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1

System for executing virtual machine instructions

The field of the invention is a metbod and device for executing a program of
virtual machine instructions with a processor core that is arranged to execute native
instructions different from the virtual machine instructions.

Execution of a virtual machine program can be used under various
circumstances, such as during execution of compiled JAVA programs or when execution of
the program by a processor has to be emulated by a processor with a different instruction set.

In case of JAVA, a program in the JAVA language is first compiled into a
program of JAVA virtual machine instructions, instructions, which are commonly called
JAVA byte codes. Compilation may be performed once for a number of executions, or “Tust-
In-Time” (JIT), just before execution of the JAVA program or blocks of the JAVA program.
The program or block is compiled into JAVA virtual machine instructions, loaded into
memory and execution of the byte codes by a pracessor is started. The processor bas to
ensuse that the effect is produced that has been defined for those byte codes in the JAVA
language definition.

Execution of a virtual machine program can be realized with an interpreter,
which is implemented for example by executing an emulator program with the processor or
by inserting a preprocessor between instruction memory and a processot core. An interpreter
program contains native machine instructions to load the virtual machine instructions, to
determine what actions to take in order to produce the effect required by the virtual machine
instructions and to take those actions. Similarly a preprocessor inspects the virtual machine
instructions and generates instructions for the processor core that produce the required effect.

In both cases virtual machine instructions are loaded and translated “on the
fly™: each virtual machine instruction is translated into one or more native machine
instructions when this virtual machine instruction has to be executed (or when it is expected
that it has to be executed soon). Program flow during execution dictates which virtual
machine instructions are translated. To realize this, the emulator has to maintain a virtual
program counter, which the emulator must increment during sequential instruction execution

or which the emulator must change upon executing a virtual machine branch instruction.

JP 2004-507832 A 2004.3.11
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Usually, emulation of execution of a program of virtual machine instructions
is much slower than execution of a similar program of native instructions. It has been known
to speed up processing by providing a library of programs of native instructions to implement
certain tasks. When a program of virtual machine instructions calls for the execution of such
a task, a program from the library is given control over the processor, so that the task is
executed much faster, without the supervision of the emulator. JIT compilers are another way
of speeding up VM execution. However, they consume much more memory, because they
need to store both VM code and translated code. Besides that, their timing behaviour is
inpredictable, because the execution phase in which the actual translation takes place is very
slow.

From PCT patent application No. 99/18486 a preprocessor is known for
implementing the execution of virtual machine programs. This preprocessor is capable of
switching very rapidly between execution of virtual machine instructions and native machine
instructions. The preprocessor monitors the program counter of the processor core. Certain
ranges of program counter values have beén defined for virtual machine instructions and for
native machine instructions. As long as the program counter is in a range defined for native
machine instructions, the preprocessor is passive and the bus control unit allows native
instructions addressed by the program counter to be fetched from memory to the processor.
When the program counter is in a range defined for virtual machine inslrﬁctims, the
preprocessor steps in. In this case, the native instructions for the processor core are no longer
fetched from memory. The preprocessor loads virtual machine instructions from memory and
from these virtual machine instructions it generates the native machine instructions. When a
virtual machine instructions calls for execution of a task that is implemented as a library
program of native machine instﬁxcﬁons, the preprocessor causes the processor core to change
theprogram counter of the processor core to the starting point of the program of native
machine instructions. This speeds up execution of programs of such native machine
instructions, but execution of virtual machine instructions is still much slower.

US patent No. 5,889,996 describes an interpreter which contains different
blocks of native machine instructions, each block for a respective type of the virtual machiﬁé
instruction. According to this patent these blocks are all Joaded into cache memory together
and each time the interpreter executes a virtual machine instruction the interpreter transfers
control to the appropriate block. Thus, program execution is accelerated because the required
native machine instructions can be fetched from cache memory. However, virtual machine

program execution is still slower than native machine program execution.
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Among others, it is an object of the invention to provide for a method and
device for executing virtual machine programs that speeds up execution of virtual machine

programs.

The device according to the invention is set forth in Claim. 1 and the method
according to the invention is set forth in claim 5. At least part of a body of native machine
instructions that are generated to implement virtual machine instructions that are expected to
be executed repeatedly is identified. Thus at least part of the body is written to memory,
preferably starting from the first native machine instruction that corresponds to the virtual
machine instruction at the start of a loop, a loop being a set of one or more instructions which
is to be executed repeatedly. The emulator records a correspondence between a memory
location of the start of the at least part of the body and an identity of the virtual machine
instruction corresponding to the start of the at least part of the body. Subsequently the
emulator enables the processor core to execute native machine instructions of the at least part
of the body repeatedly from memory, without generating these native instructions anew for
each repeated execution of the corresponding virtual machine instructions. Preferably, the
body is kept in a cache memory.

A preferred example of a body of native machine instructions that is expected
to be executed repeatedly is a loop, where the repeated executions of the body are
consecufive, without execution of intervening instructions. But the invention may also be
applied to bodies of instructions that are not a loop body, but are expected to be executed
repeatedly for another reason, for example a subroutine body. In case of a loop, the entire
body of the loop is preferably stored. Furthermorte, a backward branch native machine
instruction is preferably generated and stored in memory at the end of the body of native
machine instructions, so that the loop can be executed repeatedly without further intervention
of the emulator. As an alternative, the emulator might generate native instructions for part of
the loop anew for each time that the loop is executed. This reduces the efficiency of 7y
execution, but it may be advantageous, for example if some instructions in the loop require h
special treatment by the erulator.

Preferably, the emulator detects from the instruction fetch addresses of the
processor core whether the processor core is still executing instructions from the body, or
whether the program counter passes out of the body. In the latter case, the emulator resumes

the generation of native machine instructions. In principle, the emulator can detect that the

JP 2004-507832 A 2004.3.11
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instruction fetch address of the processor core passes out of the body if the emulator stores an
address of the end of the body and compares this address with the instruction fetch address.
Preferably, however the emulator adds a branch instruction at the end of the body, for
causing the processor core to branch into some predefined range of addresses (for example a
range where a predetermined bit of the address is equal to one, but any ra.ngé within certain
bounds will do). In this case, it suffices that the emulator detects whether the instruction fetch
address is in that predefined range.

In principle, the native machine instructions in the body can be executed for
the first time by the processor core as they are generated and stored by the emulator, that is,
the native instructions can be executed before the instructions of the entire body have been
generated and stored. In this case the processor core executes the native machine instructions
of the body from memory only the second and further times the instructions are executed.
However, in a preferred embodiment, the emulator fizst stores the entire body and then canses
the processor core to start executing the generated instructions of the loop from memory.
Thus, the processor core executes the body from memory also the first time. Thus, there is no
need to treat the first execution of the loop different from other executions, which simplifies
the operation of the emulator.

For the implementation of the invention it is necessary to record a
correspondence between a native machine instruction at the start of the at least part of the
body and a memory location where that native machine instruction is stored.

This may be realized for example by starting storage of generated native
machine instructions for the at least part of the body from a predefined memory location,
which is independent of the particular program being executed. In order that the emulator
knows when to start storing the generated native machine instructions, the program of virtnal
machine instructions is preferably accompanied by hint information that indicates a virtual
machine instruction at the start of a part of the program for which generated native machine
instructions must be stored. This hint information may be in the form of an additional
instruction in the program, or in the form of an entry in list that indicates the location virtl{al‘
machine instructions at the start of such parts of the program. Such hint information may be
compiled in advance, for example by analyzing the program to detect loops or subroutine
bodies suitable for such treatment.

Alternatively, one may store native machine instructions more or less
indiscriminately as they are generated during program execution, and record the combination

of a location of virtual machine instructions in the program and a memory addresses of
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corresponding generated native machine instructions. Thus, when a virtual machine branch
back instruction occurs, the emulator can use the virtual machine target location of the branch
to determine the memory location where the corresponding native machine instructions start,

50 that the processor core can start executing these instructions from memory.

These and other advantageous aspects of the method and device according to
the invention will be described using the following Figures, of which
Figre 1 shows an embodiment of a device according to the invention.

Figure 2 shows a flow chart of emulation of a virtual machine program.

Figure 1 shows an embodiment of a device according to the invention. The
devicé contains a processor core 10, a memory system 14 and a virtual machine interpreter 12
between the memory system 14 and the processor core 10. The processor core 10 has an
instruction address output 100 and an instruction input 102 coupled to the virtnal machine
interpreter 12. The memory system 14 has an address input 144 and a data input/output 146
coupled to the virtual machine interpreter 12. The memory system 14 is shown to contain a
cache memory 140 and a main memory 142. For the sake of simplicity, connections for
supplying operand data to processor core 10 are not shown in Figure 1, because such
connections are not essential for understanding the invention. Operand data may be supplied
to the processor core 10 for example using a separate data memory (not shown), with its own
data address and data value connection (not shown) to the processor core 10, or from memory
system 14 in time share multiplexing with the supply of instructions. The system may have
physically different memories for VM instructions and generated native instructions,
provided that the processor core has read connections to the same memory to which the VMI
has write connections.

The virtual machine interpreter 12 contains a preprocessor 120, an instruction
multiplexer 122, an address multiplexer 124 and a read/write switch 126. Virtual machine
interpreter 12 has control outputs coupled to control inputs of instruction multiplexer 122, | ;
address multiplexer 124 and read/write switch 126, The preprocessor 120 has an input ’
coupled to the address output 100 of processor core 10, an address output coupled to the
address input 144 of memory system 14 via address multiplexer 124, a virtual machine
instruction input coupled to the data input/ontput 146 of memory system 14 and a native
machine instruction output coupled to the instruction input 102 of the processor core 10 via
the instruction multiplexer 122.
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These connections serve a normal mode of operation of the virtual machine
interpreter 12, in which the preprocessor 120 issues addresses of virtual machine instructions
fo the address input 140 of the memory system 14 via address multiplexer 124 and in
response receives virtual machine instructions from the data input/output 142 of the memory
system. The preprocessor analyzes the received virtual machine instructions, determines
which native machine instructions should be executed by the processor core 10 to implement
the received virtual machine instructions and sopplies these native machine instructions to the
instruction input 102 of the processor core 10 via instruction multiplexer 122.

The preprocessor 120 maintains its own virtual machine program counter
(distinct from the program counter of the processor core 10), which determines the location
in the program of the next virtual machine instruction that should be execnted during
program flow. In the normal mode, the preprocessor 120 itself handles virtual machine
branch instructions, which affect the program counter in the preprocessor. No native machine
instructions need be generated for this purpose, except to determine any conditions for the
branch instruction. In principle, all virtual machine instructions can be processed in this way
in the normal mode, including instructions in program loops which are executed repeatedly
and subroutines. However, according to the invention, a special treatment may (not "need"}
be given to such parts of the program that are expected to be executed repeatedly.

In a loop mode of operation, the virtual machine interpreter 12 does not supply
generated native machine instiuctions directly to the processor core 10. Instead, the virtual
machine interpreter stores these instructions in memory system 14, by supplying storage
addresses to the address input 140 of memory system 14 via address multiplexer 124 and by
supplying the native instructions to the data input/output 142 via read/write switch 126. For
this purpose, the native machine instruction output is coupled to the data input/output 142 of
memory system 14 via the read/write switch 126.

In a native execution mode, the processor core 10 is allowed to execute native
machine instructions from memory system 14. For this purpose, the instruction address
output 100 of processor core 10 is coupled to the address input 140 of memory system 14 yig
address multiplexer 124. And instruction input 102 of processor core 1 is coupled to the dayta
input/foutput 142 of memory system 14 via the instruction multiplexer 122.

Figure 2 shows a flow-chart of operation of the virtual machine interpreter 12.
In the noxmal mode, virtual machine interpreter 12 repeatedly executes a first, second and
third step 21, 22, 23 until a final step 29 detects an end of the virtual machine program (or

executes a byte code that has the effect of terminating execution of the virtual machine

JP 2004-507832 A 2004.3.11



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

10

15

20

25

30

(17) JP 2004-507832 A 2004.3.11

WO 02/19100 PCT/EP01/09694
7

program). In the first step 21 of the flow-chart, the virtual machine interpreter Joads a virtual
machine instruction from memory system 14 and determines whether this instruction is a
starting instruction of a loop. If not, virtual machine interpreter executes the second step 22.
In the second step 22, the virtual machine interpreter 12 analyzes the virtual machine
instruction that has been loaded in the first step 21 and generates one or more native machine
instructions that implement the virtual machine instruction. The process of generation of
native machine instructions has been described in PCT patent application No. 99/18486 cited
hereinbefore and its references. In the third step 23, virtual machine interpreter supplies the
generated native machine instruction or instructions to processor core 10 and monitors the
instruction address output of processor core to determine when a next virtual machine
instruction must be processed. When a next virtual machine instruction must be processed,
the final step 29 is executed, to determine whether the program has finished. If not, the first,
second and third step 21, 22, 23 are repeated. Alternatively, the return to the first, second and
third step 21, 22, 23 is unconditional, an exit from the loop being realized by executing a
software trap instruction in response to byte codes that cause the virtual machine program to
terminate.

In the normal mode, the exact instruction address issued by the processor core
is not used to address instructions. Virtual machine interpreter 12 keeps its own virtual
machine program counter fo control the addresses in memory system 14 from which it
fetches virtual machine instructions. Virtual machine interpreter 12 may use the instructions
addresses issued by processor core 10 to test the state of processor core 10, by supplying
native conditional branch instructions to processor core 10 and observing whether or not
processor core 10 takes the branch. Furthermore, virtual machine interpreter 12 may use the
instruction address issued by the processor core 10 for the purpose of mode selection: at least
twa ranges of instruction addresses are defined, one for example having an MSB (most
significant bit) equal to one. As long as the processor core 10 issues addresses in a first range,
the virtal machine interpreter 12 operates in the normal mode translating virtual machine
instructions as described. However, when the instruction addresses issued by the processor .-
core 10 are not in the first range, the virtual machine interpreter operates in a different mode, ’v
for example a native mode, in which processor core 10 is allowed to fetch native instructions
from memory system 14 for execution.

When virtual machine interpreter 12 determines in first step 21 that a starting .
instruction of a loop has been loaded, virtual machine interpreter 12 executes a fourth, fifth,
sixth, seventh and eight step 24, 25, 26, 27, 28, The fourth step 24 is similar to the second
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step 22, in that one or more native machine instructions are generated that implement a
current virtual machine instruction. However, in the fifth step 25, virtual machine intetpreter
12 stotes this native machine instruction or these native machine instructions in memory
system 14, instead of executing them as in the third step 23. In the sixth step 26, virtval
machine interpreter 12 loads a subsequent virtual machine instruction en repeats from the
fourth step 24 if the subsequent virtual machine instruction is not the final instruction of the
loop. Thus, virtual machine interpreter 12 stores a sequence of generated native machine
instructions in memory system. When virtual machine interpreter 12 determines that it has
reached the end of the loop of virtnal machine instructions, the seventh and eight steps 27, 28
are executed. In the seventh step 27 virtual machine interpreter 12 stores a native conditional
branch back instruction in memory system 14 at the end of the sequence of instructions that
have been generated for the loop. After the branch back instruction, the native machine
interpreter 12 stores an unconditional branch instruction to an instruction address in a
predetermined range, for example the range from which the addresses, when issued by
processar core 10, indicate that virtual maé:hine interpreter 12 must operate in the normal
mode.

In the eight step 28, virtual machine interpreter 12 supplies a branch
instruction to processor core 10, to cause the processor core 10 to start fetching instructions
from the sequence of native instructions that has been generated for the loop. In this respect,
eight step 28 is similar to third step 23, except that in eight step 28 the processor core 10
addresses and executes native instructions from memory system 14, whereas in third step 23
the native instructions are generated by and supplied from virtual machine interpreter 12. In
the eight step 28, virtnal machinc interpreter 12 allows processor core 10 to fetch and execute
instructions from memory system 14 until virtual machine interpreter 12 detects from the
value of the instruction address issued by the processor core 10 that the processor core 10 has
exited from the loop. Thereupon, virtual machine interpreter 12 executes final step 29, to
resume operation in the normal mode.

By way of example, the flow chart of Figure 2 has been described for the case
of aloop, which is executed immediately after generation of the native instructions and their
storage in memory. This is the most compact example of implementation of the invention,
but the invention may be applied to other sets of virtual machine instructions than loops,
when such a set of virtual machine instructions are expected to be executed repeatedly. An
example is the body of a subroutine, or an exception handler, or the most computation

sensitive part of a larger loop. In these cases, the stored native machine instructions will not

JP 2004-507832 A 2004.3.11
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contain a branch back at the end of the generated instructions. Control is transferred back to
the stored native machine instructions each time the virtual machine program calls for the
execution of the corresponding series of virtual machine instructions.

In the embodiment shown in Figure 2, the virinal machine intespreter 12 staris
writing generated native machine instructions to memory system 14 only from the first native

instruction g d for a set of repeatedly executed virtual machine instructions. The

starting memory address from which virtual machine interpreter 12 starts writing these native
machine instructions may be a predetermined memory address, which is independent of the
virtual machine program being executed. This is advantageous, in that no unnecessary
overhead is involved in writing native machine instructions generated for virtual machine
instructions outside the loop. Furthermore, if the memory system 14 uses a cache, the
required amount of cache replacement is reduced in this way.

However, this approach means that the virtual machine interpreter 12 needs a
signal to indicate when it should start writing generated native machine instructions to the
memory system 14. In case the virtual machine instructions include a "loop" instruction,
which indicates that a specified number of virtual machine instructions must be executed a
specified number of times, the loop instroction can be used as a trigger to start storing
generated native machine instructions. Alternatively, a "meta-instruction" may be included in
the virtual machine program to indicate the start of a body of instructions whose translation
must be stored in memory. In this case, the meta-instruction causes the virtual machine
interpreter 12 in the first step 21 to load the next virtual machine instruction and to proceed
from the fourth step 24. The meta-instruction may indicate the size of this body of virtual
machine instructions, but this is not necessary: the end of the body may be detected from a
virtual machine branch back instruction with a branch target equal to the location of the start
of the body. Aliematively, the virtual machine program may be combined with a list of
addresses of virtual machine instructions at the start of such bodies. In this case, virtual
machine interpreter loads at least part of this list and compares the current virtual machine
instruction address in the first step 21. O

The location of the virtual machine instruction may be determined for example
during compilation of a high level language into virtual machine instructions, as the location
where high level language loops (e.g. for loops) have been compiled. Alternatively, these
locations may be determined by preprocessing the virtual machine instruction program, to
detect branch back instructions and to mark the target of detected branch back instractions as
starting points of loops. Thus, the high level language source code is not required. Similarly,
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the starting points of subroutines (targets of virtual machine jump to subroutine instructions)
and/or instructions for catching exceptions may be marked in this way.

In the simplest embodiment, the execution of generated native instruction
sequences from memory is applied only to native instruction sequences for sets of virtual
machine instructions that do not contain branch instructions or other controlltransfer
instructions other than a branch back at the end of the set. This guarantees that the same
sequence of native instructions must be executed each time, If the set of virtual machine
instructions contains a branch instruction that is not at the end of the set a nuruber of
measures can be taken. A first solution is to execute the set in the normal mode, i.e. by
translation each time the virtual machine instructions are executing and not to execute the
translated instructions from memory.

A second solution for branches inside the set of virtual machine instructions is
to split the set of native instructions into parts that, if executed, are always executed
implemented with the same native machine instructions and to store the native machine
instructions stored for the various parts. In this case, the virtual machine interpreter 12 detects
completion of the native machine instructions of each part that ends in a transfer of control
instruction that is not at the end of the set of virtual machine instructions. This may be
realized by monitoring the instruction addresses issued by the processor core 10, if desired in
combination with the insertion of a native machine branch instruction at the end of each part
to jump into the range identifying execution in the normal mode. The branch target of the
native machine branch instruction may be used to identify the part that has completed. Upon
completion of execution of a part, the virtual machine instruction takes care of virtual
machine instructions that command transfer of control and subsequently causes the processor
core to start executing from memory system 14 those native instructions that where generated
for the selected part of the set of virtual machine instructions. Ot, if the virtual machine
instruction transfers control out of the set of instructions, normal mode execution may be
resumed.

A third solution is to generate native machine instructions that implement the
“transfer of control" instructions inside the set of instructions by means of appropriate native
machine branch instructions between the generated native machine instructions. Thus nested

loops can be realized.

JP 2004-507832 A 2004.3.11
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CLAIMS:

L A data processing system for executing a program of virtual machine
instructions with a processor core that is arranged to execute native instructions comprising
- the processor core;

- amemory;

- a virtual machine interpreter for receiving virtual machine instructions selected
dependent on program flow during execution of the program, the virtual machine interpreter
being coupled to the processor core to generate native machine instructions that implement
the virtual machine instructions for execution by the processor core, the virtual machine
interpreter being arranged

- to identify an initial virtual machine instruction from a body of successive
ones of the selected virtual machine instructions, where the body is expected to be executed
tepeatedly; ) '

- to record a correspmidence between the initial virtual machine instruction in
the body and 2 memory location in the memory;

- to write native instructions for the body into the memory from said memory
location, the native instructions for the body being generated for virtual machine instructions
starting from the initial virtual machine instruction; .

- to cause the processor core to execute the native instructions for the body and
to repeat execution of the native instructions for the body by executing the written native

machine instructions for the body from memory starting from said memory location.

2. A data processing system according to Claim 1, the virtual machine interpreter
being arranged to generate a native branch back instruction to the a start of the body and
placing the native branch back instruction at the end of the body in the memory.

3 A data processing system according to Claim 2, the virtual machine interpreter
being arranged to place an unconditional further native branch instruction behind the native

branch instruction, the unconditional further native branch instruction having a target address
in a range of addresses that does not overlap a further range of addresses in which the body is
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stored, the virtnal machine interpreter being arranged to monitor a program counter address
of the processor core and to resume selection of the virtual machine instructions and
generation of native machine instructions from the selected virtnal machine instructions when

the program counter address enters said range of addresses after execution of the loop body.

4. A data processing system according to Claim 1, the virtual machine interpreter
being arranged to receive hint information, which does not affect program flow, the hint
information indicating at least said initial virtual machine instruction, the virtual machine
interpreter recording said correspondence and writing the native instructions for the body
when program flow reaches the initial virtual machine instruction, conditional upon receiving

said hint information.

5. A method of executing a program of virtual machine instructions with a
processor core that is arranged to execute native instructions, the method comprising

- selecting, under control of program flow, virtual machine instructions to be
executed;

- determining native instructions from the selected virtual machine instructions,
to implement the selected virtual machine instructions;

- identifying an initial virtual machine instruction from a body of successive
ones of the selected virtual machine instructions that is expected to be execnted repeatedly;

- recording a correspondence between the initial virtual machine instruction and
a memory location;

- writing native instructions for the body into a memory from said memory
location, the native instructions for the body being determined from virtual machine
instructions starting from the initial virtual machine instruction ;

- causing the processor core to execute the native instructions for the body and
to repeat execution of the native instructions for the body by executing the written native

machine instructions for the body from memory starting from said memory location.

6. A rmethod according to Claim 5, comprising generating a native branch back
instruction to a start of the body and placing the native branch back instruction at the end of
the loop body in the memory.

JP 2004-507832 A 2004.3.11
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7. A method according to Claim 6, comprising placing an unconditional further
native branch instruction behind the native branch instruction, the unconditional further
native branch instruction having a target address in a range of addresses that does not overlap
a further range of addresses in which the body is stored, the method comprising the step of
monitoring a program counter address of the processor core and to resume said selecting and
determining when the program counter address enters said range of addresses after execution
of the loop body.

8. A method according to Claim 4, said identifying comprising preprocessing the
program to detect loop terminating with a virtual branch back instruction and adding a hint to
the program which identifies a target address of the virtual branch back instruction as the
initial virtual machine instruction.

JP 2004-507832 A 2004.3.11
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