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ARCHITECTURE FOR GENERATING 
INTERMEDIATE REPRESENTATIONS FOR 

PROGRAM CODE CONVERSION 

BACKGROUND OF THE INVENTION 

[0001] 1. Technical Field 

[0002] The subject invention relates generally to the ?eld 
of computers and computer software and, more particularly, 
to program code conversion methods and apparatus useful, 
for example, in code translators, emulators and accelerators. 

[0003] 2. Description of Related Art 

[0004] Across the embedded and non-embedded CPU 
market, one ?nds predominant Instruction Set Architectures 
(ISAs) for Which large bodies of softWare exist that could be 
“Accelerated” for performance, or “Translated” to a myriad 
of capable processors that could present better cost/perfor 
mance bene?ts, provided that they could transparently 
access the relevant softWare. One also ?nds dominant CPU 
architectures that are locked in time to their ISA, and cannot 
evolve in performance or market reach and Would bene?t 
from “Synthetic CPU” co-architecture. 

[0005] It is often desired to run program code Written for 
a computer processor of 0a ?rst type (a “subject” processor) 
on a processor of a second type (a “target” processor). Here, 
an emulator or translator is used to perform program code 
translation, such that the subject program is able to run on 
the target processor. The emulator provides a virtual envi 
ronment, as if the subject program Were running natively on 
a subject processor, by emulating the subject processor. 

[0006] In the past, subject code is converted to an inter 
mediate representation of a computer program during run 
time translation using so-called base nodes, as described in 
co-pending patent application entitled Program Code Con 
version, U.S. patent application Ser. No. 09/827,971, in 
connection With FIGS. 1 through 5 of this application. 
Intermediate representation is a term Widely used in the 
computer industry to refer to forms of abstract computer 
language in Which a program may be expressed, but Which 
is not speci?c to, and is not intended to be directly executed 
on, any particular processor. Program code conversion meth 
ods and apparatus Which facilitate such acceleration, trans 
lation and co-architecture capabilities utiliZing intermediate 
representations are, for example, addressed in the co-pend 
ing patent application, US. application Ser. No. 09/827,971. 

SUMMARY OF THE INVENTION 

[0007] The folloWing is a summary of various aspects and 
advantages realiZable according to various embodiments of 
the improved architecture for program code conversion 
according to the present invention. It is provided as an 
introduction to assist those skilled in the art to more rapidly 
assimilate the detailed discussion of the invention that 
ensues and does not and is not intended in any Way to limit 
the scope of the claims that are appended hereto. 

[0008] The various embodiments described beloW relate 
to improved architectures for a program code conversion 
apparatus and an associated method for converting subject 
code executable in a subject computing environment to 
target code executable in a target computing environment. 
The program code conversion apparatus creates an interme 
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diate representation (IR) of the subject code Which may then 
be optimiZed for the target computing environment in order 
to more efficiently generate the target code. Depending upon 
the particular architectures of the subject and target com 
puting environments involved in the conversion, the pro 
gram code conversion apparatus of one embodiment deter 
mines Which of the folloWing types of IR nodes to generate 
in the intermediate representation (IR): base nodes, complex 
nodes, polymorphic nodes, and architecture-speci?c nodes. 
The program code conversion architecture Will by default 
generate base nodes When creating the intermediate repre 
sentation, unless it is determined that another one of the 
types of nodes Would more applicable to the particular 
conversion being effectuated. 

[0009] Base nodes provide a minimal set of nodes (i.e., 
abstract expressions) needed to represent the semantics of 
any subject architecture running the subject code, such that 
base nodes provide a RISC-like functionality. Complex 
nodes are generic nodes that represent CISC-like semantics 
of a subject architecture running the subject code in a more 
compact representation than base nodes. While all complex 
nodes could be decomposed into base node representations 
With the same semantics, complex nodes preserve the 
semantics of complex instructions in a single IR node in 
order to improve the performance of the translator. Complex 
nodes essentially augment the set of base nodes for CISC 
like instructions in the subject code. Base nodes and com 
plex nodes are both generically used over a Wide range of 
possible subject and target architectures, thus allowing 
generic optimiZations to be performed on the corresponding 
IR trees comprised of base nodes and complex nodes. 

[0010] The program code conversion apparatus utiliZes 
polymorphic nodes in the intermediate representation When 
the features of the target computing environment Would 
cause the semantics of the particular subject instruction to be 
lost if realiZed as a generic IR node. The polymorphic nodes 
contain a function pointer to a function of the target com 
puting environment speci?c to a particular subject instruc 
tion in the source code. The program code conversion 
apparatus further utiliZes architecture-speci?c nodes to pro 
vide target-specialiZed conversion components for perform 
ing specialiZed code generation functions for certain target 
computing environments. 

[0011] The improved IR generation methods hereafter 
described alloW the program code conversion apparatus to 
be con?gurable to any subject and target processor archi 
tecture pairing While maintaining an optimal level of per 
formance and maximiZing the speed of translation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The features of the present invention, Which are 
believed to be novel, are set forth With particularity in the 
appended claims. The present invention, both as to its 
organiZation and manner of operation, together With further 
advantages, may best be understood by reference to the 
folloWing description, taken in connection With the accom 
panying draWings in Which the reference numerals designate 
like parts throughout the ?gures thereof and Wherein: 

[0013] FIG. 1 shoWs an example computing environment 
including subject and target computing environments; 

[0014] FIG. 2 shoWs a preferred program code conversion 
apparatus; 



US 2004/0221277 A1 

[0015] FIG. 3 is a schematic diagram of an illustrative 
computing environment illustrating translation of subject 
code to target code; 

[0016] FIG. 4 is a schematic illustration of various inter 
mediate representations realiZed by a program code conver 
sion apparatus in accordance With a preferred embodiment 
of the present invention; 

[0017] FIG. 5 is a detailed schematic diagram of a pre 
ferred program code conversion apparatus; 

[0018] FIG. 6 shoWs example IR trees generated using 
base nodes and complex nodes; 

[0019] FIG. 7 is a schematic diagram illustrating an 
example of ASN generation for implementation of the 
present invention in an accelerator; 

[0020] FIG. 8 is a schematic diagram illustrating an 
example of ASN generation for implementation of the 
present invention in a translator; 

[0021] FIG. 9 is an operational ?oW diagram of the 
translation process When utiliZing ASNs in accordance With 
a preferred embodiment of the present invention; 

[0022] FIG. 10 is a schematic diagram illustrating an 
example of a translation process and corresponding IR 
generated during the process; 

[0023] FIG. 11 is a schematic diagram illustrating another 
example of a translation process and corresponding IR 
generated during the process; and 

[0024] FIG. 12 is a schematic diagram illustrating a 
further example of a translation process and corresponding 
IR generated during the process. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0025] The folloWing description is provided to enable any 
person skilled in the art to make and use the invention and 
sets forth the best modes contemplated by the inventors of 
carrying out their invention. Various modi?cations, hoW 
ever, Will remain readily apparent to those skilled in the art, 
since the general principles of the present invention have 
been de?ned herein speci?cally to provide an improved 
architecture for a program code conversion apparatus. 

[0026] Referring to FIG. 1, an example computing envi 
ronment is shoWn including a subject computing environ 
ment 1 and a target computing environment 2. In the subject 
environment 1, subject code 10 is executable natively on a 
subject processor 12. The subject processor 12 includes a set 
of subject registers 14. Here, the subject code 10 may be 
represented in any suitable language With intermediate lay 
ers (e.g., compilers) betWeen the subject code 10 and the 
subject processor 12, as Will be familiar to a person skilled 
in the art. 

[0027] It is desired to run the subject code 10 in the target 
computing environment 2, Which provides a target processor 
22 using a set of target registers 24. These tWo processors 12 
and 22 may be inherently non-compatible, such that these 
tWo processors use different instruction sets. Hence, a pro 
gram code conversion architecture 30 is provided in the 
target computing environment 2, in order to run the subject 
code 10 in that non-compatible environment. The program 
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code conversion architecture 30 may comprise a translator, 
emulator, accelerator, or any other architecture suitable for 
converting program code designed for one processor type to 
program code executable on another processor type. For the 
purposes of the discussion of the present invention folloWing 
hereafter, the program code conversion architecture 30 Will 
be referred to as the “translator 30.” It should be noted that 
the tWo processors 12 and 22 may also be of the same 
architecture type, such as in the case of an accelerator. 

[0028] The translator 30 performs a translation process on 
the subject code 10 and provides a translated target code 20 
for execution by the target processor 22. Suitably, the 
translator 30 performs binary translation, Wherein subject 
code 10 in the form of executable binary code appropriate to 
the subject processor 12 is translated into executable binary 
code appropriate to the target processor 22. Translation can 
be performed statically or dynamically. In static translation, 
an entire program is translated prior to execution of the 
translated program on the target processor. This involves a 
signi?cant delay. Therefore, the translator 30 preferably 
dynamically translates small sections of the subject code 10 
for execution immediately on the target processor 22. This 
is much more ef?cient, because large sections of the subject 
code 10 may not be used in practice or may be used only 
rarely. 
[0029] Referring noW to FIG. 2, a preferred embodiment 
of the translator 30 is illustrated in more detail, comprising 
a front end 31, a kernel 32 and a back end 33. The front end 
31 is con?gured speci?c to the subject processor 12 asso 
ciated With the subject code. The front end 31 takes a 
predetermined section of the subject code 10 and provides a 
block of a generic intermediate representation (an “IR 
bloc ”). The kernel 32 optimiZes each IR block generated by 
the front end 31 by employing optimiZation techniques, as 
readily knoWn to those skilled in the art. The back end 33 
takes optimiZed IR blocks from the kernel 32 and produces 
target code 20 executable by the target processor 22. 

[0030] Suitably, the front end 31 divides the subject code 
10 into basic blocks, Where each basic block is a sequential 
set of instructions betWeen a ?rst instruction at a unique 
entry point and a last instruction at a unique exit point (such 
as a jump, call or branch instruction). The kernel 32 may 
select a group block comprising tWo or more basic blocks 
Which are to be treated together as a single unit. Further, the 
front end 31 may form iso-blocks representing the same 
basic block of subject code under different entry conditions. 
In use, a ?rst predetermined section of the subject code 10 
is identi?ed, such as a basic block, and is translated by the 
translator 30 running on the target processor 22 in a trans 
lation mode. The target processor 22 then executes the 
corresponding optimiZed and translated block of target code 

[0031] The translator 30 includes a plurality of abstract 
registers 34, suitably provided in the kernel 32, Which 
represent the physical subject registers 14 that Would be 
used Within the subject processor 12 to execute the subject 
code 10. The abstract registers 34 de?ne the state of the 
subject processor 12 being emulated by representing the 
expected effects of the subject code instructions on the 
subject processor registers. 

[0032] A structure employing such an implementation is 
shoWn in FIG. 3. As shoWn, compiled native subject code is 
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shown residing in an appropriate computer memory storage 
medium 100, the particular and alternative memory storage 
mechanisms being Well-knoWn to those skilled in the art. 
The softWare components include native subject code to be 
translated, translator code, translated code, and an operating 
system. The translator code, i.e., the compiled version of the 
source code implementing the translator, is similarly resi 
dent on an appropriate computer memory storage medium 
102. The translator runs in conjunction With the memory 
stored operating system 104 such as, for example, UNIX 
running on the target processor 106, typically a micropro 
cessor or other suitable computer. It Will be appreciated that 
the structure illustrated in FIG. 3 is exemplary only and that, 
for example, methods and processes according to the inven 
tion may be implemented in code residing With or beneath 
an operating system. The translated code is shoWn residing 
in an appropriate computer memory storage medium 108. 
The subject code, translator code, operating system, trans 
lated code and storage mechanisms may be any of a Wide 
variety of types, as knoWn to those skilled in the art. 

[0033] In a preferred embodiment of the present invention, 
program code conversion is performed dynamically, at run 
time, While the translated program is running in the target 
computing environment. The translator 30 runs inline With 
the translated program. The execution path of the translated 
program is a control loop comprising the steps of executing 
translator code Which translates a block of the subject code 
into translated code, and then executing that block of trans 
lated code; the end of each block of translated code contains 
instructions to return control back to the translator code. In 
other Words, the steps of translating and then executing the 
subject code are interlaced, such that only portions of the 
subject program are translated at a time. 

[0034] The translator 30’s fundamental unit of translation 
is the basic block, meaning that the translator 30 translates 
the subject code one basic block at a time. Abasic block is 
formally de?ned as a section of code With exactly one entry 
point and exactly one exit point, Which limits the block code 
to a single control path. For this reason, basic blocks are the 
fundamental unit of control ?oW. 

[0035] 
[0036] In the process of generating translated code, inter 
mediate representation (“IR”) trees are generated based on 
the subject instruction sequence. IR trees comprise nodes 
that are abstract representations of the expressions calcu 
lated and operations performed by the subject program. The 
translated code is then generated based on the IR trees. The 
collections of IR nodes described herein are colloquially 
referred to as “trees”. We note that, formally, such structures 
are in fact directed acyclic graphs (DAGs), not trees. The 
formal de?nition of a tree requires that each node have at 
most one parent. Because the embodiments described use 
common subexpression elimination during IR generation, 
nodes Will often have multiple parents. For example, the IR 
of a ?ag-affecting instruction result may be referred to by 
tWo abstract registers, those corresponding to the destination 
subject register and the ?ag result parameter. 

Intermediate Representation (IR) Trees 

[0037] For example, the subject instruction (add % r1, % 
r2, % r3) performs the addition of the contents of subject 
registers % r2 and % r3 and stores the result in subject 
register % r1. Thus, this instruction corresponds to the 
abstract expression “% r1=% r2+%3.”. This example con 
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tains a de?nition of the abstract register % r1 With an add 
expression containing tWo subexpressions representing the 
instruction operands % r1 and % r2. In the context of a 
subject program, these subexpressions may correspond to 
other, prior subject instructions, or they may represent 
details of the current instruction such as immediate constant 
values. 

[0038] When the “add” instruction is parsed, a neW ‘Y’ IR 
node is generated, corresponding to the abstract mathemati 
cal operator for addition. The ‘Y’ IR node stores references 
to other IR nodes that represent the operands (held in subject 
registers, represented as subexpression trees). The ‘Y’ node 
is itself referenced by the appropriate subject register de? 
nition (the abstract register for % r1, the instruction’s 
destination register). As those skilled in the art may appre 
ciate, in one embodiment the translator is implemented 
using an object-oriented programming language such as 
C++. For example, an IR node is implemented as a C++ 
object, and references to other nodes are implemented as 
C++ references to the C++ objects corresponding to those 
other nodes. An IR tree is therefore implemented as a 
collection of IR node objects, containing various references 
to each other. 

[0039] Abstract Registers 

[0040] Further, in the embodiment under discussion, IR 
generation uses a set of abstract registers 34. These abstract 
registers 34 correspond to speci?c features of the subject 
architecture. For example, there is a unique abstract register 
34 for each physical register 14 on the subject architecture 
12. Abstract registers 34 serve as placeholders for IR trees 
during IR generation. For example, the value of subject 
register % r2 at a given point in the subject instruction 
sequence is represented by a particular IR expression tree, 
Which is associated With the abstract register 34 for subject 
register % r2. In one embodiment, an abstract register 34 is 
implemented as a C++ object, Which is associated With a 
particular IR tree via a C++ reference to the root node object 
of that tree. 

[0041] In the example instruction sequence described 
above, the translator 30 has already generated IR trees 
corresponding to the values of % r2 and % r3 While parsing 
the subject instructions that precede the “add” instruction. In 
other Words, the subexpressions that calculate the values of 
% r2 and % r3 are already represented as IR trees. When 
generating the IR tree for the “add % r1, % r2, % r3 
instruction, the neW ‘Y’ node contains references to the IR 
subtrees for % r2 and % r3. 

[0042] The implementation of the abstract registers 34 is 
divided betWeen components in both the translator 30 and 
the translated code. In the context of the translator, an 
abstract register is a placeholder used in the course of IR 
generation, such that the abstract register 34 is associated 
With the IR tree that calculates the value of the subject 
register 14 to Which a particular abstract register 34 corre 
sponds. As such, abstract registers 34 in the translator may 
be implemented as a C++ object Which contains a reference 
to an IR node object (i.e., an IR tree). In the context of the 
translated code, an abstract register 34 is a speci?c location 
Within the abstract register store, to and from Which subject 
register 14 values are synchroniZed With the actual target 
registers 24. Alternatively, When a value has been loaded 
from the abstract register store, an abstract register 34 in the 
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translated code could be understood to be the target register 
26 Which temporarily holds a subject register value during 
the execution of the translated code, prior to being saved 
back to the register store. 

[0043] An example of program translation as described is 
illustrated in FIG. 4. FIG. 4 shoWs the translation of tWo 
basic block of X86 instructions, and the corresponding IR 
trees that are generated in the process of translation. The left 
side of FIG. 4 shoWs the execution path of the emulator 
during translation. The translator 30 translates 151 a ?rst 
basic block of subject code 153 into target code and then 
executes 155 that target code. When the target code ?nishes 
execution, control is returned to the emulator 157. The 
translator 30 then translates 157 the next basic block of 
subject code 159 into target code and executes 161 that 
target code, and so on. 

[0044] In the course of translating 151 the ?rst basic block 
of subject code 153 into target code, the translator 30 
generates an IR tree 163 based on that basic block. In this 
case, the IR tree 163 is generated from the source instruction 
“add%eex, %edx,” Which is a ?ag-affecting instruction. In 
the course of generating the IR tree 163, four abstract 
registers are de?ned by this instruction: the destination 
subject register %ecx 167, the ?rst ?ag-affecting instruction 
parameter 169, the second ?ag-affecting instruction param 
eter 171, and the ?ag-affecting instruction result 173. The, 
IR tree corresponding to the “add” instruction is simple a ‘Y’ 
(arithmetic addition) operator 175, Whose operands are the 
subject registers %ecx 177 and %edx 179. 

[0045] Emulation of the ?rst basic block puts the ?ags in 
a pending state by storing the parameters and result of the 
?ag-affecting instruction. The ?ag-affecting instruction is 
“add %ecx, %edx.” The parameters of the instruction are the 
current values of emulated subject registers %ecx 177 and 
%edx 179. The “@” symbol preceding the subject register 
uses 177, 179 indicate that the values of the subject registers 
are retrieved from the global register store, from the loca 
tions corresponding to %ecx and %edx, respectively, as 
these particular subject registers Were not previously loaded 
by the current basic block. These parameter values are then 
stored in the ?rst 169 and second 171 ?ag parameter abstract 
registers. The result of the addition operation 175 is stored 
in the ?ag result abstract register 173. 

[0046] After the IR tree is generated, the corresponding 
target code is generated based on the IR. The process of 
generating target code from a generic IR is Well understood 
in the art. Target code is inserted at the end of the translated 
block to save the abstract registers, including those for the 
?ag result 173 and the ?ag parameters 169, 171, to the global 
register store. After the target code is generated, it is then 
executed 155. 

[0047] In the course of translating 157 the second basic 
block of subject code 159, the translator 30 generates an IR 
tree 165 based on that basic block. The IR tree 165 is 
generated from the source instruction “pushf,” Which is a 
?ag-using instruction. The semantics of the “pushf” instruc 
tion are to store the values of all condition ?ags onto the 
stack, Which requires that each ?ag be explicitly calculated. 
As such, the abstract registers corresponding to four condi 
tion ?ag values are de?ned during IR generation: the Zero 
?ag (“ZF”) 181, the sign ?ag (“S17”) 183, the carry ?ag 
(“CF”) 185, and the over?oW ?ag (“OF”) 187. Node 195 is 
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the arithmetic comparison operator “unsigned less-than.” 
The calculation of the condition ?ags is based on informa 
tion from the prior ?ag-affecting instruction, Which in this 
case is the “add %ecx, %edx” instruction from the ?rst basic 
block 153. The IR calculating the condition ?ag values 165 
is based on the result 189 and parameters 191, 193 of the 
?ag-affecting instruction. As above, the “1” symbol preced 
ing the ?ag parameter labels indicates that the emulator 
inserts target code to load those values from the global 
register store prior to their use. 

[0048] Thus, the second basic block forces the ?ag values 
to be normaliZed. After the ?ag values are calculated and 
used (by the target code emulating the “pushf” instruction), 
they Will be stored into the global register store. Simulta 
neously, the pending ?ag abstract registers (parameters and 
result) are put into an unde?ned state to re?ect the fact that 
the ?ag values are stores explicitly (i.e., the ?ags have been 
normaliZed). 
[0049] FIG. 5 shoWs the translator 30 formed in accor 
dance With a preferred embodiment of the present invention 
capable of generating several different types of IR nodes that 
may be used in translation as Well as illustrating hoW the 
implementations of those different types of IR nodes are 
distributed betWeen the frontend 31, kernel 32, and backend 
33 components of the translator 30. The term “realize” refers 
to IR generation, Which is performed in the frontend 31 as 
subject instructions of the subject code 10 are decoded (i.e., 
parsed). The term “plant” refers to target code generation, 
Which is performed in the backend 33. 

[0050] Note that While the translation process is described 
beloW in terms of a single subject instruction, these opera 
tions actually take place for an entire basic block of subject 
instructions at once as described above. In other Words, the 
entire basic block is initially decoded to generate an IR 
forest, then the kernel 32 applies optimiZations to the Whole 
IR forest. Lastly, the backend 33 performs target code 
generation for the optimiZed IR forest one node at a time. 

[0051] When generating an IR forest for a basic block, the 
translator 30 may generate either base nodes, complex 
nodes, polymorphic nodes, or architecture speci?c nodes 
(ASN), or any combination thereof, depending upon the 
desired translator performance and the particular architec 
tures of the source processor and target processor pairing. 

[0052] Base Nodes 

[0053] Base nodes are abstract representations of the 
semantics (i.e., the expressions, calculations, and opera 
tions) of any subject architecture and provide the minimal 
set of standard or basic nodes needed to represent the 
semantics of the subject architecture. As such, base nodes 
provide simple Reduced Instruction Set Computer (RISC) 
like functionality, such as, for instance, an “add” operation. 
In contrast to other types of nodes, each base node is 
irreducible, meaning that it cannot be broken doWn any 
further into other IR nodes. Due to their simplicity, base 
nodes are also easily translated by the translator 30 into 
target instructions on all backends 33 (i.e., target architec 
tures). 
[0054] When utiliZing only base IR nodes, the translation 
process takes place entirely at the top portion of FIG. 5 (i.e., 
paths traveling through the “Base IR” block 204). The 
front-end 31 decodes a subject instruction from the subject 



US 2004/0221277 A1 

program code 10 in decode block 200, and realizes (gener 
ates) in realize block 202 a corresponding IR tree made of 
base nodes. The IR tree is then passed from the front-end 31 
to the Base IR block 204 in kernel 32, Where optimiZations 
are applied to an entire IR forest. As the IR forest optimiZed 
by the Base IR block 204 consists only of base nodes, it is 
entirely generic to any processor architecture. The optimiZed 
IR forest is then passed from the Base IR block 204 in the 
kernel 32 to the backend 33, Which plants (generates) 
corresponding target code instructions for each IR node in 
Plant block 206. The target code instructions are then 
encoded by encode block 208 for execution by the target 
processor. 

[0055] As noted above, base nodes are easily translated 
into target instructions on all backbends 33, and the trans 
lated code can typically be generated entirely through exclu 
sive utiliZation of base nodes. While the exclusive use of 
base nodes is very quick to implement for the translator 30, 
it yields suboptimal performance in the translated code. In 
order to increase the performance of the translated code, the 
translator 30 can be specialiZed to exploit features of the 
target processor architecture by using alternative types of IR 
nodes, such as complex nodes, polymorphic nodes, and 
architecture-speci?c nodes (ASNs). 

[0056] Complex Nodes 

[0057] Complex nodes are generic nodes that represent the 
semantics of a subject architecture in a more compact 
representation than base nodes. Complex nodes provide a 
“Complex Instruction Set Computer (CISC)-like” function 
ality such as “add imm” (add register and immediate con 
stant), for example. Speci?cally, complex nodes typically 
represent instructions With immediate constant ?elds. Imme 
diate-type instructions are instructions in Which a constant 
operand value is encoded into the instruction itself in an 
“immediate” ?eld. For constant values that are small enough 
to ?t into immediate ?elds, such instructions avoid the use 
of one register to hold the constant. For complex instruc 
tions, complex nodes can represent the semantics of the 
complex instructions With much feWer nodes than equivalent 
base node representations characteriZing the same seman 
tics. While complex nodes can essentially be decomposed 
into base node representations having the same semantics, 
complex nodes are useful in preserving the semantics of 
immediate-type instructions in a single IR node, thus 
improving the performance of the translator 30. Further 
more, in some situations, the semantics of the complex 
instructions Would be lost by representing the complex 
instructions in terms of base nodes, and complex nodes thus 
essentially augment the base node set to include IR nodes for 
such “CISC-like” instructions. 

[0058] With reference to FIG. 6, an example of the 
ef?ciency achieved by using a complex node as compared to 
that of base nodes Will noW be described. For example, the 
semantics of the MIPS add-immediate instruction “addi r1,# 
10” adds ten to the value held in register r1. Rather than 
loading the constant value (10) into a register and then 
adding tWo registers, the addi instruction simply encodes the 
constant value 10 directly into the instruction ?eld itself, 
thus avoiding the need to use a second register. When 
generating an intermediate representation of these semantics 
strictly using base nodes, the base node representation for 
this instruction Would ?rst load the constant value 10 from 
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the const(#10) node 60 into a register node r(x) 61, and then 
perform an addition of the register node r162 and register 
node r(x) 61 using add node 63. The complex node repre 
sentation consists of a single “add to immediate” IR node 70 
containing the constant value 10 at portion 72 of the node 70 
and a reference to register r174. In the base node scenario, 
the backend 33 Would need to perform idiom recognition 
capable of recogniZing a four node pattern, shoWn in FIG. 
6, in order to recogniZe and generate an “add to immediate” 
target instruction. In the absence of idiom recognition, the 
backend 33 Would emit an extra instruction to load the 
constant value 10 into a register prior to performing a 
register-register addition. 

[0059] Complex nodes reduce the need for idiom recog 
nition in the backend 33, because complex nodes contain 
more semantic information than their base node equivalents. 
Speci?cally, complex nodes avoid the need for backend 33 
idiom recognition of constant operands. By comparison, if 
an immediate type subject instruction Were decomposed into 
base nodes (and the target architecture also contained imme 
diate type instructions), then the translator 30 Would either 
need expensive backend 33 idiom recognition to identify the 
multiple node cluster as an immediate instruction candidate, 
or generate inef?cient target code (i.e., more instructions 
than necessary, using more target registers than necessary. In 
other Words, by utiliZing base nodes alone, performance is 
lost either in the translator 30 (through idiom recognition) or 
the translated code (through extra generated code Without 
idiom recognition). More generally, because complex nodes 
are a more compact representation of semantic information, 
they reduce the number of IR nodes that the translator 30 
must create, traverse, and delete. 

[0060] Immediate type instructions are common to many 
architectures. Therefore, complex nodes are generic in that 
they are reusable across a range of architectures. HoWever, 
not every complex node is present in the IR node set of every 
translator. Certain generic features of the translator are 
con?gurable, meaning that When a translator is being com 
piled for a particular pair of source and target architectures, 
features that do not apply to that translator con?guration can 
be excluded from compilation. For example, in a MIPS 
MIPS (MIPS to MIPS) translator, complex nodes that do not 
match the semantics of any MIPS instructions are excluded 
from the IR node set because they Would never be utiliZed. 

[0061] Complex nodes can further improve the perfor 
mance of the target code generated using an in order 
traversal. In order traversal is one of several alternative IR 
traversal algorithms that determines the order in Which IR 
nodes Within an IR tree are generated into target code. 
Speci?cally, in order traversal generates each IR node as it 
is ?rst traversed, Which precludes backend 33 idiom recog 
nition due to the absence of a separate optimiZation pass 
over the entire IR tree. Complex nodes represent more 
semantic information per node than base nodes, and thus 
some of the Work of idiom recognition is implicit Within the 
complex nodes themselves. This alloWs the translator 30 to 
use in order traversal Without suffering much of a penalty in 
target code performance as it Would With base nodes alone. 

[0062] When the translator 30 generates complex nodes 
(i.e., the paths traveling through the Complex IR block 210 
in FIG. 5), the translation process is similar to the translation 
process described above for the base nodes. The only 
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difference is that subject instructions that match the seman 
tics of a complex node are realized as complex nodes in 
Realize block 202 rather than base nodes (as illustrated by 
the dotted line separating Realize block 202). Complex 
nodes are still generic across a Wide range of architectures, 
Which enables the kernel 32 optimizations to still apply to 
the entire IR forest. Furthermore, target code generation for 
complex nodes on CISC type target architectures may be 
more ef?cient than the base node equivalents. 

[0063] Polymorphic Nodes 

[0064] A preferred embodiment of the translator 30 as 
illustrated in FIG. 5 may further utilize polymorphic inter 
mediate representation. Polymorphic intermediate represen 
tation is a mechanism by Which the backend 33 can provide 
specialized code generation to ef?ciently utilize target archi 
tecture features for speci?c, performance critical subject 
instructions. The polymorphic mechanism is implemented 
as a generic polymorphic node Which contains a function 
pointer to a backend 33 code generation function. Each 
function pointer is specialized to a particular subject instruc 
tion. This polymorphic mechanism preempts the standard 
frontend 31 IR generation mechanism, Which Would other 
Wise decode the subject instruction into base or complex 
nodes. Without the polymorphic mechanism, the generation 
of those base nodes Would, in the backend 33, either result 
in suboptimal target code or require expensive idiom rec 
ognition to reconstruct the semantics of the subject instruc 
tion. 

[0065] Each polymorphic function is speci?c to a particu 
lar subject instruction and target architecture function pair 
ing. Polymorphic nodes expose minimal information about 
their function to the kernel 32. Polymorphic nodes are able 
to take part in normal kernel 32 optimizations, such as 
expression sharing and expression folding. The kernel 32 
can use the function pointer to determine if tWo polymorphic 
nodes are the same. Polymorphic nodes do not retain any 
semantic information of the subject instruction, but such 
semantic information can be inferred from the function 
pointer. 

[0066] Polymorphic nodes are used for subject instruc 
tions, Which can be expressed by a series of carefully chosen 
target instructions, removing the need for the kernel 32 to 
determine the best target instructions are run-time. When 
polymorphic nodes are not realized by the frontend 31 Which 
uses bases nodes, the kernel 32 may choose to realize these 
nodes as polymorphic nodes. 

[0067] Furthermore, polymorphic nodes can contain reg 
ister allocation hints. As the target instructions are knoWn, 
the respective registers that may be required on CISC 
architectures may also be knoWn. Polymorphic nodes alloW 
their operand and results to appear in registers chosen at the 
time of IR construction. 

[0068] In order for the translator 30 to utilize polymorphic 
nodes (i.e., the path traveling through polymorphic IR block 
212 in FIG. 5), the backend 33 provides a list of subject 
instruction target function pointer pairs to the frontend 31. 
Subject instructions that are on the provided list are realized 
as polymorphic nodes containing the corresponding backend 
33 function pointer. Subject instructions that are not on the 
list are realized as complex or base IR trees as discussed 
above. In FIG. 5, the path re?ected by the arroW 214 from 
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the backend 33 to the frontend 31 shoWs the list of subject 
instruction target function pointer pairs being provided to 
the realize block 215 at the frontend 31. While the frontend 
31 performs realization in the realize block 215 (i.e., map 
ping of subject instructions to IR nodes), the process is 
modi?ed by information received from the backend 33 
through path 214. 

[0069] In the polymorphic IR block 212 of the kernel 32, 
polymorphic nodes can still participate in generic optimiza 
tions, because the kernel 32 can infer their semantics from 
the function pointers in each node. In the backend 33, the 
target function pointers Which point to target code genera 
tion functions are simply dereferenced and executed. This 
situation is different from the base node and complex node 
cases Where the backend 33 maps particular IR nodes to 
particular code generation functions. With polymorphic 
nodes, the polymorphic function is encoded directly in the 
node itself, so that the backend 33 performs less computa 
tion. In FIG. 5, this difference is shoWn by the fact that the 
polymorphic plant block 216 is contiguous With both the 
polymorphic IR block 212 and the backend 33(i.e., no 
arroWs designating nontrivial computations are shoWn 
betWeen the polymorphic IR block 212 and the polymorphic 
plant block 216). 

EXAMPLE 1 

[0070] Polymorphic IR Example 

[0071] To illustrate the process of optimizing the translator 
30 for utilizing polymorphic nodes in the IR, the folloWing 
example describes the translation of a PPC (PoWerPC 
“SHL64” instruction (left shift, 64 bit) required in a PPC P4 
(PoWerPC to Pentium4) translator using ?rst base nodes and 
then polymorphic nodes. 

[0072] Without optimizing the translator for the imple 
mentation of polymorphic nodes, the translation of the PPC 
SHL64 instruction Would use only base nodes: 

[0073] PPC SHL64=>Base IR multiple nodes=>P4 
multiple instructions 

[0074] The frontend decoder 200 of an unoptimized trans 
lator decodes the current block and encounters the PPC 
SHL64 instruction. Next, the frontend realize block 202 
instructs the kernel 32 to construct an IR consisting of 
multiple base nodes. Then the kernel 32 optimizes the IR 
forest (generated from the current block of instructions) and 
performs an ordering traversal to determine the order of 
code generation in Base IR block 204. Next, the kernel 32 
performs code generation for each IR node in order, instruct 
ing the backend 33 to plant appropriate RISC type instruc 
tions. Finally, the backend 33 plants code in plant block 206 
and encodes each RISC type instruction With one or more 
target architecture instructions in encode block 208. 

[0075] When optimized for a speci?c target architecture 
by specialization of the frontend 31 and backend 33 for 
performance critical instructions: 

[0076] PPC SHL64>Poly IR single node >P4 single/ 
feW instructions 

[0077] The frontend decoder 200 of the optimized trans 
lator 30 decodes the current block and encounters the PPC 
SHL6instruction. Next, the frontend realize block 202 
instructs the kernel 32 to construct an IR consisting of a 
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single polymorphic IR node. When the single polymorphic 
node is created, the backend 33 knoWs that the shift operand 
of SHL6must be in a speci?c register (%ecx on P4). This 
requirement is encoded in the polymorphic node. Then the 
kernel 32 optimiZes the IR forest for current block and 
performs an ordering traversal to ?x the code generation 
order in the polymorphic IR block 212. Next, the kernel 32 
performs code generation for each node, instructing the 
backend 33 to plant appropriate RISC type instructions. 
During code generation, hoWever, polymorphic nodes are 
treated differently than base nodes. Each polymorphic node 
causes the invocation of a specialiZed code generator func 
tion Which resides in the backend 33. The backend 33 
specialiZed code generator function plants code in plant 
block 216 and encodes each subject architecture instruction 
With one or more target architecture instructions in encode 
block 208. During register allocation in the generation 
phase, the speci?c register information is used to allocate the 
correct register. This reduces the computation performed by 
the backend 33 Which Would be required if unsuitable 
registers had been allocated. This code generation may 
involve register allocation for temporary registers. 

EXAMPLE 2 

[0078] Dif?cult Instructions 

[0079] The folloWing example illustrates the translation 
and optimiZation of the PPC MFFS instruction (move 32 bit 
FPU control register to 64 bit general FPU register) Which 
Would be performed by the translator 30 of the present 
invention. This subject instruction is too complex to be 
represented by base nodes. 

[0080] In the unoptimiZed case, this instruction Would be 
translated using a substitute function. Substitute functions 
are explicit translations for special cases of subject instruc 
tions that are particularly dif?cult to translate using the 
standard translation scheme. Substitute function translations 
are implemented as target code functions that perform the 
semantics of the subject instruction. They incur a much 
higher execution cost than the standard IR instruction based 
translation scheme. The unoptimiZed translation scheme for 
this instruction is thus: 

[0081] PPC MFFS instruction=>Base IR substitute 
function=>P4 substitute function 

[0082] In a translator 30 using polymorphic IR, such 
special case instructions are translated using a polymorphic 
node. The polymorphic node’s function pointer provides a 
more ef?cient mechanism for the backend 33 to supply a 
custom translation of the dif?cult subject instruction. The 
optimiZed translation scheme for the same instruction is 
thus: 

[0083] PPC MFFS instruction=>single Polymorphic 
IR node=>P4 SSE2 instructions 

[0084] Architecture Speci?c Nodes 

[0085] In another preferred embodiment of the translator 
30 of the present invention, the translator 30 may utiliZe 
architecture speci?c nodes (ASNs), as shoWn in FIG. 5, 
Which are speci?c to particular architectures (i.e., a particu 
lar source architecture target architecture combination). 
Each architecture speci?c node (ASN) is speci?cally tai 
lored to a particular instruction, thus rendering ASNs spe 
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ci?c to particular architectures. When utiliZing the ASN 
mechanism, architecture speci?c optimiZations can be 
implemented Which comprehend the ASNs’ semantics and 
can therefore operate on the ASNs. 

[0086] IR nodes may contain up to three components: a 
data component, an implementation component, and a con 
version component. The data component holds any semantic 
information Which is not inherent in the node itself (e.g., the 
value of a constant immediate instruction ?eld). The imple 
mentation component performs code generation, and, there 
fore, is speci?cally related to a particular architecture. The 
conversion component converts the node into IR nodes of a 
different type, either ASN nodes or base nodes. In a given 
implementation of the present invention in a translator, each 
base node and ASN in the generated IR contains either a 
conversion component or an implementation component, 
but not both. 

[0087] Each base node has an implementation component 
Which is speci?c to the target architecture. Base nodes do not 
have conversion components, because base nodes encode 
the least possible amount of semantic information in the IR 
node hierarchy, thus converting base nodes into other types 
of IR nodes Would not provide any bene?t. Any such 
conversion of base nodes into other types of IR nodes Would 
require the recollection of semantic information through 
idiom recognition. 

[0088] The implementation component of an ASN is spe 
ci?c to the node’s architecture, such that it generates an 
architecture speci?c instruction corresponding to that ASK 
For example, the implementation component of a MIPS 
Load ASN generates a MIPS “Id” (load) instruction. When 
using the translator of the present invention With the same 
subject and target architectures (i.e., as an accelerator), 
subject ASNs Will possess implementation components. 
When utiliZing the translator With different subject and 
target architectures, subject ASNs Will have conversion 
components. 

[0089] For example, FIG. 7 illustrates the ASN for a 
MIPS instruction When using an embodiment of the present 
invention in a MIPS-MIPS accelerator. The frontend 31 
decodes the MIPS “addi” (add immediate) instruction 701 
and generates an IR to include the corresponding ASN, 
MIPS_ADDI 703. The subject and target architectures are 
the same for an accelerator, and thus the conversion com 
ponent “CVT”707 is unde?ned. The implementation com 
ponent “IMPL 705 is de?ned to generate the same MIPS 
“addi” instruction 709, subject to register allocation differ 
ences in the code generation pass. 

[0090] FIG. 8 illustrates the ASNs in the IR for the same 
MIPS instruction When using an embodiment of the present 
invention in a MIPS X86 translator. The frontend 31 decodes 
the MIPS “addi” subject instruction and generates a corre 
sponding subject ASN, MIPS ADDI 801. The source and 
target architectures are different for this translator, and the 
implementation component 803 of the subject ASN 801 is 
thus unde?ned. The conversion component 805 of the MIPS 
ADDI is a specialiZed conversion component, Which con 
verts the subject ASN 801 into a target ASN 807. By 
comparison, a generic conversion component Would convert 
the subject ASN 801 into a base node representation. The 
target ASN representation of the MIPS ADDI node 801 is a 
single X86 ADDI node 807. The conversion component 811 
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of the target ASN 807 is unde?ned. The implementation 
component 809 of the target ASN 807 generates the a target 
instruction 813, in this case the X86 instruction “ADD 
$EAX, #10.” 

[0091] When the translator 30 is utilizing ASNs, all sub 
ject instructions are realiZed as subject speci?c ASNs. In 
FIG. 5, the fact that the frontend decode block 200, the ASN 
realiZe block 218, and the subject ASN block 220 are 
contiguous With each other represents the fact that the ASNs 
are de?ned by the frontend 31 and that realiZation is trivial, 
because there is a one to one relationship betWeen subject 
instruction types and subject ASNs types. The frontend 31 
contains subject speci?c optimiZations Which understand the 
semantics of, and can operate on, subject ASNs. In other 
Words, the subject code is initially realiZed as an IR forest 
consisting entirely of subject ASNs, to Which subject spe 
ci?c optimiZations are then applied. 

[0092] By default, a subject ASN has a generic conversion 
component Which generates an IR tree of base nodes. This 
alloWs support for a neW subject architecture to be imple 
mented quickly using generic IR nodes. Subject ASNs are 
realiZed as base nodes through the path extending through 
the ASN Base IR block 222 and plant block 206 in FIG. 5, 
Which are translated into target code in a similar manner to 
other base nodes as described in detail above. 

[0093] For subject instructions that are signi?cant to per 
formance, the corresponding subject ASN nodes provide 
specialized conversion components, Which generate IR trees 
of target ASN nodes. Factors considered in Whether to 
implement a specialiZed conversion component include (1) 
Whether the target architectural features provide for particu 
larly ef?cient translation that Would be lost in a base node 
translation and (2) Whether a subject instruction occurs With 
such frequency that it has a signi?cant impact on perfor 
mance. These specialiZed conversion components are spe 
ci?c to the subject target architecture pair. Target ASNs 
(Which by de?nition have the same architecture as the target) 
include implementation components. 

[0094] When implementing the specialiZed conversion 
components, the corresponding subject ASN nodes provide 
target specialiZed conversion components Which convert the 
subject ASNs into target ASNs through the target ASN block 
224. The target ASN’s implementation component is then 
invoked to perform code generation in the target ASN plant 
block 226. Each target ASN corresponds to one particular 
target instruction, such that the code generated from a target 
ASN is simply the corresponding target instruction that the 
ASN encodes. As such, code generation using target ASNs 
is computationally minimal (represented in re?ected in FIG. 
5 by the illustration of the target ASN plant block 226 being 
contiguous With both the target ASN block 224 and the 
encode block 208 in the backend 33, With no arroWs 
designating nontrivial computations being shoWn betWeen 
these components). Furthermore, the IR traversal, conver 
sion, and code generation processes are all controlled by the 
kernel 32. 

[0095] FIG. 9 illustrates the translation process performed 
in accordance With a preferred embodiment of the translator 
of the present invention that utiliZes the ASN mechanism. In 
the frontend 31, the translator decodes the subject code 901 
in step 903 into subject ASNs 904. The translator performs 
subject speci?c optimiZations in step 905 on the IR tree 
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made up of subject ASNs. Each subject ASN 904 is then 
converted in step 907 into target compatible IR nodes (target 
ASNs 911) by invoking the subject ASN’s conversion 
component. Subject ASN nodes Which have generic conver 
sion components by default are converted into base nodes 
909. Subject ASN nodes Which have specialiZed conversion 
components, as provided by the backend 925, are converted 
into target ASNs 911. The conversion thus produces a mixed 
IR forest 913, containing both base nodes 909 and target 
ASNs 911. In the kernel 32, the translator performs generic 
optimiZations in step 915 on the base nodes in mixed IR 
forest 913. The translator then performs target speci?c 
optimiZations in step 916 on the target ASNs in the mixed IR 
forest 913. Finally, code generation invokes the implemen 
tation component of each node in the mixed tree (both base 
nodes and target ASN nodes have implementation compo 
nents) in step 917, Which then generates target code 919. 

[0096] In the special case of a code accelerator, the subject 
and target architectures are both the same. In this scenario, 
subject ASNs persist throughout translation. In the frontend 
31, decoding generates subject ASNs from the subject 
instructions. In the kernel 32, the subject ASNs are passed 
through architecture speci?c optimiZations. Code generation 
invokes the subject ASNs’ implementation components to 
generate the corresponding instructions. As such, in a code 
accelerator the use of ASNs prevents code explosion, by 
ensuring a minimum subject to target instruction conversion 
ratio of 1:1, Which can be increased by optimiZations. 

[0097] The various embodiments of the translator of the 
present invention can be con?gured for speci?c translator 
applications (i.e., particular subject architecture target archi 
tecture pairs). As such, the translator of the present invention 
is con?gurable to convert subject code designed to run on 
any subject architecture to target code executable on any 
target architecture. Across multiple translator applications, 
each base node has multiple implementation components, 
one for each supported target architecture. The particular 
con?guration being undertaken (i.e., conditional compila 
tion) determines Which IR nodes and Which components of 
those nodes to include in a particular translator application. 

[0098] The use of ASNs in a preferred embodiment of the 
present invention provides a plurality of advantageous ben 
e?ts. First, a translator product built from scratch can be 
developed quickly using generic IR implementations of 
subject instructions. Second, existing translator products can 
be incrementally augmented, by implementing target spe 
ci?c conversion components for subject instructions that are 
critical to performance (as knoWn beforehand or as empiri 
cally determined). Third, as more translator products are 
developed, the library of ASN nodes (and implemented 
functionality) groWs over time, so future translator products 
can be implemented or optimiZed quickly. 

[0099] This embodiment of the present invention backend 
implementations to pick and choose Which subject instruc 
tions are Worth optimiZing (by de?ning target-specialiZed 
conversion components). The generic conversion compo 
nent alloWs an ASN-based translator to be developed 
quickly, While the specialiZed conversion components 
alloWs performance critical instructions to be selectively and 
incrementally optimiZed. 
















