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(57) Abstract: A series (20) of original instructions for a single processor is translated into implementing instructions for executions
& distributed over a plurality of processors (12,16) of different type.

The series (20) of original instructions is split into successive

& sections (22a-c,24a,b) assigned to respective ones of the processors (12,16). Operand transfer instructions are added to the sections
o (22a-c,24a,b) to support data dependencies between the sections (22a-c,24a,b). The assignment includes selecting a location of a
boundary in the series of original instructions between successive ones of the sections (22a-c,24a,b) so as to substantially minimize

=

an aggregate of the execution cost factors of the original instructions as implemented and including costs for the operand transfer
instructions. Preferably, the locations of the boundaries are determined from a search among different boundaries positions.
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Translation of a series of computer instructions

Computer programs are usually distributed in the form of a file with a series of
(virtual) machine instructions. A JAVA program, for example, is distributed as a series of
byte codes. Conventionally the (virtual) machine instructions are executed successively by a
single processor that "understands" the instructions, but it is also known to translate machine
instructions of a program for one processor to instructions for a target processor and to
execute the translated instructions with the target processor. A JAVA byte code program, for
example, may be translated into native instructions for direct execution by a processor.
Without translation the processor would have to run an interpreter program to execute the
JAVA byte codes. JAVA Hot Spof is a technique for selectively translating parts of a JAVA
program into native instructions. JAVA Hot Spot detects the frequency with which different
parts of the program are interpreted and translates the most frequently executed parts into
native instructions for later direct execution. Thus, the processor that executes the JAVA
program is able to execute the most frequently executed program parts directly, and less
frequently executed instructions indirectly by executing the interpreter program.

In another development it has been known to provide heterogeneous
processing systems, which include different processors that incur different instruction
dependent costs for executing instructions. US patent No. 4,638,427, for example, teaches
use of a major and a minor processor. A task program is supplied with instructions for the
major processor. The minor processor is capable of executing the instructions from the task
program, be it that some or all of the instructions require emulation. US patent No. 4,638,427
teaches computing an affinity value for the task program, expressed in terms of the number of
additional instructions needed to execute the task program with the minor processor. The
affinity values of tasks are used to select whether tasks will be run on the major or the minor
processor. PCT patent application WO 98/19238 also discloses a heterogeneous processing
system. Here the different processors have generally different instruction sets. Various
threads of a program are compiled for different ones of the processors, so that the threads will
be executed by respective ones of the processors.

None of these publications discusses the possibility of translating a program of

(virtual) machine instructions into instructions for native execution by a heterogeneous
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processor. However, JAVA generally supports multiple threads. Conceivably, instructions for
the different threads (tasks) might be translated into native instructions for different
processors, possibly using affinity values to select the assignment of tasks to different
processors. This does not yet make optimal use of a heterogeneous processing system.

Among others, it is an object of the invention to provide for a method of
translating a series of instructions from a program for a single processor into implementing
instructions for efficient execution in a system that contains a plurality of heterogeneous
processors.

The method according to the invention is set forth in Claim 1. Respective
sections of the program are translated into instructions for respective ones of the processors
and the locations of transitions between the sections are selected dependent on a
minimization of an aggregate cost of executing the instructions distributed over the different
processors.

The method is applied for example to programs of JAVA byte codes. Thus, a
program that can be executed on any computer is adapted to run optimally on a specific
computer with mutually different processors.

The selection of the combination of boundary locations that minimizes
aggregate costs may be performed in any way, once the cost factors have been defined. In a
first embodiment an execution cost factor is used that increases with a count of implementing
instructions needed to implement the original instruction in a particular processor. Thus the
boundaries between sections are located so as to minimize the amount of instruction
execution needed to implement the original instructions. In a second embodiment an
execution cost factor is used that increases with an amount of energy consumed by a
particular processor. Thus the boundaries between sections are located so as to minimize the
amount power consumption for executing the implementing instructions.

Preferably, the locations of the boundaries between sections that are
implemented on different processors are determined in a search, evaluating and comparing
aggregate cost factors including costs for operand transfer instructions for implementing
groups of instructions for alternative ones of the processors. Preferably, the search is
performed by cumulatively constructing alternative paths with different boundaries, and
eliminating inferior paths once it is clear that these inferior paths cannot improve on better
paths, under any possible further cumulative extension of the inferior paths. In an
embodiment original instructions are assigned per basic block (from a branch target in the

original instructions to a next branch target). It has been found that in practical programs this
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simplifies the search without seriously affecting optimality of the boundaries. Thus, use is
made of program structure to select a most cost effective way to implement the original
instruction on the different processors.

In an embodiment one of the processors is a VLIW (Very Large Instruction
Word) processor, capable of implementing a plurality of original instructions per
implementing instruction. In this case, costs may be reduced by combining original

instructions into a single VLIW instruction.

These and other advantageous aspects of the invention will be described in
more detail using the following figures.

Figure 1. shows a heterogeneous processing system

Figure 2. shows a series of instructions and translated instructions

Figure 3. shows a flow-chart for translating a program

Figure 4. shows a further flow-chart for translating a program

The invention will be described in terms of a system that receives JAVA
programs from the Internet and translates the byte codes from a JAVA program into native
instructions, so that execution of translated instructions proceeds alternatingly on two
different processors. However, it should be understood that the invention is not limited to
JAVA programs. For example, the invention may be applied as well to programs of X86
instructions. Similarly, a greater number than two processors may be used.

Figure 1 shows an example of a heterogeneous processing system. The system
contains instruction memories 11, 14, a first processor 12, a second processor 16, a data
memory 18 and bus 19. For the sake of clarity, a separate instruction translation unit 10 is
shown, with outputs coupled to instruction memories 11, 14, but it should be understood that
in practice one of processors 12, 16 may serve as translation unit, the instruction memories
being coupled to bus 19; instruction memories 11, 14 may be part of data memory 18 or be
part of a merged instruction memory for both processors 12, 16. Instruction memories 11, 14
are coupled to processors 12, 16. Processors 12, 16 and memory 18 are coupled via bus 19.

First processor 12 is shown to contain a processing unit 120 and a register file
122. Similarly, second processor 16 contains a processing unit 160 and a register file 162. By

way of example, second processor is a VLIW processor, register file 162 being multiported
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for supplying multiple operands and receiving multiple results in parallel from a plurality of
functional units (not shown separately) in processing unit 160, the instruction memory of
second processor 16 outputting commands for different functional units in parallel. In
contr‘ast first processor 12 is shown to contain circuitry for processing a single command at a
time.

In operation, instruction translation unit 10 receives a program on an external
connection (for example via the Internet). The program includes a series of instructions for a
single processor, for example a series of byte codes all for execution by a JAVA (virtual)
machine. Instruction translation unit 10 translates the series of instructions into instructions
for first and second processor 11, 16. Often it may be possible to translate a byte code into a
single instruction for first or second processor 12, 16, or, when one of the processors is a
VLIW processor, a plurality of byte codes may even be translated into a single instruction for
that one of the processors 12, 16. However, in some cases it may be necessary to use a series
of a plurality of instructions as a translation of a byte code.

Figure 2 symbolically shows a series of original instructions 20 from the
original program and sections 22a-c which are translated into blocks of instructions 23a-c for
first processor 12 and sections 24a,b which are translated into blocks of instructions 25a,b of
translated instructions for second processor 16. The series of original instructions 20
progresses from top to bottom. A first part of series 20 is translated into a first section 22a of
instructions for first processor 12. A second part of series 20 is translated into a second
section 24a of instructions for second processor 16. A third part of series 20 is translated into
a third section 22b of instructions for first processor 12 and so on.

In the shaded areas outside the blocks 23a-c, 25a,b where instructions for a
processor 12, 16 are generated, the "other" processor 12, 16 executes no relevant instructions
. The instruction memory 11, 14 for the relevant processorv 12, 16 may contain NOPs (No
Operation Instructions) for those sections. Alternatively, some instruction for switching the
relevant processor to a low power consumption mode may be used during a section.

After translation the program is executed by the combination of the two
processors 12, 16, the second processor 16 taking over from the first processor 12 and vice
versa at the boundaries between the sections 22a-c, 24a,b. The processors 12, 16 read the
translated instructions from instruction memories 11, 14, execute the translated instruction,
which involves reading operands from register files 122, 162 and writing results to register

files 122, 162 and, for some instructions, reading or writing data in memory 18.
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Apart from translations of the instructions from the original series 20, the
blocks that implement sections 22a-c, 24a,b may contain additional transfer instructions for
transferring operand data between the register files of the processors 12, 16. Instruction
translation unit 10 generates such additional transfer instructions as appropriate in case of
data dependencies between the sections. That is, when an instruction from a section 22a-c,
24a,b that is executed by a first one of processors 12, 16 uses an operand that is the result of
an instruction from another section that is executed by a second, different one of processors
12, 18, instruction translation unit 10 adds one or more transfer instructions to transfer the
result from the second one of the processors to the first one of the processors. When one or
more of processors 12, 16 are pipelined, it may additionally be necessary to insert NOPs
between the blocks that implement sections, so that no processor executes any instructions
until data that is needed in the next section has become available.

Instruction translation unit 10 has to choose the locations of transitions
between sections 22a-c, 24a,b for different processors. That is, it has to choose where to
subdivide the original series of instructions, which were all instructions for a single
processor, into sections for implementing the instructions on different processors 12, 16.
Instruction translation unit 10 performs the selection of these locations so as to minimize a
cost function. A number of alternative embodiments exist for the cost function.

In a first embodiment an instruction cycle count that counts the total number
of instruction cycles needed for implementing the series of instructions is used, i.e. the
number of cycles needed for translated instructions plus additional transfer instructions. (In
processors that execute one instruction per cycle this number equals the number of
instructions). Without counting transfer instructions, it would of course result that for each
instruction the processor 12, 16 where the instruction can be implement with the minimum
number of cycles would be used, but due to the need for transfer instructions a certain
threshold exists against switching. The first embodiment assumes that the instruction cycles
of processors 12, 16 have the same length. More generally, the time duration needed for
executing the implementation of the series of instructions is used.

In a second embodiment cycles executed by different processors are weighed
differently in the cost function, assigning for example a heavier weight to instructions
executed by VLIW processor to account for opportunity costs. Thus, the most lightly
weighted one of the processors will be a "favored" processor for implementation. The heavier
weighted one of the processors will generally only be selected for those instructions for

which it is able to speed up processing sufficiently to counteract the heavier weight and any
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necessary additional transfer instructions. This may occur for example for instructions that
can be implemented on the less heavily weighted processor only by means of a plurality of
instructions.

In yet further embodiments, power consumption may be weighed in the cost
function. If one of processors 12, 16 (e.g. a VLIW processor) consumes more power per
instruction execution than the other processor a correspondingly heavier weight is assigned to
instructions executed by that processor in the cost function. This weight may express the
difference between power needed for executing a NOP (No Operation) instruction and
another instruction, or in the case that the processor can be switched to a low power mode
when it does not execute an instruction, the difference between power consumed during
execution of the instruction and in the low power mode respectively. Thus, the heavier
weighted one of the processors will only be selected if it is able to speed up processing
sufficiently to counteract the greater power consumption.

Various techniques may be used for selecting the locations of boundaries
between the sections. In a first embodiment a search technique is used, which considers a
plurality of different subdivisions of the series of original instructions 20 into sections 22a-c,
24a,b, evaluates the aggregate costs for each of the plurality of subdivisions and selects the
subdivision with the least costs. Many ways of implementing such a search exists.

One type of embodiment will be described in more detail. This embodiment
considers “paths". A path P describes for each instruction from the series of original
instructions 20 on which of processors 12, 16 the instruction is implemented. An example of

arepresentation of a path is
P=(1,1,2,2,1,1)

This denotes that a sequentially first, second, fifth and sixth original
instruction from series 20 are implemented in a first processor 12 and that a third and fourth
instruction are implemented in a second processor 16.

Paths P are constructed cumulatively: first a partial path P(i) is constructed for
instructions from series 20 up to and including the i instruction of series 20 (the path
describing the processors where the instructions up to and including that instruction are
implemented). From a partial path P(i) extended paths P(i+1) =(P(i)}x) may be constructed
(the symbol "|" denoting appending of x at the end of the preceding path), each by assigning a

different one "x" of the processors 12, 16 to implement the instruction.
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For each path P(i) an aggregate cost A(P(i)) may be computed, which is the
sum of the costs of implementing the instructions up to and including the i instruction on the
processors selected in the path, plus the cost of transfer instructions for the operands. The
aggregate cost A of a path P(i+1) may be expressed recursively in terms of the costs of the

path P(i) from which this path has been constructed:
A(POX)=AP®H) + CE+Lx) + T

Here C(i+1,x) is the cost of implementing instruction (i+1) of the series 20 on
processor "x" and "T" is the cost of transfer instructions for transferring operands to
processor X, as far as needed for instruction (i+1) of the series.

In principle the number of different paths that needs to be considered increases
exponentially with the number of instructions in series 20: when there are N processors to
chose from (N=2 in the embodiment of figure 1) there are N paths P(i). However, many of
these paths may be pruned heuristically on the basis of the following considerations. If one
compares a first and second path P(i) and P'(i) one can say that the first path will always be
better than the second path if the difference between the aggregate costs of the paths is
greater than the transfer cost Ta for transfer instructions to ensure that after the first path all
operands that are still needed after the i instruction are at least available on the same

processors as after the second path:
AP®D) - AP'(1) <Tar

In this case one need not consider any further path derived from the second
path P'(i), since it can never cost less than the best path derived from the first path P(i). Thus,
the number of paths that need to be considered can be considerably reduced.

For example, if a first path P=(1,1,2,2,2,2) may have a cost of A=5 (1 for each
instruction indicated by 1 and executed on first processor 12, 0.5 for each instruction
indicated by 2 and executed on second processor 16 plus 1 for transfer of an operand from
first processor 12 to second processor 16). A second path P'=(1,1,1,1,1,1) may have a cost of
A=6 (1 for each instruction). Now if only one result that is located on second processor 16
only after path P is needed as an operand later on and the cost of transferring this operand is 1
or less, then second path P' can never lead to lower cost than first path P. Therefore, second

path P may be eliminated from consideration.
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In principle, this type of pruning requires the comparison of each pair of paths
under consideration. But a less stringent pruning can be realized with much less work by
computing for each path an upper bound U(P(i)) for the minimal transfer cost needed to
proceed from the path P(i) using any combination of processors 12, 16. From the upper
bound of all paths P(i) under consideration minimum sum MIN is determined from the sums
A(P®)+U(P(®)). Now a path P(i) may be rejected when

A(P@)) > MIN

A Determination of the upper bound involves determining the number of "live"
operands that have been produced up to the i instruction that are still needed after that
instruction. Various alternative implementations are possible, which may be more or less
efficient, dependent on the nature of the cost function. When the cost function generally
favors a particular processor for most types of instructions, an upper bound U' may be
computed by summing the transfer costs for transferring all live operands that are not yet
available on the favored processor to that favored processor. As before a minimum MIN' of
A+U' may be determined among all paths. Next, a headstart cost H(P(i)) may be computed
for each path, by determining which live operands are available on other processors than the
favored processor and summing the costs for transfer instructions that would be needed to
transfer those live operands 1o those processors from the favored processor. Now a path may

be rejected when
A(P()) - H(P()) > MIN'

One may even reject a path in case of equality to reduce the number of paths.

Figure 3 shows a flow chart for selecting the boundaries between sections. The
flow chart starts with an initial step 30 followed by a series of steps that is repeated for every
instruction in the series of original instructions 20 that must be translated. In the initial step
30 an initial set of paths is generated, which contains one empty path and the set of live
operands is initialized to an empty set. An instruction count is set to zero. After the initial
step a first step 31 is executed.

In first step 31 the instruction count i is incremented and a new set of paths
{P(i)} is generated by appending all possible processors "x" to all predecessor paths from the

previous set of paths {P(i-1)}, to execute the instruction indicated by the instruction count i.
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In a second step 32, the aggregate cost A of each path P(i) is determined, by adding the
implementing costs for the instruction i on the processor x for the relevant path and the
transfer costs for operands of that instruction that are not available on the processor after the
predecessor path. In a third step 33, the set of live operands is updated, by adding results
produced by instruction i that will be used by later instructions and removing operands of
instruction i that are not used by later instructions. In a fourth step 34 the upper bound
transfer costs U for the live operands are determined for each path (e.g. transfer costs to a
favored processor 12). In a fifth step the minimum of A+U is determined among the paths. In
a sixth step 36 those paths are removed from the set of paths that are have higher costs than
the minimum MIN (e.g. where the aggregate costs of the path A minus the headstart costs are
higher than the minimum MIN). In a seventh step 37 it is tested whether any instructions
from the series of original instructions 20 remain to be implemented. If so the process is
repeated from first step 31. If not, an eight step 38 is executed in which the path with
minimum aggregate costs is selected and used to control the subdivision into sections 22a-c,
24a,b.

Subsequently, instructions are generated that implement the instructions from
the series 20 in the respective processors selected in the selected path. In addition the
required transfer instructions are generated, transferring e.g. data from a register in a register
file 122, 162 in a processor 12, 16 to data memory 18 and from data memory 18 to the
register file 122, 162 in another processor 12, 16. In principle the transfer instructions may be
located anywhere between the instruction that produces the operands involved and
instructions that use the operands.

It will be appreciated that the flow chart of figure 3, although it provides an
advantageous embodiment, is but one example of a process for selecting the subdivision into
sections. Many alternatives are possible, which implement the search for the boundaries
between sections in a different way while still resulting in a lowest cost subdivision into
sections, or which use some approximation that may result in a near optimal subdivision with
less work to search for a subdivision.

For example, it may be possible to reject some newly generated paths
immediately by comparing different paths generated from the same predecessor paths. Le.
one may make a limited comparison between a number of different implementations that use
the same processors for all instructions except a last instruction i of a partial path P(i). In this
case it is not necessary to consider implementing the instruction i on a processor where its

operands are not available, if the cost of implementing the instruction i on that processor is
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no greater than on other processors and the cost of transferring the results of the implemented
instruction is no greater than the cost of transferring its operands to another processor. This
limited comparison may be used to reduce the number of paths that need to be considered.

As another example, one may make use of the fact that many operands are
either used within a few instructions after they have been produced or throughout the
program. As a result of this, the "memory" of the aggregate cost A is relatively short: the
aggregate costs of paths that are the same in the selection of the processor for the last few
instructions up to instruction i generally increase by the same amount (i.e. independent of the
differences for earlier instructions). This can be used to compare a subset of paths that are the
same for a predetermined number of instructions up to instruction i and to retain only that one
of the subset which has the lowest aggregate costs.

When a favored processor 12 on average has lower costs for implementing the
instructions the optimal subdivision of series 20 into sections will tend to assign most
instructions to the favored processor, with small islands of differently assigned instructions
around instructions that can be implemented with lower cost on another processor 16.

Figure 4 shows a flow chart of a process that makes use of this. In a first step
41 it is determined whether an instruction i from series 20, 12 is an instruction that can be
implemented at lower cost at a non-favored processor 16. If not, a second step 42 is executed
increasing the instruction count and recording where the result of implementing instruction i
and/or any transferred operands are available. Second step 42 is followed by a third step 43
for testing whether all instructions have been processed. If not the process is repeated from
first step 41.

When first step 41 determines that instruction i from series 20 12 is an
instruction that can be implemented at lower cost at a non-favored processor 16, a fourth step
44 is executed. If fourth step 44 determines that the implementation cost of the instruction on
the non-favored processor plus the cost of any transfer instructions to transfer operands and
result from and to the favored processor 12 is less than implementation cost on the favored
processor 12 processor a fifth step 45 is executed, assigning the instruction i is to the non-
favored processor 16, followed by second step 42. Otherwise, a sixth step 46 is executed,
setting up a list of instructions that initially contains instruction i, and an auxiliary instruction
pointer j which is initialized to i.

In a seventh step 47 the instructions within a predetermined distance (e.g. only
the next instruction j+1, or within two instructions j+1, j+2) from instruction j are searched

for a next instruction that can be implemented at lower cost at the same non-favored
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processor 16 as instruction i. If none is found the second step 42 is executed. If such an
instruction is found an eight step 48 is executed in which the instruction that has been found
is added to the list and j is set to the count of the instruction that has been found. It is tested
whether the implementation cost of the instructions in the list of instruction together on the
non-favored processor plus the cost of any necessary transfer instructions to transfer operands
and result from and to the favored processor 12 is less than implementation cost on the
favored processor 12 processor. If so fifth step 45 is executed and the instruction count is
appropriately incremented. If not the process is repeated from seventh step 47.

Again it should be appreciated that the flow chart of figures 3 and 4, although
providing advantageous embodiments, are only example of processes for selecting the
subdivision into sections 22a-c, 24a,b. Many alternatives are possible e.g. alternative
processes might search backwards through the instructions of series 20, with properly
modified computations of transfer costs, or instead of executing the whole process instruction
for instruction one or more of the steps may be executed for all instructions first.

Although the invention so far has been described under the assumption that
each instruction from the series of input original instructions 20 is implemented as one or
more instructions on a processor 12, 16, it will be appreciated that under some circumstances
a plurality of instructions from series 20 may be implemented as a single instruction on one
of the processors, e.g. on a VLIW processor 16. Obviously, such an implementation
significantly reduces cost when execution time is weighed in the cost.

The process for selecting sections 22a-c, 24a,b must be slightly modified in
this case. The plurality of instructions in series 20 that is involved may for example be
replaced in the series 20 by a virtual VLIW instruction made up of the instructions from this
plurality, so that implementation on a non VLIW processor will be treated as an
implementation that implements this virtual VLIW instruction by means of a number of
successive instructions that are implementations of the original instructions from the series.
Of course, it is also possible to search for different combinations of instructions that may be
combined into such virtual VLIW instructions.

Of course, the selection of instructions from series 20 for combination into a
virtual VLIW may also be combined with the search for boundaries between sections 22a-c,
24a,b. This can be done for example by generating different paths P(i) wherein selected
groups of instructions from series 20 are combined into VLIW instructions. In this case the
computation of aggregate cost generally involves no additional cost for those instructions that

are added to a first instruction in the VLIW instruction (or it involves any suitably modified
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cost computation, which expresses cost of executing additional instructions in a VLIW
instruction).

In the preceding it has been assumed that the instructions from series 20 are
implemented sequentially on processors 12, 16, that is that successive instructions will be
implemented successively even if they are implemented on different processors. Of course,
this is not necessary if data dependencies permit parallel execution. This too may be
accounted for during the search, for example by counting no additional execution time cost
for an instruction in a path P(i) if the instruction may be executed in parallel with a preceding
instruction in the path that runs on a different processor.

Similarly, if data dependencies permit, instructions in series 12 may be
rearranged. This may permit a lower execution cost, for example when instructions that can
be executed at less cost on a non-favored processor 16 are clustered in this way, so as to form
a section, or even one or more successive VLIW instructions that each implement more than
one instruction from series 20. At the least clustering of instructions with heavy data
dependence can make the search for section boundaries more efficient.

Although the search process has been described using individual instructions i,
it should be understood that larger units of instructions may be used. For example, it has been
found that instructions are preferably assigned to different processors in basic blocks (a basic
block is a sub-series of series 20 that starts with a branch target and ends just before a next
branch instruction). It has been found that a near optimal cost can be realized by assigning
the instructions of basic blocks as a whole to the same processor. This can be used to make
the search for section boundaries more efficient by making paths for basic blocks instead of
individual instructions.

In the preceding it has been assumed that no other instructions than those
implementing series 20 need to be run. However, without deviating from the invention
instructions from one or more other tasks may be preassigned to the processors. If this
assignment leaves processors 12, 16 free to execute additional instructions in some
instruction cycles, the series 20 may be implemented with instructions in cycles where a
processor 12, 16 is still free. A search for such an implementation may be implemented for
example by assigning a prohibitively high cost to instruction execution by a processor 12, 16
in cycles where the processor 12, 16 already has an assigned instruction. In this case it may
occur that a cost effective processor for implementing an instruction is not free in a particular
cycle when that instruction can be scheduled. As a result, it may be more cost effective to

implement the instruction in a less suitable processor. However, it may also be more cost
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effective to idle until the most cost effective processor is free. This would cause the other
processors to idle (executing for example NOP instructions). Therefore, in this search
additional idle instructions may be inserted in the implementation of the series of original
instructions 20 in order to wait for availability of a cost effective processor. Such idles may
be accounted for by including paths P(i) with such idles inserted in the search process.

In this way, JAVA programs received via the internet may be implemented as
native instructions for processors 12, 16 that are executed interleaved with fixed tasks
executed by those processors in available cycles. This has the advantage that no special
processor is needed to execute such a JAVA program. This is especially advantageous in
equipment with embedded processors, such as television sets, mobile phones, household

equipment or personal care equipment which can thus efficiently execute JAVA programs.
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CLAIMS:

1. A method of generating instructions from a series of original instructions for a
single processor to implement the original instructions distributed over a plurality of
processors, at least two of the processors differing in an original instruction dependent
execution cost factor for implementing respective original instructions, the method
comprising
- splitting the series of original instructions into successive sections assigned to
respective ones of the processors;
- translating original instructions from the sections assigned to said at least two
of the processors into implementing instructions for those processors that implement the
instructions from the series;
- adding operand transfer instructions to the sections to support data
dependencies between the sections;

wherein said assigning includes selecting a location of a boundary in the series
of original instructions between successive ones of the sections from among alternative
boundary locations so as to substantially minimize an aggregate of the execution cost factors
of the original instructions as implemented and including costs for the operand transfer

instructions.

2. A method according to claim 1, wherein the execution cost factor used, in said
selecting, for the respective original instructions for a particular processor increases with a
duration needed for executing implementing instructions used to implement the original

instruction in the particular processor.

3. A method according to claim 1, wherein the execution cost factor used, in said
selecting, for the respective original instructions for a particular processor increases with an
amount of energy consumed by the particular processor for executing implementing

instructions needed to implement the original instruction in the particular processor.
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4. A method according to claim 1, wherein the selection of the location of the
boundary comprises a search, stepping through successive groups, each of at least one
original instruction, and evaluating and comparing aggregate cost factors including costs for
operand transfer instructions for implementing the groups for alternative ones of the

processors.

5. A method according to Claim 4, wherein said groups are basic blocks of

original instructions in the series of original instructions.

6. A method according to Claim 1, wherein the original instructions are JAVA
byte codes.
7. A method according to Claim 1, comprising executing the implementing

instructions on said processors.

8. A method according to Claim 1, wherein a first one of the processors is a
VLIW processor, capable of implementing a plurality of original instructions per
implementing instruction, the cost factor for implementing original instructions on the first
one of the processors decreasing as more original instructions are combined into the same
implementing instruction, the method comprising combining a plurality of original
instructions from a section assigned to the first one of the processors into a VLIW

implementing instruction.

9. A method according to Claim 8, wherein a second one of the processors is
capable of implementing at most one original instruction per implementing instruction, and
wherein an execution cost factor for the respective original instructions is used for the second
one of the processors which is less than for the first one of the processors per implementing

instruction used in the first or second one of the processors.

10. A method according to Claim 1, said selecting of the location of the boundary
comprising

- cumulatively constructing different assignment paths, wherein respective
original instructions up to a particular original instruction are assigned to be implemented on

respective ones of the processors;
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- comparing first aggregate costs for a first one of the paths with second
aggregate costs for a second one of the paths plus costs for making needed operands after the
second path available at least in the same way as after the first path;

- eliminating the first path from consideration when the second aggregate costs

are below the first aggregate costs.

11. A method according to Claim 10, wherein the first and second costs are
compared by computing first costs of making the needed operands available on a favored one
of the processors after the second path and second costs of making a set of the needed
operands, which are available on processors other than the favored one of the processors after
the first path, available on the processors other than the favored one of the processors after

the second path.

12. A computer program product with instructions for making a computer perform

the method of any one of the preceding claims.

13. A computer programmed to execute the method of any one of the preceding
Claims.
14. A data processing apparatus comprising

- a input for a series of original instructions for a single processor;

- a plurality of processors at least two of the processors differing in an original
instruction dependent execution cost factor for implementing respective original instructions;
- a translation unit for generating instructions implement the original
instructions distributed over the plurality of processors, the translation device being arranged
to

- split the series of original instructions into successive sections assigned to
respective ones of the processors;

- translate original instructions from the sections assigned to said at least two of
the processors into implementing instructions for those processors that implement the
instructions from the series;

- add operand transfer instructions to the sections to support data dependencies

between the sections;
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wherein said assigning includes selecting a location of a boundary in the series
of original instructions between successive ones of the sections from among alternative
boundary locations so as to substantially minimize an aggregate of the execution cost factors
of the original instructions as implemented and including costs for the operand transfer

instructions.

15. A data processing apparatus according to claim 14, wherein the translation
device is one of the processors, which is programmed the generated the instructions to

implement the original instructions.

16. A data processing apparatus according to claim 14, wherein the selection of
the location of the boundary comprises a search, stepping through successive groups, each of
at least one original instruction, and evaluating and comparing aggregate cost factors
including costs for operand transfer instructions for implementing the groups for alternative

ones of the processors.
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