ designi
feasible and could improve the performance by avoiding
losses of folding opportunities.

D072 Entries B3 Entries D4 Entries B Unlimited Entrics

Fig. 8 Comparison of TQ Entries and Folding Speedup

Fig. 9 shows the performance comparison based on the
translator with 16 registers. The ARM instructions folding
can enhance the execution performance by 15%. If the
number of ARM register is unlimited and ARM instructions
folding is not used, the performance gain is 37% higher
than the 16 registers configuration. If the ARM instructions
folding is enabled with unlimited number of registers, the
performance gain is 75% higher thanthe 16 register
configuration,

—
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Fig. 9 Comparison of Speedup versus Dit’ferenth":
Architectural Design Parameters
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VI CONCLUSIONS

The proposed Java/ARM dua!—mndc Processor is useg
to accelerate the ARM's execution performance of Jay,
programs while compatible  with existing C  coded
applications. When executing the Java applets/applications,
the bytecode instructions can be executed by the dual-mode
processor on-the-fly. A simple Java-to-ARM hardware code
translator is designed and built in between the ARM
instruction fetcher and decoder. In the Java execution mode,
the Java-to-ARM translator can translate one ARM
instruction per cycle. 83% of Java bytecode instructions are
translated by the Java-to-ARM translator to execute direct
on the ARM core. The remaining 17% complex bytecode
instructions are implemented as ARM's software interrupt
that require ARM's operating system supporting.
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